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Arrays of neutral atoms present a promising system for quantum computing, quantum sensors, and
other applications, several of which would profit from the ability to load, cool, and image the atoms in
a finite magnetic field. In this work, we develop a technique to image and prepare ®’Rb atom arrays in
a finite magnetic field by combining electromagnetically induced transparency cooling with fluorescence
imaging. We achieve an average readout fidelity of 99.7(1)% at 98.2(3)% survival probability and up to
68(2)% single-atom stochastic loading probability in a 2.3 G magnetic field, with performance validated
at fields up to 10 G. We further develop a model to predict the survival probability, which also agrees well
with several other atom-array experiments. Our technique cools both the axial and radial directions, and
will enable future continuously operated neutral-atom quantum processors and quantum sensors.
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I. INTRODUCTION

Neutral-atom arrays have emerged as a powerful plat-
form for quantum technologies, enabling applications in
quantum simulation [1-3], quantum computation [4,5],
precision metrology [6—8], and quantum-enhanced sensing
[9]. Such systems have demonstrated remarkable scalabil-
ity compared to other platforms, routinely featuring hun-
dreds to thousands [10,11] of individually trapped atomic
qubits in optical tweezers. Even at these large scales,
precise control is maintained over the atomic state and
interatomic interactions, resulting in high-fidelity single-
qubit rotations as well as two-qubit gate operations using
excitation to Rydberg states [12—16], which are on par with
the state-of-the-art in other quantum processors. This high
level of control, combined with reconfigurability in real
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time [4], has facilitated recent demonstrations of quan-
tum information processing with logical qubits and error
correction techniques [17,18], putting neutral atoms at the
forefront of the quantum information landscape.

These experiments typically involve operation in a finite
magnetic field, which enables long-lived storage and high-
fidelity processing of quantum information [19]. How-
ever, these magnetic fields are not always compatible with
preparation, cooling, and detection of individual atoms,
which are needed for the operation of quantum sensors
and processors based on atom arrays. Thus far, the mag-
netic field is switched on and off as required, however,
the switching times for magnetic fields are significantly
longer than other timescales of the quantum processor,
limiting a variety of important operations ranging from
mid-circuit readout [20—22] to continuous reloading [23—
25]. For operation of continuously reloaded atom arrays, a
constant, finite (nonzero) magnetic field is necessary for
performing quantum operations on logical qubits, while
ancilla atoms are simultaneously imaged and replenished
from a continuously reloaded atomic reservoir. Therefore,
it is important to develop methods supporting the full func-
tionality of atom arrays in magnetic fields compatible with
quantum processing and sensing applications [ 1-9].

Published by the American Physical Society
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For alkaline-earth and alkaline-earth-like species fea-
turing narrow-linewidth transitions (such as Sr and YD),
Doppler cooling is possible in a finite magnetic field and is
sufficient to reach temperatures necessary for high-fidelity
qubit operations. Thus, loading and imaging of single
atoms at finite magnetic fields have been demonstrated in
such systems [21,23,26,27], paving the way toward their
continuous operation [23,24,27]. On the other hand, for
alkali atoms (such as Rb and Cs), polarization gradient
cooling (PGC) in zero magnetic field [28] has been neces-
sary to reach sufficiently low temperatures, thereby largely
limiting preparation and readout processes to zero-field
conditions. Although several alternative approaches to
PGC have been demonstrated in the past [29—33], as well
as nondestructive imaging with PGC in finite magnetic
fields [34,35], these were performed either with signifi-
cantly deeper traps, with significantly longer timescales,
or with insufficiently high magnetic fields for qubit oper-
ation. The different experimentally demonstrated cooling
methods for various atomic species and the associated
parameters, including photon scattering rates and magnetic
fields, are summarized in Table I of Appendix A.

In this work, we demonstrate a method for single-
atom loading and high-fidelity, nondestructive imaging of
a ¥Rb atom array, in finite magnetic fields of up to 10
G. Our scheme combines three-dimensional laser cooling
based on electromagnetically induced transparency (EIT)
[36,37] with separately adjustable, simultaneous fluores-
cence imaging. The photon scattering rate achieved using
this method (I's. &~ 9 x 10* photons/s, limited by the trap-
ping frequency) is comparable to that used for zero-field
imaging (see Appendix A and Table I). Despite the mod-
est imaging-related parameters of our apparatus [38], we
achieve 99.7(1)% readout fidelity and 98.2(3)% atom sur-
vival probability in 70 ms (brackets indicate standard error
of the mean across traps). With a state-of-the-art vacuum
lifetime and microscope objective, an order-of-magnitude
speedup in imaging, as well as higher survival probability,
are expected (see Appendix D and Table III). In addition,
we show that our method can be used for single-atom load-
ing within 10 ms, and that the loading efficiency can be
enhanced to 68(2)% by using blue-detuned light. Com-
pared to very recently demonstrated one-dimensional PGC
in a finite magnetic field [18,25], our beam geometry cools
more efficiently in three dimensions, supporting fast atom
reuse in quantum processors and sensors [18].

In addition, we develop a model based on collisions
between excited cold atoms and room-temperature back-
ground atoms to explain the observed atom loss during
imaging, reaching order-of-magnitude agreement across
various atom array experiments as well as for our own.
Notably, our model implies that improvements in vacuum
lifetime and/or removal of the atomic background vapor
can reduce imaging-induced atom loss, which could enable
even larger future neutral-atom quantum processors.

