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We present an optical tweezer array of ’Rb atoms housed in an cryogenic environment that successfully
combines a 4-K cryopumping surface, a <50-K cold box surrounding the atoms, and a room-temperature
high-numerical-aperture objective lens. We demonstrate a 3000-s atom-trap lifetime, which enables us to
optimize and measure losses at the 10~* level that arise during imaging and cooling, which are important
to array rearrangement. We perform both ground-state qubit manipulation with an integrated microwave
antenna and two-photon coherent Rydberg control, with the local electric field tuned to zero via inte-
grated electrodes. We anticipate that the reduced blackbody radiation at the atoms from the cryogenic
environment, combined with future electrical shielding, should decrease the rate of undesired transitions
to nearby strongly interacting Rydberg states, which cause many-body loss and impede Rydberg gates.
This low-vibration, high-optical-access cryogenic platform can be used with a wide range of optically
trapped atomic or molecular species for applications in quantum computing, simulation, and metrology.
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I. INTRODUCTION

Neutral atoms are an increasingly mature, high-
performance platform for quantum science. Recent
advances have enabled individual control of trapped par-
ticles within increasingly large-scale systems, extending
now to a variety of atomic and molecular species [1—
9]. A key property of the neutral atoms in these exper-
iments is their isolation from the environment, which
allows many-body quantum states to persist on suitably
long timescales. This combination of good coherence and
single-atom control has opened new scientific possibili-
ties for neutral-atom-based systems such as on-demand
assembly of defect-free quantum systems [3,10,11] and
time-keeping based on neutral atoms in optical tweezer
arrays [12—14]. These desirable features can be combined
with Rydberg-mediated entanglement generation to enable
quantum simulation of spin models [15—17] or quantum
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information processing with dynamically reconfigurable
qubit connectivity [18-20].

The rapid progress of the platform is driven by
improved understanding of key noise sources, decoher-
ence mechanisms, and challenges to scaling [19,21-24].
Among the challenges going forward are the blackbody
environment that can drive undesired transitions during
Rydberg-mediated operations and the background-gas-
limited atom-trap lifetime that can limit the maximum
number of controllable atoms. Operation in a cryogenic
environment offers a path to overcome both these obsta-
cles. Trapped-ion experiments often operate at cryogenic
temperatures to extend the time ions are held without back-
ground gas collisions [25], to reduce electric field noise
[26-28], and to more quickly cycle the apparatus [29—
31]. For arrays of neutral atoms and molecules in optical
traps, there are similarly important implications if one can
perform robust optical control in a cryogenic environment.

Firstly, the temperature of the blackbody environment
is an important consideration when using Rydberg states,
as blackbody radiation (BBR) induces transitions, pri-
marily to nearby states, via the microwave “tail” of the
blackbody distribution, which is reduced in a cryogenic
environment. This effect is particularly noticeable in circu-
lar Rydberg atoms, whose radiative lifetime in the absence
of BBR can reach seconds but is reduced by orders of
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magnitude in the presence of 300 K BBR [32-35]. Even
in low-angular-momentum Rydberg states used in many-
body spin-model simulations [36,37], BBR can shorten
the overall lifetime [38]. Improving the lifetime to values
limited only by spontaneous decay will add to strategies
in place to address errors and loss arising from short
Rydberg lifetimes, such as increasing Rydberg Rabi fre-
quencies [19,23] and erasure conversion [39—42]. Equally
importantly, BBR-induced populations in opposite-parity
Rydberg states open strong interaction channels [43,44].
These unwanted interactions cause rapid many-body loss
effects that impair the study of spin models [45,46], and
also degrade gate fidelities in large arrays and when operat-
ing with high gate depth [21,23]. Additionally, BBR limits
the accuracy of optical clocks through systematic shifts
in spectroscopy [47—49] and drives undesired transitions
between rovibrational states in molecular systems [50—52]
and from metastable states in alkaline-earth atoms [14,53].

In addition to reducing BBR, cryogenic systems also
lower the background gas pressure through cryopumping.
Due to the limited depth of optical traps, collisions with
background gas can impart sufficient kinetic energy to
eject a trapped atom. For quantum information applica-
tions, as systems with thousands of atomic qubits become
available, background-gas-induced losses limit the abil-
ity to perform operations with long durations that require
low error rates. Advances in continuous operation and
midcircuit atom replenishment [54,55] offer promising
solutions, pairing well with cryogenic conditions that pro-
vide long-lived atom reservoirs. Defect-free preparation
through rearrangement is limited by both background-gas-
induced atom loss [4,17] and losses associated with laser
cooling and imaging during the sequence [56]. Careful
implementation of extremely high vacuum (XHV) prac-
tices in room-temperature systems have enabled lifetimes
of up to 1400s in optical tweezer arrays [24]. For life-
times greater than 1000s, imaging losses are expected
to limit the size of defect-free arrays achievable through
rearrangement algorithms [56]. However, as atom arrays
approach 10000 atoms, and imaging loss is improved,
longer atom-trap lifetimes will be increasingly important.

A high-optical-access system incorporating cryopump-
ing is also relevant for other applications of neutral atoms
and molecules. For metrology applications, longer trap
lifetimes enable longer interrogation times of optical clock
transitions, which is increasingly relevant for exploiting
advances in clock coherence [14,57-59]. Further, in ultra-
cold gases, it has also been hypothesized that the minimum
achievable temperature of fermionic quantum gases is par-
ticularly sensitive to the loss of atoms deep in the Fermi
sea, which may result from background gas collisions
[60,61].

In this work, we introduce an apparatus that hosts
an optical tweezer array in a cryogenic environment
with high-numerical-aperture (NA) optical access. We
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FIG. 1. Overview of the core of the cryogenic tweezer appa-
ratus. ®’Rb atoms are trapped in an array of optical tweezers
generated by an in-vacuum objective at room temperature. The
atom array is surrounded by the cold box at 45-50K (yellow
volume) and the trapped atoms are controlled with laser beams
impinging from various directions. The cold box is mounted
on a titanium pedestal for thermal insulation from the room-
temperature UHV chamber and incorporates built-in electrodes
and a microwave antenna. The objective (white) mounts on the
adapter plate and vertical and horizontal mount (gray), allowing
adjustment for optical alignment. The two insets are a camera
image of the typical 3D MOT (left) used to load a 2D optical
tweezer array (right).

demonstrate a long atom-trap lifetime of 3000 s enabled by
cryopumping of background hydrogen gas, qubit control
using an integrated microwave antenna, and accessibility
of Rydberg states through two-photon excitation of the
708}, state of 8’Rb. Previous works have shown trapping
and manipulation of single atoms inside a cryostat [62,63],
but not a comprehensive demonstration of tweezer arrays
with long trap lifetimes, large field of view (FOV) with a
high-NA lens, and atomic state control, including coherent
Rydberg excitation.

Our concept is based on decreasing the temperature of
all surfaces surrounding the atoms to <50 K with a high
cooling power radiation shield that is differentially pumped
with respect to an outer ultra-high-vacuum (UHV) region
(Fig. 1). Within the radiation shield, a 4 K cryopump-
ing surface that can be periodically regenerated reduces
the hydrogen gas partial pressure. Our vacuum conditions
are achieved with an in situ vacuum bake of the radiation
shield and 4 K surface to only 90 °C and a relatively small
4 K cryopumping surface, which in the future could be nat-
urally extended within our design to subtend a larger solid
angle around the atoms. A beam atomic source from a two-
dimensional (2D) magneto-optical trap (MOT) enters the
radiation shield through a small hole, and multiple stages
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of differential pumping enable operation with continuous
low-NA line of sight to the source. A key aspect of the
atomic control toolbox is optical access for laser beams
and high-NA objective. We therefore employ many cold
windows on the radiation shield that maintain excellent
alignment and flatness during cooldown, in particular with
respect to the objective that creates the optical tweezer
array. The in-vacuum objective providing a large FOV is
placed outside the radiation shield and remains at room
temperature, affording flexibility in objective design.

Harnessing the long atom-trap lifetime in combina-
tion with high-performance polarization gradient cooling,
we measure and optimize cooling and imaging losses to
achieve some of the lowest values reported with alkali
atoms [24,64]. Given these loss rates, we explore the
feasibility and current limitations of assembling a large,
defect-free array of atoms through Monte Carlo simula-
tion. We use single-qubit microwave rotations to charac-
terize the magnetic field inside the radiation shield, which
we find to be stable at the sub-mG level. We demonstrate
Rabi oscillations between a ground and Rydberg state,
and use electrodes integrated inside the radiation shield to
control the static electric field at the atoms. Future itera-
tions of the experiment will incorporate conductive indium
tin oxide (ITO) coatings on the windows of the cop-
per radiation shield. The resulting microwave shielding,
combined with the cold temperature of the materials sur-
rounding the atoms, should provide substantial suppression
of microwave radiation that can cause excitation out of our
chosen Rydberg state. Our temperature-tunable radiation
shield will aid in the characterization of the effectiveness
of this suppression [34,65] and shielding through studies
of interacting Rydberg atoms in this environment.

I1. APPARATUS

A. Cryogenic system-design concepts

Despite the long history of cryogenics in a range
of neutral-atom, trapped-ion, and molecule experiments,
there have been few cryogenic optical tweezer and quan-
tum gas microscope explorations. This is in part due to
the difficulty of combining substantial optical access with
cryogenic temperatures and meeting the stringent align-
ment and flatness requirements for high NA lenses. Recent
examples in which optical tweezers were operated in cryo-
genic environments include Ref. [62], which leveraged
cryogenic temperature to achieve a 6000 s trap lifetime
of single atoms, but with limited optical access, and Ref.
[63], in which large atom arrays were created, but with line
of sight to room-temperature surfaces such that the trap
lifetime was substantially reduced.

In this work, we present a cryogenic solution that takes
a unique approach to radiation shield design and optical
access within a low-vibration system. We construct a cus-
tom radiation shield—which we will refer to as the “cold

box”—that maintains the required optical alignment and
also serves as a differentially pumped vacuum enclosure.
With alignment maintained over a wide range of tempera-
tures, we can trap atoms both with the cryostat on and at
room temperature, albeit with reduced trap lifetimes when
warm. We make use of low-angular-momentum Rydberg
states of 8’Rb, which have been used in a range of quantum
computing and simulation experiments [16,23].

The cold box is designed to achieve a base temper-
ature in the range of 40-50K, which can be realized
without nested radiation shielding and provides substantial
expected reduction of Rydberg decay for our target states.
For example, in the 708, state of 8’Rb, where the most
relevant transition frequency to nearby Rydberg states is
approximately 10 GHz, the BBR-induced decay to nearby
Rydberg states (which cause rapid many-body loss and
gate or simulation errors when populated) decreases by a
factor of 8 in an ideal 40 K blackbody environment com-
pared to room temperature. The overall calculated Rydberg
lifetime increases to 310 us as a result, compared to the
total room-temperature radiative lifetime of 150 ps and the
zero-temperature radiative lifetime of 370 ps. In addition
to the cold-box temperature, the emissivity of the con-
stituent materials and their microwave electrical properties
are key to achieving the desired environment for Ryd-
berg atoms. The copper cold box ideally provides shielding
against electric-field noise and serves as a barrier to room-
temperature BBR at microwave frequencies due to its high
electrical conductivity. The windows are designed to be
compatible with electrically conductive ITO coatings for
full shielding from room-temperature microwave BBR,
enabling future studies of Rydberg decay as a function of
cold-box temperature. The atomic array is placed 8 mm
from the inner window surface, a typical distance for Ryd-
berg array experiments, and in future detailed studies we
anticipate the opportunity to study the impact of temper-
ature on window-surface electric-field drift and noise by
measuring Rydberg atom coherence [66,67]. We note that
the microwave mode structure defined by the electrical
boundary conditions of the cold box and temperature range
of our system were not optimized for use with long-lived
circular Rydberg states [34].

Cryopumping of hydrogen is accomplished by a 4 K
cold finger housed within the cold box. To simplify the
process of refreshing the cryopumping surface we do not
use charcoal sorbent. The cold box itself provides a low-
pressure environment, due to the negligible line of sight
from the atoms to the outer vacuum space (whose pres-
sure is dominated by hydrogen-outgassing stainless steel)
[68], and because it is cold enough to cryopump most other
background gases. Fully enclosing the atoms with a 4 K
box would block line of sight for hydrogen to the atoms,
resulting in more complete cryopumping, but would com-
plicate optical access, and hence we use only a relatively
small 4 K surface in the work demonstrated here.
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B. Cryostat and vacuum chamber

We use a closed cycle system for cryogenic cooling,
consisting of three main parts: two separate recirculat-
ing helium loops and a UHV-compatible gas-flow cryostat
inserted into the vacuum chamber. The first loop operates
a typical two-stage Gifford-McMahon (GM) cryocooler
[green blocks in Fig. 2(a)]. The second helium loop [blue
blocks in Fig. 2(a)] is driven by a recirculating compres-
sor, which flows gaseous helium through multiple stages
of heat exchangers attached to the cold stages of the GM
cryocooler and cools it to roughly 4 K (Appendix A). The
cold helium then continues to the gas-flow cryostat via a
flexible vacuum-jacketed helium transfer line; return flow
travels back to the recirculating compressor [via additional
cold heat exchangers, not shown in Fig. 2(a) for clarity].
The flexible line is designed to decouple vibrations gen-
erated by the GM cryocooler from the optical table and
vacuum setup, and relax space constraints near the vacuum
chamber.

The main vacuum enclosure is a standard stainless-steel
chamber with conflat (CF) flanges. The gas-flow cryostat
enters the chamber through a bellows to facilitate small
position adjustments [left portion of Fig. 2(b)]. The mag-
netic field coils for the three-dimensional (3D) MOT are
placed on two custom DN160 re-entrant viewports, out-
side of the vacuum chamber, yet within 40 mm of the
MOT and tweezer array locations. The atom source is a
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commercially available 2D MOT in a glass cell, connected
to the main chamber with a short vacuum bellows, pumped
with a 3 L/s ion pump referred to as the 2D MOT cell pump
[top left of Fig. 2(b)]. Two differential pumping stages iso-
late the 2D MOT cell from the rest of the vacuum system,
with an approximate conductance of 0.05 L/s and 0.02 L/s
between the 2D MOT and the main chamber [top left of
Fig. 2(b)]. Throughout this paper, the conductance values
are referenced to nitrogen at room temperature.

The main vacuum chamber is pumped with a 20 L/s (for
nitrogen) ion pump [Gamma Vacuum 3S TiTan, not visible
in Fig. 2(b)] and two SAES nonevaporable getter (NEG)
cartridges [one cartridge (NexTorr Z200) is on the right
in Fig. 2(b); the other NEG (Capacitorr Z200) is not visi-
ble]. The integrated ion pump within the NexTorr Z200 is
turned off and not shown, with no role in the experiment.
Throughout this paper, the “ion pump” refers specifically
to the Gamma Vacuum pump in the main chamber. The
NEGs are directly mounted to the vacuum chamber via
DN40 CF flanges, while the ion pump is connected to the
chamber through a 76 mm bellows attached to a DN40 CF
flange. During NEG activation, the cold box and cryostat
are heated to 90 °C (a temperature well below the melting
point of the indium seals used on the cold-box windows)
for several days using built-in heaters to reduce the chance
that molecules outgassing from the NEG will stick to the
cold box or cryostat surfaces. After NEG activation, the ion

temperature sensor

MOT coils

4 K cold finger

4 K appendages NEG pump

FIG. 2. Mechanical details of the cryogenic tweezer apparatus. (a) Schematic of the closed-cycle helium cooling system. The first
helium loop is connected to a GM cryocooler (green blocks) and provides the primary cooling power. The second helium loop, driven
by a recirculating compressor (blue blocks), is thermally coupled to the cold stages of the GM cryocooler. The cold helium is directed
to the gas-flow cryostat via a flexible helium transfer line. The flexible helium transfer line is vibrationally dampened by packs of
lead shot. (b) Mechanical assembly of the UHV cryostat and main vacuum chamber. The cryostat includes a 4 K cold finger and a
less than 45-K cold shield. Two 4 K cryopumping appendages extend outside the cold shield into the main chamber to reduce the
vacuum pressure outside the cold box. The image also highlights three differential pumping stages (circles) between the 2D MOT
and the interior of the cold box. The 3D MOT coils (top coil seen in cutaway view, bottom coil not visible) are recessed and housed
within re-entrant viewports. The cartridge on the right is one of the two NEGs; the ion pump and the other NEG are not visible in
this schematic. A diode temperature sensor is affixed to the top-right corner of the cold box (beige cylinder). The temperature sensors
for the cold finger and cold shield are not visible in this figure. A comprehensive set of images representing the setup is available in
Ref. [69].
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pump, in the outer vacuum region, measures a pressure of
less than 5 x 10~!! mbar at room temperature. In addition
to the ion pumps and NEGs, the outer vacuum is further
improved through cryopumping from two 4 K appendages
[Fig. 2(b)] that protrude out of the cold shield into the
main chamber. The appendages are chosen to be small so
that their blackbody thermal load does not impact the base
temperature of the cold finger. When the cryostat is cold,
the ion pump current corresponds to a nitrogen-calibrated
pressure below 1 x 107! mbar, which is the noise floor.
We expect the pressure at the atoms to be relatively decou-
pled from the outer vacuum pressure compared to other
factors, as discussed below.

C. Cold box and optics

The cold box is constructed from a combination of alu-
minum bronze and oxygen-free-high-conductivity copper
(OFHC), with a slit cut to reduce eddy currents caused by
magnetic field changes during the experimental sequence.
It is rigidly mounted to the room-temperature chamber
using a pedestal made of perforated titanium sheet bent
and welded into a truncated cone (turquoise part in Fig.
1). Small polyether ether ketone (PEEK) spacers between
the pedestal and cold box provide additional thermal insu-
lation. The cold box is attached to the gas-flow cryostat’s
cold shield with a short copper braid [shorter than 40 mm,
not visible in Fig. 1 or Fig. 2(b)] that provides additional
vibration decoupling.