II. EXPERIMENTAL SETUP

Our experimental setup is shown in Fig. 1(a). A spatial
light modulator (SLM) is used to generate an array of 10
optical tweezers (trap wavelength A = 808 nm) focused to
beam waists of wy >~ 1.6 um through a microscope objec-
tive lens (NA = 0.4). The measured radial and axial trap
frequencies are w,/(27w) = 45 kHz and w,/(27) = 4 kHz,
respectively, at a trap depth of U/h = 18.3 MHz. After
initial magneto-optical-trap (MOT) cooling, loading, and
a MOT compression stage optimized with machine learn-
ing [40,41], an ensemble of ®’Rb atoms is prepared in the
tweezer region. The magnetic gradient is then switched off,
while the bias field along the x direction is applied, typi-
cally to 2.3 G (see Appendix B for details). We emphasize
that the current experiment was performed as a proof-of-
principle for preparing and imaging single atoms in a finite
magnetic field, and the operation of future, continuously
reloaded atom arrays will not require any magnetic field
switching (see Appendix F).

The operations of single-atom loading and imaging
are performed with a combination of EIT cooling beams
and a fluorescence imaging beam. Without the fluores-
cence imaging beam, photon scattering from the EIT
cooling beams quickly stops as atoms accumulate in the
dark state [29]. The EIT cooling beams consist of a o -
polarized control beam used for optical pumping (propa-
gating along the magnetic field direction, i.e., the x-axis),
and a w—polarized probe beam (aligned in the y— plane
at an angle of 37° relative to the z-axis) for driving two-
photon Raman transitions that reduce the atoms’ kinetic
energy. The fluorescence imaging beam is o "-polarized,
counterpropagating to the EIT control beam. An additional
m-polarized EIT probe beam aligned along the y-axis was
found to enable higher fluorescence scattering rates for
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FIG. 1. Experimental setup and scheme for loading and imag-
ing tweezer arrays at finite magnetic fields: (a) Laser beam
configuration (see text) and 10-atom tweezer array imaged in a
2.3 G magnetic field oriented along the x-axis. Our scheme cools
both the axial and radial axes of the tweezer. (b) Energy level dia-
gram for electromagnetically induced transparency cooling and
simultaneous imaging.
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fixed atom loss, but it is not strictly necessary for detection,
making our approach compatible with a zoned architecture
for quantum computing with neutral atoms [4].

In Fig. 1(b), the relevant Zeeman sublevels used for
imaging and cooling are shown. The fluorescence imag-
ing beam is detuned by Af /(2r) = —67 MHz from
the |5S1 2, F = 2) ]5P3 . = 3) transition for detec-
tion. The o™ EIT control beam is A./(27) = + 36 MHz
detuned from the |58y, F = 2) — |5P3)5, F' = 2) transi-
tion, and the m-polarized EIT probe light frequency is
tuned to drive Raman transitions between the myp = 2
and mp = 1 magnetic sublevels in the F = 2 ground state
[37]. A circularly polarized repumping beam addresses the
5812, F = 1) = |5P3,,F’ = 2) transition, generated as
a sideband on the ot control beam via a phase electro-
optic modulator (EOM). For more details on experimental
parameters including Rabi frequencies, and a calculation
validating that we operate outside the Lamb-Dicke regime,
see Appendix B.

II1. RESULTS

In Fig. 2(a), we show the preparation of single atoms
in optical tweezers in a finite magnetic field, for a typi-
cal trap within the array. The histogram in purple displays
the photon counts collected during 70 ms of imaging
in a 2.3 G field, performed immediately after tweezer
loading from the MOT. This signal corresponds to the
fluorescence from several trapped atoms as they undergo
light-assisted collisions. The histogram in green shows the
photon counts collected from a subsequent image, which
displays a bimodal distribution and confirms stochastic

loading of single atoms. The average loading probability is
49(1)%, consistent with typical loading probabilities dur-
ing PGC in zero magnetic field [42,43]. The inset shows
that the timescale to prepare single atoms is much shorter
than the imaging duration required with our microscope
objective. We measure a characteristic collision timescale
of 1.63(7) ms, with single atoms prepared reliably within
10 ms.

Figure 2(b) shows histograms of subsequent images
with zero or one atom in an array of 10 traps, from which
we extract an average fidelity of 99.7(1)% to distinguish
a single atom from the background (see Appendix C for
details on performance for each trap). During 70 ms of
imaging, we detect on average 100 photons (50 photo-
electrons) per atom, consistent with our estimated imaging
beam scattering rate combined with our estimated col-
lection (3.3%) and overall detection efficiencies (~1%),
which is predominantly limited by our microscope objec-
tive. With a reasonable upgrade of our objective, we expect
our imaging duration to be substantially reduced to <10
ms (using an objective with NA = 0.65, 90% transmission;
see Appendix D) [25,44,45].

For our EIT cooling scheme [36], the cooling
beams are blue-detuned relative to the ‘SSl 12, F = 2) —
|5P3 nF' = 2) transition, which simultaneously enables
enhanced loading via blue-detuned light-assisted colli-
sions [39,46,47]. In Fig. 2(c), we demonstrate enhanced
single-atom loading probabilities of up to 68(2)%
by changing the detuning of the fluorescence imag-
ing beam A, from red- to blue-detuned relative to
the |5S1/2,F = 2) — \5P3/2,F’ = 3> transition. Enhanced
loading is observed for detunings < 2U/h =42 MHz
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FIG. 2. Loading and imaging of atoms in a finite magnetic field: (a) Histograms of two consecutive electromagnetically induced
transparency images (each of 70 ms duration) in a 2.3 G magnetic field. The first image (purple histogram) with a single, broad
distribution shows that ensembles of atoms are initially loaded into the tweezer. The second image (green histogram) displays the
characteristic bimodal distribution confirming that single atoms have been prepared stochastically through light-assisted collisions
during the first image. Inset: Photoelectron counts observed during the second image (fixed) as a function of the first image duration.
The fit reveals a characteristic light-assisted collision time of 1.63(7) ms, with single atoms reliably prepared within 10 ms. (b)
Histograms of electromagnetically induced transparency images in an array of 10 traps show an average detection fidelity of 99.7(1)%
with a stochastic loading probability of 49(1)%. (c) Single-atom preparation probability as a function of imaging beam detuning from