Inside the cold box are a pair of alumina printed circuit
boards, with four silver traces each, to control the elec-
tric field at the atoms and a resonant microwave antenna
for coupling 6.8 GHz microwave fields (Fig. 1). The
microwave magnetic fields are used to drive the ground-
state hyperfine transitions in 3’Rb while the electric fields
are used for Rydberg-state readout by selectively remov-
ing Rydberg atoms. The antenna is a 6 mm-diameter loop
formed at the end of a rigid coaxial cable, with a small
cut in the loop opposite the coaxial cable (see Secs. V and
IV). Both the dc electrodes and the microwave antenna are
connected to cryogenic filters with appropriate passbands
that are thermalized to the cold-box temperature to block
room-temperature BBR.

The cold box is enclosed with BK-7 windows coated
with ion beam sputtered (IBS) antireflection coatings and
attached with indium gaskets (200300 um thick) on both
sides to facilitate thermal contact and relieve stresses
induced by differential thermal expansion (Sec. II D). The
two windows of the cold box that can interface with
the high-NA objectives (recessed windows in Fig. 1) are
aligned with a Fizeau interferometer to be parallel within
0.1 mrad with a peak-to-valley flatness within A/5, for a
A of 633nm. Besides the two high-optical-quality win-
dows used for high-NA tweezer beams, the cold box is
equipped with four additional viewports of larger size,
designed for optical lattice beams and excitation beams,

such as those for optical pumping, Rydberg excitation, and
Raman sideband cooling. Each of these viewports features
double-pane construction (Fig. 1) to reduce the blackbody
radiation load on the inner window to better thermalize it
to the temperature of the cold box.

The cold box is designed to interface with up to
two room-temperature high-NA objectives in a confocal
arrangement, although only one is used in the current
setup. The objective is a custom design with an NA of 0.55
(Special Optics [70]), a working distance of 14 mm (com-
prising 3 mm of vacuum outside the cold-box window, a
3 mm-thick BK-7 window, and 8 mm of vacuum inside
the cold box), a FOV of >400 um diameter with a Strehl
ratio greater than 0.8, and a chromatic focal shift of less
than 0.2 pum from 750—1100 nm. We have also successfully
operated with a large single aspheric lens instead of the
objective, and the image in Fig. 1 was made using this lens;
all other data in this paper use the custom objective. The
objective mount consists of three parts: the vertical mount,
the horizontal mount, and the adapter plate (Fig. 1), all of
which assure precise alignment and relative positional sta-
bility of the objective to the cold box while establishing a
rigid connection to the main chamber. The monolithic hori-
zontal mount is designed to reduce differential vibrations in
anticipation of mounting two objectives in a confocal con-
figuration. Angular alignment is achieved during assembly
via shimming of the vertical mount, after which the system
is secured with screws to maintain positional integrity.

The cold box is equipped with a differential pumping
tube with a conductance of around 0.03 L/s [Fig. 2(b)] that
provides an opening for the atom beam. This opening also
provides a line of sight for gas molecules from the outer
vacuum to collide with trapped atoms inside the cold box.
Based on the solid angle subtended by the opening and the
outer vacuum pressure, we estimate this effect to contribute
negligibly to our measured atom-trap lifetime. In addition
to the atom source opening, there are two other pathways
coupling the outer vacuum space to the cold-box interior.
One is through the region where the cold box connects to
the cryostat cold shield, which contains openings for the
two 4 K appendages, with an estimated conductance below
4L/s. The second is the slit on the cold box, with an esti-
mated conductance of less than 0.1 L/s. Importantly, none
of these conductance paths provide a direct line of sight to
the atoms from the outer vacuum. This ensures that gas
entering the cold box collides with at least one surface
below 50K, with gas near the cryostat cold shield open-
ings likely cryopumped by a 4 K surface before reaching
the atoms.

D. Cryogenic hardware performance

We monitor the temperature of the cold finger and cold
box using in situ silicon diode thermometers. All tempera-
ture measurements of the cold box are made on the metal
box [small beige cylinder on the top right corner of the
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FIG. 3. Cold-box vibration measurements and characterization of optical alignment during cooldown. (a) Michelson interferometer
used to measure the relative vibrations between the cold box and the optical table (green dashed box). Setup monitoring the beam
reflections from the cold box windows and objective to monitor angular deviations during a cooldown (yellow dashed box). (b)
Vibration spectrum recorded by the Michelson interferometer. The traces are measured with (orange) and without (blue) packs of lead
shot placed on the flexible helium line [see Fig. 2(a)]. The lead shot dampens vibrations up to approximately 200 Hz, originating from
the GM cycle frequencies (region i) and mechanical resonances of optical table and mounts that are excited by the GM (region ii). (c)
Relative alignment of the cold-box windows and the objective during cooldown, including the objective to the nearer window (blue-
gray), the objective to the farther window (light red), and between the two windows (dark violet). The measured angular misalignment
remains within the tolerance of the objective design (1.5 mrad) for achieving diffraction-limited spot sizes. The scale bar in the small

panels indicates an angular deviation of 0.1 mrad.

cold box in Fig. 2(b)], and temperatures at the center of the
dielectric windows may be higher. The cold finger (cold
box) cools to its base temperature of 4K (45K) in 2 h
(8 h). This cold-box temperature is achieved when the sys-
tem is freshly cooled from room temperature. Over several
weeks, it gradually rises to around 50K due to reduced
cooling power caused by partial clogging of the recircu-
lating helium circuit for the gas-flow cryostat, while the
cold finger remains at 4 K due to its minimal thermal load.
Similarly, the cold finger and associated appendages can
be heated independent of the cold box, and this capability
is used to refresh the cold surfaces daily (Appendix B).

The cooling power of the cryostat is measured by heat-
ing the 4 K stage and the cryostat cold shield separately
with in situ heaters in a standalone test chamber and
recording temperature as a function of applied heat load.
The thermal load on the cold box is derived by comparing
the cryostat cold-shield temperature when the cold box is
connected to the temperature-heat load curve. The cooling
power of the 4 K stage exceeds 650 mW at 4.2 K, and that
of the cryostat cold shield exceeds 4 W at 40 K. The intrin-
sic heat load on the cold box is determined to be around
3.3 W and is consistent with a thermal finite element sim-
ulation that includes both the blackbody load on the cold
box and physical thermal links.

To measure the vibration level, a small mirror is attached
to the cold box to form a Michelson interferometer
between the cold box and the optical table [green dashed
box in Fig. 3(a)]. The vibration amplitude is calibrated

using the Michelson fringe spacing and recorded as a
time trace [top panel of Fig. 3(b)]. The vibration power
spectral density reveals three distinct frequency regions
[bottom panel of Fig. 3(b)]: (i) vibrations from the GM
cycle (around 2 Hz), (ii) mechanical resonances of compo-
nents such as the optical breadboard, mirror mounts, and
the cold box, and (iii) acoustic vibrations from the labo-
ratory environment. Initially, without damping the helium
flex line, the rms vibration amplitude is as low as 7 nm,
although excursions from the GM impulse are still visible
(blue trace). Damping the flexible line with bags of lead
shot eliminates these excursions, reducing the measured
vibration amplitude to 3 nm rms, similar to the background
level when the cryocooler is off.

The relative optical alignment upon cooldown is
assessed by recording the spot position of reflections from
three different planar optical surfaces (two from the cold
windows and one from the front side of the objective)
as a function of cold-box temperature, using a colli-
mated incoherent light source launched through the side
of the cold box opposite to the objective [Fig. 3(a)]. Upon
cooldown, we observe a change of less than 0.1 mrad in
the relative alignment of the two tweezer windows and
less than 0.05 mrad change between the objective and the
cold-box tweezer windows [Fig. 3(c)]. The angular devi-
ation of 0.35mrad between the objective and the cold
box when cooled to less than 50K is well within the
predicted 1.5 mrad tolerance for diffraction-limited per-
formance. This alignment change during cooldown is
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repeatable and consistently settles to the same position
for a given cold-box temperature. Section III gives further
details of optical performance as measured by the atomic
array.

I11. OPTICAL TWEEZER AND ATOM-TRAP
LIFETIME

A. Science MOT and optical tweezers

The experimental sequence starts with the loading of
atoms into 2D and 3D MOTs. Atoms precooled in the
2D MOT are directed toward the center of the cold box
through the three differential pumping stages and the gate
valve [Fig. 2(b)]. We use a far-detuned dipole push beam
(8mW, with a 1/e*> Gaussian beam waist of 0.3 mm,
detuned 520 MHz below the F =2 <> F’ = 3 D, transi-
tion) to achieve a guiding effect that mitigates the chal-
lenges of aligning the differential pumping stages to follow
the ballistic trajectory of the atoms under the influence of
gravity [71,72]. We observe that a far-detuned beam results
in a higher atom flux at the 3D science MOT location than
typical near-resonant push configurations.