the Stark-shifted |551/2, F = 2) — |5P3)5, F

f = 3) transition. We observe 68(2)% enhanced loading probability (orange histogram) for

detunings < 2U/h = 42 MHz, as expected [39]. Brackets indicate standard error of the mean across all traps.
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relative to the Stark-shifted line, as expected [39,46,
47]. Moreover, our characteristic single-atom preparation
timescale for enhanced loading is only 2—10 ms, an order
of magnitude shorter than previous demonstrations that
used the D; line [39,46,47]. While A-enhanced gray-
molasses cooling has been previously demonstrated on the
D, line [48], we find that it is also possible to simultane-
ously enhance the probability of preparing single atoms,
which eliminates the need for additional D; lasers.

For imaging to be effective in a continuously operating
array at a finite magnetic field, it is essential to maximize
the atom survival probability. In Fig. 3(a), we measure
the rate of atom loss by taking nine successive images,
each for 70 ms, corresponding to ~6 x 103 scattered pho-
tons per atom per image. The purple markers show the
atom loss probability after N images, while gray mark-
ers indicate the baseline atom loss, for which atoms are
held in tweezers for the same duration without applying
any cooling or imaging light. The graph indicates that the
loss during imaging is mainly limited by the vacuum life-
time; however, after correcting for this loss, we find that
the atom loss per image is 1.8(3)%, i.e., 0.026(4)%/ms or
3.0(5) x 107 per scattered photon (for a discussion of a
possible loss mechanism, see below). Our results imply
that with an upgraded objective (an objective with NA =
0.65,90% transmission, and therefore imaging duration
~10 ms [25,44,45]), in combination with better vacuum
lifetime, the atom loss during imaging could be reduced to
the 1073 level.

To investigate the speed limitation of our imaging tech-
nique, we scan the detuning of the fluorescence beam,
thereby changing the scattering rate for fixed image dura-
tion. As shown in Fig. 3(b), we observe a sharp increase in

atom loss for scattering rates above I'y. &~ 10° s~!, which
is on the order of twice the radial trapping frequency.
This supports the hypothesis that the main limitation to
the scattering rate is heating caused by multiple momen-
tum kicks from the fluorescence beam in one direction
before the atom has had enough time to turn around in the
trap. This picture is confirmed by additional experiments
(see Appendix D), which find that increasing the trap
depth enables higher scattering rates in proportion to the
trapping frequency increase. Tighter tweezers with higher
trapping frequencies generated via higher NA objectives
would allow for higher scattering rates without losing
atoms, thereby enabling a further speedup of imaging.
Furthermore, retroreflecting the imaging beam—possibly
frequency-shifted to avoid standing-wave effects—could
also enable higher scattering rates and shorter imaging
times.

To further characterize the system, we measure the
kinetic temperature of atoms in the radial direction with
a standard release and recapture technique [49] after EIT
cooling with and without the additional heat load from the
imaging beam, and compare it to PGC cooling in zero mag-
netic field. As shown in Fig. 3(c), a temperature of 7 =
161“31 K is achieved after applying one EIT imaging cycle,
which is significantly lower than that achieved via PGC
(T = 37732 1K), though it is higher than the EIT cool-
ing temperature without the imaging beam (7 = 93 nK).
We note that to efficiently cool the atoms in the presence
of the imaging beam, the probe beam frequency must be
shifted by —130 kHz compared to cooling in the absence
of imaging [inset in Fig. 3(c)], which is consistent with the
differential AC Stark shift between magnetic sublevels due
to the imaging beam (see Appendix B).
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Imaging-induced atom loss, heating, and cooling: (a) Probability of atom loss as a function of the number of consecutive 70

ms-long images. The purple markers show total atom loss, while the gray markers indicate loss due to vacuum lifetime (in the absence
of cooling/imaging light). The inset displays a histogram for the first (purple) and ninth (green) images of an atom in the same trap.
(b) Atom loss probability as a function of imaging beam scattering rate. The sudden increase when the scattering rate reaches twice
the radial trapping frequency is due to heating from multiple photon recoils before the atom has had enough time to turn around in the
trap. (c) Release and recapture measurements obtained for electromagnetically induced transparency imaging (purple, 7' = 16J_r§ nK)
and pure electromagnetically induced transparency cooling without the imaging beam (gray, 7 = 93 pK). For comparison we show

the higher temperature from polarization gradient cooling in zero magnetic field (dark purple, T = 371“?2 nK). The inset displays atom
loss as a function of electromagnetically induced transparency probe detuning, with and without the imaging beam.
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IV. LOSS MODEL

In neutral-atom quantum computing experiments with
quantum error correction, mid-circuit state detection [17,
21,22] must be performed many times, so it is important to
understand and minimize the imaging loss. The simplest
model for atom loss during cooling is random diffusion
to the exponential tail of the Boltzmann energy distribu-
tion, giving atoms a sufficiently large energy to leave the
trap. However, this is inconsistent with the measured ratio
of trap depth Uy to temperature T of n = Uy/(kgT) 2 50
[49], which gives exponentially small loss probability. A
similar discrepancy persists when estimating the survival
probability of imaging in other atom arrays (e.g., [10,
22,26,44,50]), all with different experimental parameters
and/or atomic species (see Table IV).