The science MOT within the cold box is generated by
three pairs of retroreflected beams (Fig. 1). These beams
have a waist of 2.5mm, a power of 4 mW per beam, and
are red detuned by 2T from the F = 2 <> F’ = 3 D, transi-
tion, where I' = 271 x 6 MHz is the natural linewidth. The
repumping beams, propagating in the same fibers as the
MOT beams, are resonant with the F =1« F' =2 D,
transition and have a power of 0.2 mW per beam. The mag-
netic field gradient for MOT loading is 10 GALTcm and the
steady-state MOT contains approximately 107 8’Rb atoms.

The MOT can also serve as a diagnostic tool for evaluat-
ing vacuum pressure [73] independent of tweezer lifetime
measurements. By reducing the total power of each MOT
beam to around 1 mW, the atom number is decreased to
only several hundred, thereby minimizing the effects of
light-assisted collisions [ 74] that cause additional losses. In
this configuration, we measure a 1/e MOT lifetime of 1 h
with the 2D MOT gate valve closed [Fig. 2(b)]. Given the
larger trap depth of a MOT, MOT lifetimes are typically
larger than the corresponding optical tweezer trap lifetime.

In the absence of the push beam and 2D MOT, the load-
ing rate of the low-density 3D MOT characterizes the 3’Rb
background flux along the atomic beam path. The back-
ground flux is determined to be on the order of 10? atoms
per second, much lower than our typical 3D MOT loading
rate of 4 x 10° atoms per second when the atom beam is
turned back on. In Sec. III B 2, we observe that the back-
ground flux has no measurable effect on the trap lifetime
of atoms in optical tweezers at the few-thousand-second
scale.

After loading the MOT for 500 ms, an array of opti-
cal tweezers with an average waist of 0.72 um is turned
on at a trap depth of Uy/kz = 0.84 mK. This is followed

by 25ms of red-detuned polarization gradient cooling
(RPGC) [75] (80 MHz red detuned from the trap-light-
shifted F =2 <> F’ =3 D, transition) for cooling and
probabilistic loading of single atoms into the tweezer
potentials. As an alternative to RPGC, during the load-
ing stage we use A-enhanced gray molasses (LGM) in the
same beam geometry [76] and achieve single atom load-
ing probabilities exceeding 80 % across all tweezers. The
optical tweezer array is generated with 830 nm light from
a diode-seeded tapered amplifier, deflected into multiple
beams by a two-axis acousto-optic deflector (AOD) (AA
optoelectronics DTSXY-400-850.930-002). The deflected
light goes through a series of telescopes and a dichroic
beam splitter before being focused through the high-NA
in-vacuum objective. The presence of single atoms in each
optical tweezer is verified by standard fluorescence imag-
ing in which photons scattered by the atoms are collected
by the in-vacuum objective and imaged onto a scientific
CMOS camera.

The typical tweezer array for the work in this paper con-
sists of a 5 x 5 grid (Fig. 5) with nonuniform spacing,
except for the Rydberg excitation in Sec. V. The tweezer
spacing is chosen to reduce the impact of intermodulation
[3]. We perform trap balancing procedures similar to those
outlined in Ref. [77] and achieve approximately 5—10%
peak-to-peak variation in trap depths. The radial trap fre-
quency is measured using parametric heating, yielding an
average value of w, = 2w x 123 kHz. Based on this fre-
quency and the trap depth, we deduce the NA for the
trapping light to be 0.49. This result highlights the robust-
ness of the relative alignment between the objective and
the cold window at cryogenic temperatures.

B. Tweezer trap lifetime and loss channels
1. Cooling and imaging loss

To determine the vacuum-limited lifetime of atoms
trapped in optical tweezers, it is crucial to calibrate and
understand all loss channels. These include not only back-
ground gas collisions but also any processes by which the
atoms are removed from the trap, including those occurring
during imaging or laser cooling.

One source of loss is the heating of the atom motion
either through recoil due to off-resonant scattering or para-
metric heating due to the intensity noise from the trapping
light. Furthermore, the finite depth of the trap combined
with the thermal distribution of the atoms’ kinetic energy
can lead to atom loss well before the average kinetic energy
becomes comparable to the trap depth [79]. The expected
recoil heating rate at a trap depth of Uy/kz = 0.84 mK is
calculated to be 9 uK/s, consistent with the experimentally
determined value within the measurement uncertainty. To
reduce parametric heating, the relative intensity noise of
the tweezer light is suppressed to below —120 dBc/Hz near
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FIG. 4. Characterization of atom losses induced by imaging light, cooling pulses, and background gas collisions. (a) The cooling
loss measurement sequence (top panel) consists of a variable number N cooling pulses (green shaded area), each 25 ms long, evenly
spaced over a fixed 20-s interval. The bottom panel shows atom survival as a function of N. MLE yields a single-pulse cooling loss
probability per atom of 1.1(1) x 10~ or equivalently a loss rate of 4.4(4) x 1073 s~!, with the loss probability depicted by a decaying
exponential (blue line) as a visual guide. Error bars on atoms’ survival throughout this work represent equal-tailed Jeffrey’s prior
confidence intervals [78]. (b) The sequence to measure imaging loss (top panel) uses RPGC imaging light continuously applied to the
atoms while camera exposures of 14 ms duration are taken every 196 ms (green shaded area) for 20 s. The bottom panel shows atom
survival as a function of imaging light duration (blue line). MLE yields a loss rate of 2.7(3) x 1072s~! or alternatively 3.8(4) x 10~4
per image duration (14 ms), shown by the orange line as a visual reference. (c) The sequence to measure the loss due to background
gas collisions under both cryogenic and room-temperature conditions is shown in the top panel. For cryogenic operation, cooling
and imaging pulses are applied every 10 s (green shaded area); for room-temperature measurements, this interval is reduced to 1s to
accommodate higher loss rates. In both cases, each cooling and imaging pulse lasts 25 ms, with the trap depth reduced to 0.46 mK
during hold time 14 to reduce parametric heating. The bottom panel shows atom survival as a function of time for cryogenic (blue)
and room-temperature (green) conditions. MLE yields an atom-trap lifetime of 2800“:288 s (cryogenic) and 30“:2 s (room temperature).
Solid orange curves and shaded regions show exponential decays with time constants and uncertainties, respectively, as a guide to the

eye. After accounting for the 2 x 10~ loss due to cooling and imaging applied every 10s in the cryogenic condition, the corrected

vacuum-limited atom-trap lifetime is determined to be 30005%

twice the radial and axial trap frequencies, limiting its
contribution to less than 1 uK/s.

To mitigate heating mechanisms during the long
sequence used to measure the atom lifetime, we apply
RPGC intermittently. However, it is important to note that
cooling processes can also introduce losses, as observed
in alkali-metal [24,56,64,80,81] and alkaline-earth [77,82]
atoms with various cooling and imaging schemes. Thus, an
optimal balance between cooling and heating is required
to minimize their combined effect relative to background-
gas-induced losses.

In our experimental setup, both imaging and cooling
processes employ in-trap RPGC at 0.84 mK trap depth,
differing primarily in the number of scattered photons
during each operation (Appendix D). Using the release-
and-recapture technique [79] with the assumption of a
harmonic trapping potential, the temperature after cooling
and imaging is measured to be around 10 pK.

The cooling light uses a pair of retroreflected beams
with a waist of 1.1 mm in the RPGC configuration, deliv-
ered through a dedicated viewport (Fig. 1) and oriented
to project on all three axes of the tweezer trap. The cool-
ing light is detuned 85 MHz below the trap-light-shifted
F =2« F' =3 D, resonance with 1.1 mW power per

—500 S

beam. The repumper operates at approximately 1 pW per
beam to minimize cooling loss [83], while maintaining
cooling efficiency.

Cooling loss is measured using a sequence where the
total hold time was fixed at 20 s while varying the num-
ber of cooling pulses, each lasting 25 ms [Fig. 4(a)]. Using
maximum-likelihood estimation (MLE), we determine the
cooling loss per 25ms pulse to be 1.1(1) x 10~*. This
loss per cooling pulse is approximately half of the small-
est 14ms pulse imaging loss (Appendix D), despite its
longer duration, with further reduction expected by opti-
mizing cooling time without compromising effectiveness.
Throughout this paper, unless otherwise specified, uncer-
tainties in the fitted results represent the bias-corrected and
accelerated intervals obtained from bootstrapping [84], and
all uncertainties represent 68 % confidence intervals.

The imaging light uses the same beam geometry used
for cooling but with a detuning of 90 MHz below the trap-
light-shifted resonance, with each beam carrying a power
of 2.4mW and with the repumper saturating the transi-
tion. During imaging, the camera is exposed for 14 ms and
detects an average of approximately 220 photons per trap
site (Appendix C), which yields a discrimination infidelity
below 1 x 1076,
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To quantify imaging losses, the imaging light is turned
on for 20.144 s, with the camera gated for exposure every
196 ms [Fig. 4(b)]. Given the longitudinal nature of the
data acquisition, the assumption of independence between
points in the survival versus time trace is no longer valid.
Therefore, we employ MLE with censoring [85] to extract
the exponential decay constant: the fitted imaging loss
is 2.7(3) x 1072s~! or equivalently, 3.8(4) x 10~* loss
per 14ms image. This loss is comparable to the best-
reported loss of 1.05 x 10~* per image measured with Cs
[24]. However, our imaging time is about 6 times shorter
than the 80 ms reported in that study. A shorter imaging
time is advantageous for fast readout in multiround rear-
rangement sequences and for other applications such as
quantum error correction. With our current camera read-
out noise and pixel binning (Appendix C), optimizing the
trade-off between discrimination infidelity and imaging
loss [Fig. 8(b) and Fig. 9(a)] by reducing the imaging time
would enable a further 2.5-fold reduction in imaging loss,
to approximately 1.5 x 107*. Imaging losses as low as
3 x 1073 per image could be achieved using a CMOS cam-
era with less than one electron readout noise and similar
quantum efficiency.