To explain the observed lifetime reduction during imag-
ing, we postulate that the dominant loss mechanism is due
to collisions between optically excited cold atoms and hot
background gas atoms. These collisions have a signifi-
cantly larger cross section than ground-state collisions due
to off-resonant van der Waals interactions, resulting in an
enhancement that scales with (c/v)%/>:

%D 1 57 <C)2/5 (1)

Ogg v

where v is the RMS velocity of same-species background
atoms. We assume that the background gas is dominated by
same-species atoms, with a density ratio near unity across
different experimental setups—often a reasonable assump-
tion given the various loading methods (see Table IV). A
second key factor is the fraction of time atoms spend in the
excited state, set by the ratio of the photon scattering rate
to the transition linewidth (see Appendix G for details).

To validate our model, we analyze atom loss data
from a range of experiments. A direct comparison of loss
per scattered photon [Fig. 4(a)] is insufficient; once we
account for differences in vacuum conditions and atomic
species, we find reasonable agreement across a wide range
of experiments involving room-temperature alkali atoms
[Fig. 4(b)]. We further validate our hypothesis with a sep-
arate Cs tweezer apparatus (see Appendix G). We observe
that when the Cs partial pressure is increased by a fac-
tor of 2, the bright lifetime decreases by a factor of 3,
while the dark lifetime remains unchanged. These observa-
tions indicate that the background pressure of same-species
atoms enhances atom loss from tweezers in the presence of
near-resonant light, consistent with our hypothesis. How-
ever, our model does not fully capture results from cryo-
genic setups [44,51], nor from alkaline-earth experiments
[21,22,26,50] in which the same-species vapor pressure is
expected to be low and additional loss mechanisms have
been identified.
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FIG. 4. Imaging-induced atom loss across a variety of atom

array experiments and atomic species. Circles denote exper-
imental observations, and shaded regions indicate predictions
from our semiquantitative loss model (see text), which shows
order-of-magnitude agreement and validates our hypothesis of
light-induced collisions. (a) Atom loss probability per scattered
photon as a function of atom lifetime, which shows that loss per
scattered photon increases with shorter atom lifetime. (b) Atom
loss per photon normalized by vacuum lifetime and properties
of the atomic species according to our model (see Appendix
G), which should collapse all experimentally measured losses to
one. Our model does not capture the behavior of alkaline-earth
nor cryogenic experiments, where the background pressure is
expected to be dominated by hydrogen. Nevertheless, the model
shows good agreement with the excess imaging loss observed
across several alkali atom array experiments.

V. CONCLUSION AND OUTLOOK

In summary, we presented a simple and robust scheme to
enable single-atom enhanced loading and nondestructive,
high-fidelity imaging of atom arrays in a finite magnetic
field. We show that our loading and imaging technique is
capable of more efficient three-dimensional cooling to the
temperatures necessary for high-fidelity qubit operations,
rendering our method compatible with zoned architectures
for neutral-atom quantum processors [17,18] and schemes
for continuous reloading [23-25,27,52]. Although the
measurements presented here were performed at a bias
field of 2.3 G due to technical limitations, we have exper-
imentally confirmed that our scheme can operate in a bias
field of 10 G, which is similar to the one used for high-
fidelity quantum gates in 8’Rb [12] (see Appendix E for
more details).

Our results can be significantly improved with modest
technical upgrades, in particular, an objective with higher
NA and suitable AR coating. Objectives typically used
in atom-array experiments (NA = 0.65 and 90% imag-
ing transmission) would enable an overall reduction in
exposure time by a factor of >10, given the improvement
in collection efficiency and tighter tweezer confinement,
allowing higher photon scattering rates (see Appendix D
and Table III). The use of a glass cell instead of a steel
science chamber is expected to decrease our background
photon scattering due to improved optical access. Overall,
we anticipate at least an order of magnitude reduction in
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imaging duration, as well as a similar reduction in single-
atom preparation time. Switching to EIT cooling on the
D, line, which has been used to achieve 290% single-
atom loading probability [39], could further improve the
enhanced single-atom loading probability.

The direct conclusion from our imaging-induced atom
loss model is that improved vacuum lifetime could also
reduce imaging-related atom loss. Additionally, our model
implies that broader transitions contribute less imaging
loss than narrow transitions for the same scattering rate,
owing to the shorter time that atoms spend in the excited
state. Given that many atom array experiments have sim-
ilar vacuum environments, imaging and trapping parame-
ters, and atom loading schemes, understanding the origin
of the excess loss during imaging can help scale atom
arrays to larger sizes.

Note added. During the preparation of the manuscript
we became aware of a related work, observing enhanced
loading probabilities of 80(6)% on the D, line of ¥’Rb in a
single tweezer, albeit at zero magnetic field [53].
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APPENDIX A: IMAGING PARAMETERS ACROSS
TWEEZER ARRAY EXPERIMENTS

In Table I, we present a summary of cooling and nonde-
structive imaging methods for various atomic species and
the associated parameters, including magnetic fields, trap
depths, and photon scattering rates.

APPENDIX B: EXPERIMENTAL SETUP

An array of optical tweezers is generated with a spatial
light modulator (SLM; Hamamatsu x13138-02) focused
through a microscope objective lens (Mitutoyo M Plan
Apo NIR B 20X 378-867—5, NA = 0.4). The experimental
sequence consists of a 100-ms-long magneto-optical-trap
(MOT) cooling and loading stage, followed by a 40-
ms-long MOT compression stage [41], during which an
ensemble of 8’Rb atoms is loaded into each tweezer. The
magnetic gradient is then switched off, and the bias field
along the x direction is increased to 2.3 G. All measure-
ments presented in this work are performed in this constant
magnetic field.

The o*t-polarized EIT control beam addresses the
\551/2,F = 2,mp = 1> — |5P3/2,F/ = 2,m} = 2) transi-
tion with measured Rabi frequency of Q./(2w) =7.5
MHz. For the single-photon detuning of A./(27) = 436
MHz used for cooling (relative to the trap-shifted line),
the estimated AC Stark shift of the control light is given
by Sac/(2m) = Q%/4A. = 390 kHz. The expected Fano
linewidth yypn/(2) = 26ac(I'/Ac) = 130 kHz is simi-
lar to the observed linewidth of ~ 150 kHz, which is
larger than the trapping frequencies (w,/(27) = 45 kHz
and w,/(27w) = 4 kHz). We note that the observed Fano
linewidth does not decrease with lower laser power,
and that we cannot resolve sidebands corresponding to
motional transitions. For our tweezers, the Lamb-Dicke
parameter is {n,, n.} =~ {0.29,0.97} and our lowest attain-
able temperature of ~ 9 wK with this cooling method
(average occupation numbers {#,,7n.} ~ {3.7,46.4}) indi-
cates we work marginally in the Lamb-Dicke regime in the
radial direction, and well outside the Lamb-Dicke regime
in the axial direction.

The mw—polarized EIT probe beam addresses the
‘SSl/z,F =2, mp = 2> — }5P3/2,F/ = 2,m} = 2) transi-
tion. The probe beam aligned in the y— plane has mea-
sured Rabi frequency of 2,/(2m) = 0.52 MHz, while the
probe light aligned along the y direction has ,/(27) =
0.79 MHz. The ratio between the two beams was chosen
by maximizing the imaging signal-to-noise ratio.

The o *-polarized fluorescence imaging beam is —67
MHz detuned (relative to the trap-shifted line) from the
\551/2,F = 2,mp = 2> — ’5P3/2,F’ = 3,m}: = 3) transi-
tion. We estimate the scattering rate of this beam to
be I's. ~ 10° s7! from the laser power and beam waist,
roughly consistent with the —130(10) kHz AC Stark shift
shown in the inset of Fig. 3(c) of the main text. A
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TABLE I. Summary of nondestructive imaging parameters achieved across different tweezer array experiments. For alkaline-earth
and alkaline-earth-like atoms, the presence of narrow-linewidth transitions enables Doppler cooling in a finite magnetic field to reach
temperatures of a few microKelvin. For alkali atoms, sub-Doppler cooling techniques (such as polarization gradient cooling or gray-
molasses) are necessary, which require zero fields. Doppler cooling and imaging have been demonstrated in a finite field, however,
significantly deeper traps were required to improve atom retention (in bold). 1D polarization gradient cooling in a finite field has been
recently demonstrated, in which cooling is possible only along the magnetic field axis. On the other hand, Raman (electromagnetically
induced transparency) cooling enables operation at a finite magnetic field, in which the two-photon detuning is carefully chosen to
compensate the Zeeman splitting between ground hyperfine states. In the table, the cooling plane (radial, axial) is specified relative
to the orientation of the optical tweezer. The use of retro-reflected or counterpropagating beams is indicated by («>). When available,
trap depths and temperatures are reported during imaging. The top half of the table indicates experiments operating in a finite magnetic
field, the bottom half in zero magnetic field.

Atom Cooling technique Cooling dimensions ~ Magnetic field trap depth Temperature Estimated Iy, ~ Reference
G (mK) (uK) (10°s7h)
Rb EIT 3D 2.3 0.88 16 0.9 This work
Rb Raman sideband 3D 3 [54] 1.1 <8 <0.07 [29]
Rb Finite-field PGC 1D (radial, <>) 42 0.37 12 1 [25]
Rb Finite-field PGC 1D (radial, <>) <8.6 0.8 15 0.6 [4,17,18]
Rb Doppler 3D («») 20 8—-10 100 16 [35]
Yb Doppler 1D (radial) 500 0.35 4 1.5 [22]
Yb Doppler 2D (axial 4+ radial) 16 0.4 3 4 [21]
Yb Doppler 2D (axial 4 radial, <>) 58 0.58 5 1 [26]
Rb PGC 3D («) Zero 0.84 13 3.8 [44]
Rb PGC 3D («) Zero 1 50 2 [55]
Cs PGC 2D (radial, <>) Zero 0.18 43 0.7 [10]
Rb A Gray-molasses 3D Zero 0.63 50 e [39]
K A Gray-molasses 3D Zero 1.1 20 1.4 [32]
Li A Gray-molasses 3D Zero 34 100 2.2 [31]
Sr (Attractive) Sisyphus 1D (radial) Zero 0.45 <5 0.1 [50]
Sr (Attractive) Sisyphus 1D (radial) Zero 0.13 3 0.23 [56]

2This temperature is inferred.

polarized repump beam addresses the |5S1 2. F = 1> — are summed over a 4 x 4 pixel area around each atom,
|5 Py, F' = 2) transition, and is generated as a sideband and a constant dark offset is subtracted. This offset (200
on the o+ control beam via a phase electro-optic modula- ~ COunts on average) pertains to the properties of our
tor (EOM; iXblue NIR—MPXSOO—LN—OS). The parameters quantitative CMOS camera (Hamamatsu C15550-20UP

of our cooling and imaging scheme are summarized in ORCA-Quest). The net counts are then multiplied by the
Table 1L conversion factor (0.11 electrons/count) to estimate photo-

electron counts (x-axis of all histograms presented in this
manuscript), and then divided by the quantum efficiency
(~0.5 at 780 nm) to estimate the number of photons inci-
Our imaging results presented in the main text [Fig.  dent on the camera. Each histogram is fitted to the sum of

APPENDIX C: EIT IMAGING DETAILS

2(b)] are shown in detail in Fig. 5, with histograms, fideli-  two Gaussian distributions (corresponding to zero and one
ties, and thresholds listed per trap. The camera counts  atom), and the overlap integral between the fits gives the
imaging infidelity.