2. Background gas collision loss

With a detailed understanding of the losses associated
with the imaging and cooling processes, we are able to
extract accurate information about the background-gas-
collision-limited lifetime. In the lifetime sequence, we
choose to lower the trap depth to Uy/kz = 0.46 mK [top
panel of Fig. 4(c)], to mitigate residual parametric heating
from intensity noise and intermodulation. We experimen-
tally verify that applying a 25 ms cooling pulse every 10s
results in an optimal sequence that balances the compet-
ing heating-induced losses and cooling losses. To expedite
the lifetime measurements, we increase the intensity of the
repumping beams to saturate the transition (Appendix D).
This adjustment enables us to detect approximately 140
photons per cooling pulse, enough to determine atoms’
survival. Using MLE with censoring, we extract a life-
time of 2800f288 s [Fig. 4(c)]. Note that this measurement
was performed with the 2D MOT gate valve open, yet no
background loading was detected in empty tweezer traps.
We further measured the trap lifetime with the gate valve
closed, observing no noticeable difference (in contrast to
Ref. [83]) suggesting that the current lifetime limitation
is not due to leakage from the 2D MOT. To account for
cooling losses, we applied a conservative correction factor
of 2x107* loss per cooling pulse, estimated based on the
scattered photon number (Appendix D), to correct the raw
lifetime result. This yields a cooling-loss-corrected atom-
trap lifetime of 3000f288 s. Using this lifetime, we estimate
the equivalent equilibrium pressure of hydrogen at the
atom array to be 7x 10~'* mbar. This estimate accounts for

the collisional loss cross section between 8’Rb atoms and
hydrogen molecules [86], as well as the measured cold-box
temperature of 45 K, which affects the background gas col-
lision loss rate by influencing gas number density and loss
cross section [86,87].

The negligible line of sight for room-temperature back-
ground gas to the center of the cold box and the
measured long atom-trap lifetime compared to other room-
temperature systems suggest that the pressure at the atoms
is effectively decoupled from the external vacuum pres-
sure during cryopumping operation. The ultimate pressure
is primarily limited by residual outgassing within the cold
box at cryogenic temperatures. Additionally, the use of
low-outgassing materials and the adequate conductance to
the exterior vacuum without cryopumping ensure favor-
able vacuum pressures for room-temperature operation,
and enables lifetimes of up to 30s at room temperature
[Fig. 4(c)].

The atom-trap lifetime achieved in our system is within
a factor of two of the result described in Ref. [62], which
used a fully enclosed 4 K cold shield. Reference [24]
employed aggressive titanium sublimation pumping and
multiple rounds of baking to achieve an atom-trap life-
time of 1400 s at room temperature. Our system, without
the need for a fully baked chamber, and with electrodes,
plastic-insulated wires, coaxial cables, and other related
components as described inside the cold box, demonstrates
similar optical access with a twofold greater lifetime. The
vacuum pressure could be further reduced in the future by
extending the suspended 4 K finger into a pronged struc-
ture with increased surface area closer to the atoms while
maintaining the current optical access.

C. System performance for defect-free atom-array
assembly

Having demonstrated long atom-trap lifetimes and low
cooling and imaging losses, we now explore their impli-
cations for assembling large defect-free atom arrays—an
increasingly important resource for neutral atom quan-
tum simulation and quantum computing—in our cryogenic
setup. Such arrays rely on high-performance lenses to cre-
ate many optical tweezers with homogeneous traps. Our
current experimental setup uses a 100 wm square FOV,
within which beam waists show less than 5% variation
(Fig. 5), inside the AOD-accessible region. The objective
is designed for a circular FOV of 450 pm diameter and the
measurements over a 100 wm FOV are consistent with this
specification. In comparison, previous work in a long-trap-
lifetime cryogenic apparatus [62] achieved a square FOV
of 50 pm.

The ability to create defect-free arrays is analyzed the-
oretically through Monte Carlo simulations. We initiate
the simulations with a 90 %-filled array supplemented by
a reservoir, which could be achieved with a pre-rearranged
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FIG. 5. Performance of the optical tweezer system. Colored
dots indicate tweezer beam waists measured within a 100-pm
square centered in the FOV in the focal plane of the objec-
tive. The waists are computed from the measured trap depth and
trap frequency at various positions. These measurements reveal
a peak-to-peak waist variation of less than 5 % across the atom
array, with a mean waist value of 0.72 wm, which corresponds
to an average NA of 0.49. The dashed square outlines the region
accessible by the AOD, with boundaries set by the limits of its
deflection angle. The dashed circle demarcates the expected FOV
of the objective, with a diameter of 450 pwm, based on the opti-
cal design. The color of the dashed circle represents the expected
beam waist of 0.78 pm at this diameter based on objective spec-
ification, which is extrapolated from the largest measured waist
of 0.75 wm and rescaled using a separate measurement of the
objective’s NA with a pinhole.

sample or deterministic loading. We report the final steady-
state filling fraction, which should be independent of this
initial condition. In our simulations, we employ a square
array geometry with parallel movement within a single row
or column via crossed AODs. Specifically, we use unidi-
rectional row compression [3] to fill vacant sites with extra
atoms from the reservoir, which requires moving all atoms
on one side of the vacant site along the grid.

Under these assumptions, it can be shown that there
exists a threshold for losses caused by atom movement
operations that scales as 1/+/N, where N is the total atom
number. Above this threshold, rearrangement rounds only
decrease the filling fraction, whereas below the threshold
additional rearrangement cycles increase the filling frac-
tion up to a saturation level defined by the losses from
other channels discussed below. Consequently, a typical
atom movement loss of less than 1 % [4] is not relevant for
assembling an array of a few thousand atoms. From our
simulations, we observe that the filling fraction reaches a
steady state after five rounds of rearrangement. Therefore,
a five-round rearrangement cycle is used throughout the
simulations.

The simulation incorporates background gas colli-
sion loss and assumes an imaging time of 14ms, 1 ms

rearrangement per row, and 20ms idle time for data
transfer and calculation per rearrangement cycle [20,88].
The simulation also accounts for losses due to imaging
and cooling, where images are taken before and after
rearrangement, with cooling light applied throughout the
atom movement. Unless otherwise specified, the simula-
tion assumes default values for imaging loss of 4x 10~* per
pulse and a cooling loss rate of 4.4x 1072 s,

We investigate the dependence of the defect-free prob-
ability for typical values of atom-trap lifetime obtained in
various optical tweezer experiments [Fig. 6(a)]. We con-
sider lifetimes of 33s [56], 100s, 1400s [24] (longest
reported at room temperature) and 6000s [62] (best at
cryogenic temperature), and compare these with our result
of 3000s. With our measured imaging loss, lifetimes
above 1000s show notable enhancements in the prob-
ability of generating large defect-free arrays compared
to shorter atom-trap lifetimes. The marginal variation
observed across lifetimes exceeding approximately 1000 s
suggests that the limit to high defect-free probability is not
the atom-trap lifetime given our imaging and cooling loss
rates.

To further explore this limit, we compare our measured
imaging loss with a considerably improved hypotheti-
cal value of 3x 1073 (Sec. III B 1) assuming our measured
atom-trap lifetime [Fig. 6(b)]. This value, which is an
order of magnitude smaller than the current best reported
imaging loss [24], represents a feasible target for future
investigations. Achieving this could potentially involve
enhancing collection efficiency through optical cavities
[89,90] or reducing sensor readout noise, both of which
could decrease the number of scattered photons needed for
discrimination and thus reduce imaging loss (Appendix D).
Such low imaging loss would enable a nearly 90 % defect-
free probability with up to 1000 atoms, fully leveraging the
cryogenic advantages.

We also explore the dependence on cooling loss assum-
ing our measured atom-trap lifetime and an imaging loss
of 3 x 1073 [Fig. 6(c)]. We consider cooling loss rates of
2x10™*s7!, 44 x 1073s7!, and 2 x 1072 s~!. This analy-
sis demonstrates that, with 2x10~*s~! cooling loss rate,
the defect-free probability for approximately 1000 atoms
can be further enhanced to greater than 95 % and the sys-
tem size can be extended to a few thousand atoms, while
still maintaining a practical duty cycle for achieving a
defect-free array.