TABLE II. Summary of parameters used for EIT imaging. All
laser beams address transitions on the ’Rb D, line, where F and
F’ denote the hyperfine ground and excited states, respectively.

APPENDIX D: IMAGING SPEEDUP WITH
MODEST TECHNICAL UPGRADES

The detunings are reported relative to the trap-shifted resonances. We expect that our imaging duration of 70 ms can be sig-
Q2 A2 nificantly r.educed. with modest. teghniqal upgrad(?s. Such
Laser beam Transition (MHz) (MHz) a speedup is crpmal for fast m}d—01rcu1t readout in state-
EIT o+ control F_2 =2 75 36 of-the-art, contmuously opera'tmg' neutral-atom quantum
EIT 7 oblique probe 0.52 36 processors. The imaging duration is expected to scale as
EIT 7 radial probe 0.79 36 60% 3.3% 27 -4kHz
Fluorescence o IF=2)—>|F'=3 59  —67 Timg =70 ms - : : , (DD)

T7s0 n w;
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FIG. 5.

EIT imaging in a 2.3 G magnetic field: Details pertaining to the imaging results shown in the main text [Fig. 2(b)] are

presented here for each trap, including the imaging fidelity and threshold (in photoelectron counts, pe™) shown in the upper right of
each histogram, and the single-atom loading probability in the upper left.

where T7go is the objective transmission at 780 nm, n =
13—6 (% —3x+ (x3/3)) and x = /1 — NA?, where 7 is the
collection efficiency, defined as the fraction of scattered
photons collected by the objective for a dipole driven by
circularly polarized light when the quantization axis is
orthogonal to the objective axis. In Table 111, we outline the
different contributions, leading to a speedup of 4.5 by sim-
ply switching to a high-NA, suitably coated microscope
objective which collects (1) and transmits (T7g9) a larger
fraction of the scattered photons. Additionally, tighter con-
finement—especially along the axial direction—of atoms
in tweezers for the same trap depth should enable an
increase in scattering rate proportional to the axial trap fre-
quency ., which scales as w 2 for fixed trap depth where
wy is the tweezer waist. Overall, we expect a speedup of
over an order of magnitude, which would reduce the nec-
essary exposure time to <10 ms for the same imaging
fidelity.

TABLE III. Summary of parameters and speedup factors
expected from an upgraded microscope objective. The collec-
tion efficiency is the fraction of scattered photons captured by
the objective, for a dipole driven by circularly polarized light
with the quantization axis orthogonal to the objective axis. The
improvement in axial trap frequency is estimated based on its
dependence on tweezer waist for Gaussian beams (~ wy, %) for
fixed trap depth.

Parameter Current  Projected  Speedup
value value factor
Numerical aperture 0.4 0.65 ..
Collection efficiency n 3.3% 10.0% 3
Transmission T7gg 60% 90% 1.5
Tweezer waist wy 1.6 wm 1 pwm .
Axial trap frequency w./2m 4 kHz 10 kHz 2.5
Speedup ~11.3

To confirm that the scattering rate during imaging is lim-
ited by the trapping frequency, we increase the trap depth
by ~40%, corresponding to an increase in trapping fre-
quency of ~18%. For the same image duration, we find
that the scattering rates at which we retain 50% survival
probability increases by ~23%, in good agreement with
the increase in trapping frequency, rather than the trap
depth. This implies that for the same trap depth, the scatter-
ing rate can be increased with better tweezer confinement,
as expected.

State-of-the-art atom array experiments observe back-
grounds of <0.4 photons per scattered photon by an atom
[10,18,25], however, we find that our oblique EIT m
cooling beam contributes significantly to our background
counts (=~0.7 ph/ph) due to the geometry and limited opti-
cal access of our vacuum chamber. This beam provides
axial cooling, and its projection along the objective axis
coupled with its beam path lead to large backgrounds.
By cooling instead on the D; line while imaging on the
D, line, scattered D, photons can be spectrally filtered at
the camera, thereby further reducing both the background
photon number and the imaging duration. Alternatively,
the background scattering could be reduced by switch-
ing to a glass-cell-based apparatus with improved optical
access.

In the future, we envision that our method will be
employed in continuously operated atom arrays, where
angled beams with momentum components along all three
axes could be used to perform 3D cooling of the atoms.
Both beams can be focused to accommodate the zone
architecture, as demonstrated in [18], and state-selective
imaging can be performed via a state-selective lattice
enabling loss detection [18]. Since our method can cool
both the transverse and the axial degrees of freedom,
it could yield lower temperatures in deep quantum cir-
cuits with several rounds of mid-circuit measurement, as
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FIG. 6. EIT imaging in a 10 G magnetic field: Histograms are taken for 150 ms of exposure time, with imaging fidelities ranging
from 98.4%—99.9%. A detailed study at these fields (including fidelities, atom losses, and loading rates) remains the subject of further

investigation.

well as improved survival rates for shorter imaging dura-
tions. That said, further study is necessary to ascertain the
performance of our technique in tighter tweezers and lower
background levels.

APPENDIX E: EIT IMAGINGIN A 10 G
MAGNETIC FIELD

Due to a technical limitation at the time of this work,
it was not possible to stabilize magnetic bias coil cur-
rents larger than 1 A along the radial axis of our tweezers,
which limited the bias field to <2.3 G. After upgrading our
current controller, 10 G fields were possible and a brief
measurement was carried out. As shown in Fig. 6, EIT
imaging of single atoms on the order of 99% fidelity is
possible at the magnetic fields necessary for high-fidelity
quantum gates. We note, however, that a detailed study of
imaging fidelities, atom losses, and loading rates at such
fields is the subject of further investigation.

APPENDIX F: APPLICATION TO
CONTINUOUSLY RELOADED ATOM ARRAYS

Several recent demonstrations of continuously operated
atom arrays [23,25,27,52] feature two-chamber systems,
in which a dipole trap or optical conveyor belt delivers
precooled atomic ensembles from a MOT chamber to a
science chamber, where they serve as an atomic reservoir
under a static magnetic field. Moving tweezers then repeat-
edly extract atoms from the reservoir to replenish empty
sites in an array of single atoms. In the present work, which
operates in a single chamber, atoms are first loaded into
tweezers from a MOT, after which the magnetic field gra-
dient is switched off and a static bias field is applied. At
this stage, each tweezer is occupied by a small ensemble of
atoms [evident in Fig. 2(a) of the main text], and our tech-
nique demonstrates that laser cooling, parity-projection,
and nondestructive imaging can all be performed with-
out the need for subsequent field switching. Therefore, our
technique is directly applicable to continuously reloaded
atom arrays, enabling nondestructive imaging of atoms

in readout zones, as well as parity-projection of ensem-
bles extracted from the reservoir, under a truly static field
environment.

APPENDIX G: IMAGING-INDUCED ATOM LOSS
MODEL

In this section, we provide a simple semiquantitative
model that can explain the enhanced atom loss during
imaging observed in many atom array experiments, as well
as our own. We observe that in many experiments, the
loss rate during imaging scales with the background loss
rate when the atoms are trapped in the dark (see Table
IV). The assumption of this model is that the excess loss
stems from enhanced interactions between electronically
excited cold atoms and hot (background) atoms of the same
species. In this case, due to near-resonance dipole—dipole
interactions, the collision cross section between an opti-
cally excited and a ground-state atom is much larger than
for collisions between two atoms in their ground states, or
between a trapped atom and some other background gas
atom or molecule [57].

Ground-state atoms in tweezers interact with back-
ground gas atoms via van der Waals interactions
—Cé,gg/r(’, where r is the interatomic distance and the
interaction coefficient is

3€4h f;a l'gb

T 2m? 9 b (4 by*
¢ gy WigWig (Wi + Wjg)

Cs

(GD)

Here e, m, are the electric charge and mass of the electron,
i, ip denote the excited states of atoms a and b, and ﬁg", i; ,
and wj,, wf’g are the oscillator strengths and frequencies of
the transitions, respectively. If we assume that there is a
dominant transition from the ground state to some excited
state (e.g., for 8’Rb, 58,2 — 5P;/») and take the oscilla-
tor strength to be one, the expression can be simplified to
Coge = %hwa% [58,59], where « is the static ground state
polarizability and w is the transition frequency.

Atoms in the excited state interact more strongly with
atoms in the background gas of the same species, and
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TABLE IV. Excess imaging loss for various optical tweezer array setups: U is the trap depth during imaging, T is the temperature,
Iy is the estimated scattering rate, Lossim, is the atom loss probability for duration Tiy, under illumination of imaging light, Timg is
the lifetime (1/e) under continuous imaging (which is estimated by dividing the imaging duration Tip by the imaging loss LosSing,
including vacuum loss), and 7y, is the vacuum-limited tweezer lifetime under periodic (or continuous) cooling. The two rows labeled
“(cryo)” are for cryogenic experiments where our theoretical model does not apply because the background vapor pressure of the
trapped atom species is negligibly low. When available, the quoted temperature is after imaging, as an upper bound.

Atom Ulkg T° e LosSimg  Timg ‘L'imgb Tvac  Timg/Tvac  Timg/ Tvac Loading method Reference
(mK) (nK) (10°s7') x10™* (ms) (s) (s) Experiment Theory

8Rb 0.88 16 0.9 480 70 14 23 0.61 0.53 Background vapor + 3D MOT  This work
8Rb 0.87 ... 2 590 50 085 1.1 0.77 0.28 Background vapor + 3D MOT  [63,64]
8Rb 1 50 14 60 50 8 20 0.40 0.51 Zeeman slower + 3D MOT [65]
133Cg 0.18 4.3 0.7 1 80 763 1374 0.55 0.54 2D + 3D MOT [10]
87Rb (cryo) 0.84 13 3.8 3.8 14 37 2850 0.01 [0.16] 2D + 3D MOT [44,64]
87Rb (cryo) 1 50 2 20 50 25 6260 0.004 [0.26] Zeeman slower 4+ 2D + 3D MOT  [55,64]
883y 045 <5 0.1 6.8 50 73 431 0.17 0.93 Zeeman slower + 2D + 3D MOT [50]
7yb 058 5 1.0 100° 12 1.2 8.8° 0.14 0.03 2D + 3D MOT [26]
7yb 04 5 4 19 35 1.8 40 0.04 0.01 2D + 3D MOT [21,64]
7yb 035 4 1.5 75> 26 3.5 30 0.03 0.02 optical lattice [22]

#This temperature is inferred.

bFor state-selective imaging, we take the (average) loss figure corresponding to the bright state(s).
°The lifetime in the tweezer is reported without periodic (nor continuous) cooling.