The simulation results highlight the need for long atom-
trap lifetimes on the order of thousands of seconds, while
reducing imaging and cooling losses, to realize defect-
free atom arrays comprising thousands of atoms—a crucial
step toward scalable quantum computation and simulation
based on neutral atoms. In particular, an atom-trap lifetime
of 3000 s becomes advantageous compared to 1000 s when
the cooling loss rate approaches 1x10~*s~! and the imag-
ing loss per pulse is near 1x 107>, both corresponding to
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FIG. 6. Simulation results illustrating the probability of assembling a defect-free array as a function of the number of atoms in
the array, considering various combinations of losses. (a) Dependence on atom-trap lifetime given our measured imaging loss and
cooling loss. Trace colors represent different lifetimes: green (33 s), orange (100 s), blue (1400 s), red (3000 s), and purple (6000 s). (b)
Dependence on imaging loss per cycle given our measured atom-trap lifetime and cooling loss. Trace styles indicate different imaging
losses per pulse: solid (4 x 10~*, our measured value), dashed (3 x 107>, dash-dot (4.5 x 1073). (c) Dependence on cooling loss
given improved hypothetical imaging loss of 3 x 107> with our measured (red) and a 1400's (blue) atom-trap lifetime. Trace styles
denote different cooling loss rate: solid (4.4 x 1073 s™!, our measured value), dashed (2 x 10~#s~!, for both red and blue traces),

dash-dot (2 x 1072s71).

a roughly tenfold improvement compared to our measured
best values [red and green dashed lines in Fig. 6(c)].

IV. SINGLE-QUBIT MICROWAVE ROTATION

The qubit states are encoded in the 557/, hyperfine man-
ifold as |F=2,mr=2)=11) and |[F=1,mr=1) =
|0), chosen for their simplicity in state preparation and
magnetic-field sensitivity, making them well suited for
characterizing the magnetic-field environment in our cryo-
genic setup. After loading atoms into the optical tweezers,
a 3.5-G quantization field is applied in the radial plane
of the trapping potential, in the —x direction (Fig. 1).
Atoms are initialized in |1) via optical pumping through
the F =2 <> F' = 2 D, transition. Readout of the qubit
states is realized by driving the cycling transition of |1) <>
5P3) |F =3, mp = 3) using the same beam for optical
pumping. This heats atoms in state |1), leading to atom
loss, and a subsequent RPGC imaging pulse reveals the
atoms remaining in state |0).

Global qubit rotations are achieved by driving
microwave transitions using the half-wave antenna posi-
tioned inside the cold box (Fig. 1). The tweezer trap
depth is adjusted to 84 pK for ground-state qubit rotations,
mitigating the impact of differential light shifts from the
trapping light. The achievable Rabi frequencies for driving
hyperfine transitions, projected onto the quantization axis,
is characterized as 2w x (2kHz, 23 kHz and 6 kHz) for
(0~, m and o) polarization components, respectively, for
state |0). Using microwave transitions, we can measure the
magnetic-field dynamics during field switching, caused by
eddy currents in the cold box. Along the vertical (z) axis,
the measured eddy-current decay time constant is 5(0.6)
ms, considerably shorter than that measured along the x
and y axes, respectively, 106(8) ms and 63(8) ms, due to
the slit in the cold box that breaks the current loop around

the z axis (Fig. 1). The eddy current time constants are
obtained through least-squares fits. In practice, we allow
700 ms for the bias field to stabilize before performing
state preparation. To mitigate the effects of eddy currents,
additional slits could be introduced along the x and y axes.
Alternatively, a separate room-temperature UHV chamber
could be used for the 3D MOT, from which the atoms
would be transferred to the cryogenic science chamber,
which maintains a constant static magnetic field.

The coherence of the ground-state qubit is evaluated
using a Ramsey sequence [Fig. 7(c)]. Each data point
corresponds to the contrast of the sinusoidal oscillations
obtained by scanning the phase of the second 7 /2 pulse.
The 27 x6 kHz Rabi frequency, in conjunction with shot-
to-shot magnetic-field fluctuations and variations in dif-
ferential light shifts due to trap depth disorder, limits
the initial Ramsey contrast to 0.8. The contrast decay is

modeled with a e/ Gaussian profile, with the ampli-
tude included as a fitted parameter. This fit yields a pure
dephasing time T of 131(5) ps and 75 of 0.95(5) ms, with
least-squares fits. For T3, the Gaussian decay constant 7 is
related to the shot-to-shot transition frequency fluctuation
Ao by T = +/2/A,. Consequently, the rms magnetic-field
fluctuation is calculated to be 0.82(3) mG over the 10-min
measurement time window used for each data point acqui-
sition. This sub-mG scale fluctuation, primarily driven by
noise from the laboratory ac power mains, is typical of
fluctuations observed in atomic physics laboratories, high-
lighting the stability of the magnetic environment in our
cryogenic setup.

V. RYDBERG EXCITATION

Rydberg control is achieved via a two-photon excita-
tion of 420 nm and 1013 nm through the intermediate 65,
state in the inverted scheme [91] with 1.48 GHz detuning
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Single-atom control of ground-state and Rydberg qubits. (a) Level structure of ’Rb with the relevant qubit and Rydberg

states. The ground-state qubit is encoded in the |1) = |F = 2,mp = 2) and |0) = |F = 1,mp = 1) states of the 55;, ground hyper-
fine manifolds. The Rydberg excitation, between |1) and |r) = 708} 2|ms = 1/2,m; = 3/2), is a two-photon process with a detuning

of A >~ 1.48 GHz from the intermediate 6P;,, state. (b) Qubit addressing geometry. Ground-state qubit control is achieved with a
microwave antenna globally addressing all atoms with a Rabi frequency of 27 x 5.6 kHz. Rydberg excitations are driven by two
circularly polarized counterpropagating beams at 420 nm and 1013 nm. The microwave antenna is also used for Rydberg-state dis-
crimination. (c) Ramsey contrast decay as a function of the time 7, between two /2 pulses on the ground-state qubit. Blue (orange)
points represents Ramsey sequence without (with) a spin-echo pulse. Each data point represents the fitted contrast when scanning the
phase of the second /2 pulse. The T3 coherence time of 131(5) ps—fitted with a Gaussian profile—corresponds to a magnetic-field
rms fluctuation of 0.82(3) mG over 10 min (measurement time for each data point). The spin-echoed 75 is 0.95(5) ms. (d) Ground-
Rydberg Rabi oscillations. The blue line is the fitted decaying cosine function with Gaussian envelope, with a Rabi frequency of
2w x 3.8 MHz and Gaussian decay 1/e time constant of 5.4(7) us. The red dashed line is the calculated Gaussian envelope (7.6(1) pus
1/e time constant) based on independent estimates of the relevant decoherence channels in our system given current laser system

performance (Appendix E). Each data point is derived from an average of 50 repeated measurements.

[Fig. 7(a)]. The final Rydberg state is denoted as |r) =
7081 )2|lms = 1/2,m; = 3/2) where my (my) represents the
magnetic quantum number for electron (nuclear) spin. The
420 nm light is produced through second-harmonic gen-
eration of the fundamental light from a Ti:sapphire laser.
The 1013 nm light is amplified using a fiber amplifier,
with the seed provided by the amplified cavity-filtered
transmission [92] from a diode laser and a semiconduc-
tor optical amplifier. Both the Ti:sapphire and diode laser
are frequency stabilized to a cavity made with an ultra-
low-expansion glass spacer. The 420 nm (1013 nm) beam
is directed through the side cold window, as depicted in
Fig. 1, counter- (co-) propagating with respect to the quan-
tization axis with o (0~) polarization. The waists are
approximately 40 um for both the 420 nm and 1013 nm
beams. The corresponding single-photon Rabi frequencies
are 2w x 145 MHz and 27 x 78 MHz, respectively.

For Rydberg-related experiments, the tweezers are con-
figured in a single row comprising 13 traps, spaced by

16.5 um to suppress the van der Waals interaction strength
to well below the ground-Rydberg Rabi frequency. During
the MOT loading stage, UV LEDs at 365 nm are utilized to
reduce patch charges on the dielectric surfaces [91] within
the cold box. Furthermore, electrodes (Fig. 1) are used to
cancel any residual electric field. While the applied field
strengths differ between room-temperature and cryogenic
operation, in both cases the overall strengths remain below
0.4 V/cm.

To prepare for Rydberg excitation, the atoms are initially
optically pumped into state |1). The trap depth is then adi-
abatically lowered to 84 pK before excitation to minimize
temperature-induced dephasing. During the excitation, the
optical tweezers are turned off to avoid losses from anti-
trapping of the Rydberg state. After excitation, the traps are
rapidly turned on to approximately 850 uK within 2 ps, and
a6.35 GHz microwave pulse is applied for 100 ps using the
same antenna and electronics described in Sec. IV. This
microwave pulse causes loss of the atoms in the Rydberg
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state [93]. Subsequent RPGC imaging reveals the atoms in
the ground state, with the absence of atom signals indicat-
ing the presence of atoms in the Rydberg state, up to state
preparation and detection errors.

The resulting Rabi oscillations between the ground state
[1) and the Rydberg state |r) are shown in Fig. 7(d). Each
data point is based on an average of 50 repeated measure-
ments, and the total duration of the experiment is around
10 min. A Gaussian decaying cosine function, with an

envelope described by e/ Tz, is fitted to the data, yielding
a Rabi frequency of 27 x3.8 MHz and a decay constant
7 of 5.4(7)ps. The first three data points are excluded
from the fit to account for the finite rise and fall time of
the acousto-optic modulator controlling the beam intensity.
We also performed the Rabi experiment with the cold box
at room temperature, resulting in a decay time of 6(1) ps.
To characterize sources of decoherence, we performed
a Monte Carlo simulation of the Rydberg Rabi oscilla-
tions, accounting for several decoherence channels that
were independently measured and calibrated (Appendix
E). These include laser phase and intensity noise, finite
intermediate and Rydberg state lifetime, finite atomic tem-
perature, beam-pointing fluctuations, pulse-area variations,
and site-dependent inhomogeneities in both the Rabi cou-
pling strengths and resonance frequencies. We find that
technical considerations dominate the decay rate. The sim-
ulation yields a fitted Gaussian decay time constant of
7.6(1)pus [red dashed line in Fig. 7(d)], near to though
slightly exceeding the experimental data.

While a comprehensive understanding and improve-
ment of Rydberg coherence will be addressed in future
work, the simulation indicates that the primary limitation
on coherence time is currently due to shot-to-shot opti-
cal pulse-area fluctuations. The near agreement between
the experimental results and the Monte Carlo simula-
tion (Appendix E) indicates that the cryogenic setup does
not introduce significant additional decoherence compared
to room-temperature operation for our current coherence
time.

VI. OUTLOOK

In this work, we present the successful integration of
cryogenic techniques with advanced control of neutral
atoms. Our setup features low wavefront distortion, large
optical access, stable optical alignment and minimal vibra-
tions. We have characterized the loss channels in the trap-
ping system and achieved a single-atom-trapping lifetime
of 3000 s through cryopumping of background gas. The
extended lifetime allows us to measure imaging and cool-
ing losses with high accuracy, offering deeper insights into
these loss mechanisms [94] and paving the way for further
improvements. Further, this extension of atom-trap life-
time can reduce the overhead for detecting and correcting

qubit loss errors [42,95]. Based on our technical advance-
ments, we also discuss the implications of assembling a
large, defect-free array of such long-lived atomic qubits.
Additionally, we demonstrate coherent control of both
ground- and Rydberg-state qubits, validating the technical
feasibility of implementing high-fidelity single-qubit oper-
ations and precise Rydberg state control within a cryogenic
environment.

Our platform also opens new possibilities for control-
ling the BBR environment in Rydberg atom experiments
using optical tweezers. With the addition of an ITO coat-
ing to the cold window to shield against room-temperature
microwave-frequency BBR, the system is well-suited
to extend Rydberg lifetimes at both single-particle and
many-body scales. Achieving a well-controlled cryogenic
microwave environment will support the advance of high-
fidelity quantum gates [23] and enable the study of com-
plex quantum many-body dynamics in Rydberg systems
over extended timescales [37,43]. This includes inves-
tigations into nonequilibrium phenomena like squeezing
and equilibrium phases, such as frustrated ground states
[36,96].

Beyond its immediate implications for Rydberg physics,
our platform is applicable to a broad range of neutral atom
species and molecules. This flexibility unlocks new pos-
sibilities for scalable, high-fidelity quantum computing,
quantum simulations of large-scale many-body systems,
and enhanced metrological stability.
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APPENDIX A: CRYOCOOLER

The closed cycle cryocooler from ColdEdge technolo-
gies consists of two helium loops as discussed in Sec. II B.
The first loop drives a Sumitomo RDK-415D2 GM cry-
ocooler, providing up to 1.5W of cooling power at 4 K.
The second loop is driven by Sumitomo HC-4E1 or KNF
N630.15 recirculating compressor and passes through a
control manifold before entering the flexible transfer line.
The control manifold includes valves to isolate the transfer
line from the recirculating compressor, a pressure regulator
to control the helium flow, a vacuum port for evacuating
the loop, and a charging port for helium recharge. This
secondary loop interfaces with the GM cryocooler located
under the optical table through heat exchangers anchored
to the cold stages of the GM cryocooler. The helium cools
to approximately 6 K before exiting via a flexible coaxial
helium transfer line. At the end of the transfer line, a capil-
lary restriction further reduces the helium gas temperature
to below 4 K through the Joule-Thomson effect. The flex-
ible transfer line is then connected to the UHV cryostat
using a locking collar and o-ring seals, and is remov-
able without breaking vacuum in the experimental system

[Fig. 2(b)].

APPENDIX B: CRYOPUMPING SURFACE
REGENERATION

The cold finger surface gradually saturates with cry-
opumped gases, increasing the background pressure in
the cold box and reducing the atom-trap lifetime propor-
tionally, with an exponential time constant of 17h. The
4 K cold finger’s low thermal mass and thermal isolation
enable daily regeneration of the cryopumping surface via
integrated heaters to restore the base pressure and atom-
trap lifetime, an approach that would be difficult without a
thermal design compatible with in sifu heating [63]. Dur-
ing regeneration, 5 W of power is applied for a few hours,
raising the cold-finger temperature to 22 K while main-
taining the cold-box temperature below 70 K. This causes
a pressure spike as measured by the ion pump current,
peaking at approximately 1x10~° mbar, due to hydrogen
release from 4 K components. Once heating stops, the cold
finger cools to 4 K within seconds, and the ion-pump pres-
sure drops below 1x10~!" mbar, confirming the efficient
cryopumping of hydrogen.

APPENDIX C: IMAGE PROCESSING AND
DISCRIMINATION FIDELITY

Photons scattered during the imaging process are col-
lected by the 0.55 NA objective and imaged onto a scien-
tific CMOS camera (Andor Marana 4.2B-11). This camera
has a quantum efficiency of 65% at 780nm and a gain
of 1.41 (converting from camera signal to detected pho-
ton number without correcting for quantum efficiency).

The average raw atom image of one particular trap site is
shown in Fig. 8(a) with 2 x 2 pixel binning and pixel val-
ues offset by a constant photon number introduced by the
camera firmware.

To determine the total number of detected photons for
each trap site, we use a weight function obtained by fit-
ting a point spread function (PSF) with an overall offset to
the average atom images for each site. The averaged atom
images are cropped around their center to a 5 x 5 region,
with the photon number in each pixel denoted as C;;, cor-
responding to the pixel in row i and column j. The PSF on
the camera sensor plane is modeled as an Airy disk with
the functional form

I (MY =307+ = n07?)
M/ (x —x0)2 + (v — 30)?

+B, (Cl)

where J; is the Bessel function of the first kind of order
one, 4 represents the amplitude, M is a scale factor deter-
mined by the imaging system, xy and yy are the coordinates
of the PSF center, and B accounts for the offset in the atom
image. To account for pixelation, the PSF is integrated
over each pixel region, producing a binned representation
that captures the total signal distribution on the discrete
image grid, and used for fitting the averaged atom image
to extract 4, M, xo, yo, and B. With the fitted parameters,
the binned PSF is evaluated without the fitted offset B and
denoted as F;. The weight function W; [Fig. 8(a)] is then
defined for each pixel as

%ij Fy
Wy =Fi 27
ij 4

(C2)

where the sum is performed over the 5 x 5 region. For
subsequent atom imaging, the raw images are multiplied
by this weight function W}; pixel by pixel and the total
detected photon number for each trap site are obtained by
summing all pixel values of the corresponding weighted
images. Relative to a uniform weight function Wj; =1,
this choice of weight function maintains the total detected
photon number for a fluorescing atom but reduces readout
noise, albeit still above the single-binned-pixel level, thus
lowering discrimination infidelity.

Throughout this paper, the imaging scattering rate refers
to the rate determined by the camera-collected fluores-
cence photons, rescaled by the calculated 4 % collection
and detection efficiency of the imaging system. The his-
togram for a particular trap site is depicted in Fig. 8(b).
Note that the histogram’s x axis is shifted so that the back-
ground peak is at zero. The bimodal distribution in the
histogram is fitted with two Gaussians, and their param-
eters are used to determine the optimal threshold for atom
discrimination, minimizing the probabilities of false pos-
itives and false negatives. Applying the same procedure
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FIG. 8. Image processing procedure and atom discrimination. (a) Left panel: an averaged image of atoms from a specific trap
site. Right panel: the weight function, derived from fitting the averaged atom image on the left with a coarse-grained PSF, used to
determine the detected photon number for this trap site. (b) Extracted photon-number histogram for a single trap (blue) and Gaussian-
fitted photon-number statistics for both the atom signal and background (orange). The dashed line represents the optimal threshold that
discriminates between the two Gaussian distributions, achieving a discrimination infidelity of less than 1 x 1076,

to all trap sites yields discrimination infidelities of less  detected photon number of 220, corresponding to the aver-
than 1x107° across all sites using the standard imaging age photon number with our standard imaging parameters
parameters described in the main text. [red star in Fig. 9(a)]. This gives a fixed discrimination
infidelity of 1x107¢ rather than a fixed imaging duration.
Following this rescaling, the imaging losses saturate at a
constant value for scattering rates below 0.1T". The slightly