4The scattering rate is assumed to be 103 s~! when unavailable.

for near-zero-velocity background gas atoms, the resonant
interaction takes the form C; ., /13 and C3eq ~ II'/ 2K,
where £k = w/c and I is the linewidth of the excited state.
For a background gas atom at room temperature, Doppler
broadening results in a larger energy defect, recovering
again the form Cg ., /r. Assuming a Maxwell-Boltzmann
distribution of the background gas, only a negligible frac-
tion of atoms have near-zero velocity. Therefore, we need
only calculate how atoms interact in the nonresonant case.
The Hamiltonian of one cold atom @ and one background
atom b can be written in the basis |e,, g5) , |24, €5),

_[E+E 1]
= [ Vi E¢+EL, (G2)

where Eg/g,Eé’/g

ground or excited state and V; = C; ¢ /r>. In the regime
of nonresonant interactions, the energy defect due to
Doppler broadening is $E = [(E] — Ej) — (Eb — E§)| =
k-v > |Vi], and from the eigenenergies we find

are the energies of atoms a and b in the

2w

C6,eg = k_5C6’gg (GS)
2c

= ? C6,gg: (G4)

where v is the background atom root-mean-square (RMS)
velocity and c is the speed of light. This implies that cold
atoms in the excited state interact with hot atoms in the
background gas with an enhancement factor 2¢/v com-
pared to ground—ground interactions, which is on the order
of 10°.

With this, the collision cross section due to an interac-
tion of the form C,/7* can be approximated as [60—62]:

2
25— 3 4C,\ T
Oog =7 f(s)szl-( )

s—2 hv

127 - & (s=3)
= 2

9.96- ()" =6).

We assume that a collision event with a room-
temperature atom results in loss from the trap. We can then
write the atom loss rate during imaging as

1—‘SC

1—‘loss,imaging ~ T natonnaeg(T')U + l—1loss,vac

—\ HMatom U_eg(n
= (ntoto'gg U) + Closs.vac
Ntot  Ogg

— . Natom Geg(T)
— ~~ 1 loss,vac
r Ntot

+ 1—‘loss,vam (GS)

Ogg

where 7,m and ny, are the densities of the same-species
background gas and the total background gas, respectively,
v = 4/3kgT/m is the RMS velocity of the background gas
(m and T are the atomic mass and temperature of the
background gas atom), 6., (7) is the average, temperature-
dependent, excited-ground collision cross section, o, is
the ground—ground collision cross section, [y, is the pho-
ton scattering rate, and I'jogsvac = MiotTgg ¥ 1S the atom loss
rate in the dark, assuming that the ground—ground collision
cross section is of the same order of magnitude for different
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species. The factor I'y./ " accounts for the fraction of time
spent by the cold atom in the excited state during imag-
ing, during which it can participate in an excited-ground
collision event with enhanced cross section.

As discussed previously, the excited-ground collision
cross section is dominated by the contribution from the
off-resonant Cg interaction, given by

2
oo 4 o % 0, (V) V2
eg(T) _ / dve v,% eg( )_3
Ogg V7 Jo Ogg Uy

2/5
~1.57 (E) ,
v

where v, = /2kpT/m is the most probable speed of back-
ground gas atoms, and we assume that num/nie 18 of
order unity. Therefore, the imaging loss rate I'ioss imaging
is enhanced relative to the vacuum loss rate I'ossyac by @
factor «,

_ Ia(D T

(G6)

O0gg T

For interactions between atoms and/or molecules of dif-
ferent species, the energy mismatch for both the excited
and ground states of the cold atom is, a priori, of simi-
lar magnitude. Consequently, the resulting Cg coefficient
remains comparable to that of ground—ground interac-
tions and does not benefit from the ¢/v enhancement fac-
tor. Therefore, interactions between an excited-state cold
atom and a ground-state background atom or molecule
of a different species can be safely neglected as long as
the partial pressure of the same species relative to the
total background pressure remains substantially larger than
(V/c)*® ~ 1073,

The relevant parameters are summarized for all experi-
mental setups in Table IV. Surprisingly, our simple model
explains the results of room-temperature alkali atom array
experiments, regardless of the atom species. Since many of
the above experiments utilize a 2D MOT, residual atomic
flux from the 2D MOT may serve as a source for hot
background atoms of the same species, supporting our
assumption that collisions with same-species atoms dom-
inate the loss mechanism. The same can also be said
of residual background atoms from the 3D MOT. How-
ever, our model does not accurately describe alkaline-
earth experiments, since the same-species vapor pressure
is expected to be low. Additional loss mechanisms, such
as trap-induced photoionization and Raman scattering out
of the metastable manifold, have been identified [14,21,
22,26] and appear to explain the imaging loss. Similarly,
our model should not be applied to the Rb cryogenic
experiments [44,51,55], where the background vapor pres-
sure of Rb should be low. Indeed, such systems observe
significantly higher imaging losses than we predict.

We further validate our understanding by performing
measurements in a different experimental apparatus con-
sisting of *3Cs atoms trapped in tweezers within a bow-tie
cavity [66,67]. The use of an adjustable angle valve on
the atomic source enables control of the cesium partial
pressure within the vacuum chamber. By probing the cav-
ity linewidth, the background Cs partial pressure can be
estimated due to the coupling between hot background
atoms and cavity photons, which broadens the cavity tran-
sition. We find that when the cesium background pressure
increases by a factor of &2 (indicated by a correspond-
ing increase in the cavity linewidth), the bright tweezer
lifetime decreases by a factor of 3, while the dark life-
time remains unchanged (the deviation from linear scal-
ing is likely due to the limited accuracy of the mea-
surement of partial pressure). This observation confirms
that higher same-species background pressure enhances
imaging-induced atom loss and supports our theoretical
framework.
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