The standard imaging light is red detuned by 65MHz  higher imaging loss at —25 MHz detuning is likely due to
from the free-space resonance. Considering the trap-  suboptimal PGC performance with smaller detuning [75].
induced differential light shift, the detuning to the in-trap This observation suggests a limit to RPGC imaging loss,
resonance is approximately 90 MHz. The scattering rate ~ which depends simply on the number of scattered photons
calculated from beam power and detuning is a factor of  rather than on the imaging time or scattering rate indi-
4 larger than the one inferred from camera signals. This  vidually, as long as the scattering rate is well below the
discrepancy may arise from atomic motion and differential ~ transition linewidth. A hypothesis for the physical reason

APPENDIX D: IMAGING LOSS AND SCALING

light shifts in the tweezer. behind this dependence for our atom and trap wavelength
We investigate the dependence of imaging loss on is the antitrapping of the excited 5P3, state [94]. One pos-
detuning and beam power for a 14 ms imaging pulse [Fig.  sible way to reduce the effect of antitrapping on imaging

9(a)] using the procedure outlined in the main text. These  loss would be to use stroboscopic imaging [81], or reduce
results demonstrate a clear trend of diminishing imaging  the number of scattered photons per image by increasing

loss per 14 ms image as the scattering rate decreases. How-  the collection efficiency and lowering the camera noise,
ever, the resulting reduction in photon number per image  thus keeping the same discrimination fidelity.
can impact discrimination fidelity. To account for this, It would be interesting to explore whether other imag-

Fig. 9(b) plots the loss per image normalized to a fixed  ing schemes, such as LGM [64] exhibit the same behavior.

(@) (b)
g 102 + -65 MHz 102 L
» E
v —4— -55 MHz A 5 % E
~ —4— -45 MHz / 85 i
@ o 8 F p
% -35 MHz (4 & c + /
2 100 L ~25 MHz / 28 10 | g
= ER L QMH
E h i
1074 Lu L P L 1074 Lu L PR L
6x1073 1072 2x102 3x107? 6x1078 1072 2x102 3x107
Scattering rate (I) Scattering rate (I")

FIG. 9. Imaging-loss investigation in a larger parameter space. (a) Measured loss per 14-ms imaging pulse as a function of scattering
rate at various detunings. The detuning values shown in the legend are relative to the free-space resonance. The red star indicates the
standard imaging parameters used in the main text. (b) Rescaled imaging loss for fixed discrimination infidelity of 1x 10~ and variable
imaging duration, with total camera detected photons matching the values from the standard imaging setup used in the main text. After
rescaling, the losses flatten out and do not show the decreasing trend as the scattering rate reduces.
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Additionally, examining this phenomenon in other species
that can support trapped excited states [24], and in alka-
line earth species using narrow-line Sisyphus cooling [82],
would provide further insights.

APPENDIX E: DECOHERENCE CHANNELS IN
RYDBERG EXCITATION

Here we provide a summary of the decoherence
channels in the Rydberg Rabi-oscillation data and their
calculated decoherence rates. Among the decoherence
mechanisms, Rydberg state decay and scattering from the
intermediate 6P3/, state are modeled as jump operators in
the Lindblad master equation. The calculated 70S;,, Ryd-
berg state lifetime is 147 us at 300 K and 306 us at 45 K.
The experimental measurement of the Rydberg lifetime at
cryogenic temperatures will be the subject of future inves-
tigation, and we conservatively set the cryogenic lifetime
to be 100 ps in the simulation. The effect of scattering from
the intermediate 6P, state is calculated using the single-
photon Rabi frequencies and intermediate state detuning
values given in Sec. V. Exponential fits to the numerically
solved master equations provide the 1/e time constants for
contrast decay (orange bars in Fig. 10).

Additional decoherence channels include laser phase
noise and relative intensity noise (RIN), beam-pointing
fluctuations, atomic motion and positional spread due
to finite temperature, pulse area variations, and site-
dependent inhomogeneities in both the Rabi coupling
strength and resonance frequency. For these decoherence
channels, we perform Monte Carlo simulations by numer-
ically solving the Schrédinger equation with empirically
derived parameter variations or noise as discussed below.
The simulation for each channel is conducted with an

420 nm pulse area and RIN |

RFI

420 nm beam pointing | -
1013 nm beam pointing -

6P/, scattering

70S1,2 decay F

1013 nmRIN [

1013 nm phase noise

420 nm phase noise [ r

Atomic temperature

RRI |+

108 1072 10
Inverse of contrast decay 1/e time (us~")

FIG. 10. Decoherence channels and their contributions to the
Rydberg Rabi oscillation contrast decay in this work. Orange
(blue) bars represent channels modeled with an exponential
(Gaussian) decay, as detailed in the main text. The gray shaded
region indicates the level of numerical error in the simulation.
RFI denotes Rabi frequency inhomogeneity, and RRI repre-
sents Rydberg resonance inhomogeneity, both indicating site-
dependent variations in the system. The Rydberg lifetime is
conservatively set to 100 ps, smaller than the room-temperature
value of 147 ps. Simulation parameters are based on those used
for the Rabi oscillation in Sec. V.

otherwise ideal Hamiltonian over 1000 iterations and the
averaged result is fitted to a decaying cosine with a Gaus-
sian envelope to extract the corresponding 1/e time con-
stants and bootstrapped uncertainties (blue bars in Fig.
10). The precision of the numerical solver is evaluated
by disabling all decoherence channels; the resulting fitted
decoherence time constant (gray shaded area in Fig. 10)
characterizes the effect of finite numerical precision in the
simulations.

The spectra of the laser phase noise and RIN are
measured individually for each beam using a phase noise
analyzer (OEwave OE4000) and a fast photodetector,
respectively. Based on these spectra, random time series
of phase and intensity fluctuations are generated over a
frequency range defined by the inverse of the total evo-
lution time (5 ps) and the simulation time step (1 ns). Time
series of laser phase are directly incorporated into the
Schrédinger equation to account for its effect on the Rabi
oscillation dynamics, while time series of intensity fluctu-
ations are combined with the shot-to-shot fluctuation from
the RIN spectrum or pulse area fluctuation as discussed
below before incorporation.

In the Rydberg sequence, the 1013 nm beam is turned
on before the excitation, and the 420 nm beam is pulsed to
gate the excitation time. Shot-to-shot intensity fluctuations
of the 1013 nm beam due to RIN are modeled by integrat-
ing its intensity noise spectrum from 20 Hz to 200 kHz, the
lower bound of the sampled simulation frequency range,
and treating the noise as quasistatic within each simulated
experimental shot. This approximation is valid because
experimental runs are separated by intervals on the order
of seconds. For the 420 nm beam, pulse area fluctuations
contribute to shot-to-shot intensity and the resulting dis-
tribution is used to sample the overall Rabi frequency for
each shot. Time series generated from the RIN spectra of
both beams are combined with their respective shot-to-shot
intensity fluctuations for the Monte Carlo simulation.

Additionally, beam-pointing fluctuations contribute to
shot-to-shot intensity fluctuations. Beam positions are
recorded during the experiment using beam pickoffs and
cameras, and the distribution of beam center coordinates is
used to generate static Rabi frequencies for each shot based
on the measured beam waist.

Intensity variations of either beam at the atoms, which
arise from a number of different channels, also cause
changes in the light shift on the Rydberg transition. This
relationship is calibrated for each beam by Ramsey spec-
troscopy and is used in the simulation.

For the finite-temperature effect, the spatial and velocity
distributions of the atoms are considered. The atomic tem-
perature right before applying Rydberg excitation is mea-
sured to be 5 pK. The corresponding velocity spread gives
rise to a Gaussian distribution of Doppler-shifted detun-
ings. Based on the measured trap frequency, the atomic
spatial spread is calculated. The axial spread, combined
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with the measured Rydberg beam waist, contributes to
shot-to-shot variations in the Rydberg resonance and Rabi
coupling strength.

Static inhomogeneities in Rabi coupling strength across
tweezer sites are characterized through high-statistics Rabi
oscillation experiments, where the oscillation frequency at
each site is analyzed, and the standard deviation across all
sites is used as input for the simulations. Similarly, site-
dependent inhomogeneities in the transition frequencies
were determined by measuring the phase accumulation
rate in Ramsey spectroscopy, with both the 1013 nm and
420 nm beams turned off during the wait time.

The loss resulting from the turning off of the traps during
Rydberg excitation is estimated to be less than 1 % based
on the measured temperature and is consistent with exper-
imental observations. Due to its minimal contribution, this
loss is neglected in the analysis.

Taking into account all the decoherence channels listed
above, we obtain an effective overall Gaussian decay pro-
file with a 1 /e time constant for contrast decay of 7.6(1) ps.
The decay is primarily caused by pulse area fluctuations of
the 420 nm beam, with an average variation around 1 %
over different pulse durations, and by inhomogeneities in
the Rabi frequency across sites, which exhibit a standard
deviation of 0.4 %.

Additionally, during routine operation, we observed
fluctuations in Rydberg coherence time on the scale of a
few microseconds over several days. These fluctuations are
attributed to slow drifts in system parameters, which are
not considered a fundamental limitation.
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