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We report on the trapping of single Rb atoms in tunable arrays of optical tweezers in a cryogenic
environment at approximately 4 K. We describe the design and construction of the experimental apparatus,
based on a custom-made UHV-compatible closed-cycle cryostat with optical access. We demonstrate the
trapping of single atoms in cryogenic arrays of optical tweezers, with lifetimes up to 6000 s, despite the
fact that the vacuum system has not been baked out. These results open the way to large arrays of single
atoms with extended coherence, for applications in large-scale quantum simulation of many-body systems
and, more generally, in quantum science and technology.

DOI: 10.1103/PhysRevApplied.16.034013

L. INTRODUCTION

For most applications of quantum science and technol-
ogy, whatever the experimental platform, scaling up the
number of individually controlled quantum objects is a
major subject of research, as this is a necessary condi-
tion for practical use [1]. Over the past few years, tweezer
atom arrays have emerged as a very versatile platform for
quantum science, with applications ranging from quantum
simulation of many-body systems [2] to quantum metrol-
ogy [3,4] and quantum computing [5,6]. Large arrays with
up to approximately 200 atoms are now used for quantum
simulation of spin systems [7,8]. They are assembled atom
by atom, using moving optical tweezers, from an initially
disordered configuration. One of the current challenges in
the field is to scale up the atom number while preserving,
or even increasing, the coherence of the system.

A natural way to achieve this goal is to operate the
tweezer arrays in a cryogenic environment at a tempera-
ture of a few kelvin. A first beneficial effect is that the
residual pressure is considerably smaller than at room tem-
perature, which reduces collisions of the trapped atoms
with the residual gas. This allows us to increase the trap-
ping lifetime of atoms in the tweezers, which is one of
the limiting factors in the assembly of large arrays, as
the assembly time increases with the system size. For a
sequential assembly scheme, as used, e.g., in Ref. [9],
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increasing the trapping lifetime by a factor of « allows for
an increase in the atom number by roughly /& [10]. A
second benefit is that black-body radiation (BBR), which
scales as T*, is considerably reduced in such an environ-
ment, making BBR-induced transitions between Rydberg
levels almost negligible. For low-angular-momentum Ryd-
berg states, this results in a typical increase of the Rydberg
lifetime by a factor of between 2 and 3 [11], with a direct
impact on coherence and gate fidelities [12]. The inhibi-
tion of BBR-induced transitions would also be beneficial
for Rydberg dressing experiments, where they are a serious
limitation [13,14]. For circular states, the lifetime increases
by several orders of magnitude in a cryogenic environment
[15], motivating their use for quantum computing and sim-
ulation [16—18]. Finally, cryogenic single-atom trapping is
also required, albeit at much lower temperatures, for cou-
pling single atoms to microwave resonators in order to
build hybrid systems [19].

Here, we demonstrate the trapping of single atoms in
arrays of optical tweezers in a cryogenic environment at
4 K. We first describe the design, construction, and char-
acterization of the setup, based on a closed-cycle cryostat
where we use only UHV-compatible components. We then
show how laser cooling and trapping of Rb atoms in the
setup is obtained without any strong change as compared
to a room-temperature setup. We finally show that we can
trap single atoms in arrays of tweezers, with measured life-
times in the tweezers up to 6000 s, a 300-fold improvement
compared to our current room-temperature setup.

© 2021 American Physical Society
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II. EXPERIMENTAL APPARATUS
A. Cryostat design

The adaptation of an atom-tweezer setup for operation
at cryogenic temperatures comes with many specific tech-
nical constraints. This means that a straightforward use
of the cryogenic solutions previously developed in the
atomic, molecular, and optical (AMO) community, e.g.,
for ion trapping [20,21] or for Bose-Einstein condensation
[22,23], is not possible.

In this work, we have chosen to keep, whenever possi-
ble, the technical solutions adopted in our existing room-
temperature setup, e.g., the use of in-vacuum high-NA
aspheric lenses or that of a Zeeman slower as an atom
source [24]. This has allowed us to focus mainly on the
design of the cryogenic part. We base our design on the
use of a closed-cycle cryostat using a pulse-tube refrig-
erator (PTR), with the technical constraint of using only
UHV-compatible materials. However, to keep the design
of our custom-made cryostat close to that of a commer-
cial model [25], we opt for a nonbakeable system, as the
PTR cannot be baked out without being damaged (hav-
ing a removable PTR to allow for bake-out of the rest of
the system makes the design significantly more involved).
This trade-off results in having a moderate vacuum in the
room-temperature chamber but, as we shall see, cryopump-
ing by the 4-K shield enclosing the atoms still results in
long trapping lifetimes.

Figure 1(a) shows a general view of the system. The
cryostat is enclosed in a large stainless-steel vacuum cham-
ber at 300 K that accommodates the PTR on one side and a
science chamber on the other side. An atomic source, com-
prising a rubidium oven followed by a Zeeman slower, is
connected to the science chamber and can be isolated from
it using a gate valve actuated with a stepper motor. The
cryostat chamber is pumped using a 300-L/s ion pump
(that includes a titanium sublimator), as well as with a
nonevaporable getter (NEG) cartridge.

A cross section of the cryostat assembly is shown in
Fig. 1(b). The two cooling stages of the PTR at 30 K
and 4 K are thermally connected to nested gold-plated
copper radiation shields, which extend all the way to the
science chamber. This connection is made using ultra-
soft high-thermal-conductivity copper braids for vibration
decoupling. On the thermal shields, antireflection-coated
5-mm-thick fused-silica windows allow for optical access
along all the needed directions [26]. The vibrational decou-
pling with copper braids is highly efficient: with the PTR
in operation, we measure, along the three orthogonal direc-
tions, residual vibrations on the 4-K baseplate below 10 nm
(rms), the main frequency components being in the hertz
range.

The optical assembly for atom trapping is bolted on
the 4 K baseplate, in the center of the science chamber,
and comprises a beryllium-copper (Cu-Be) lens holder and

two mirrors for beam steering. The four magneto-optical
trap (MOT) beams in the horizontal plane, as well as the
tweezer beam along the optical axis of the aspheric lenses,
propagate in a straight line from outside the chamber,
through a total of two vacuum view ports and four win-
dows on the thermal shields, and exit the chamber on the
other side. Three beams, on two axes (the Zeeman slower
beam and the vertical MOT beams) are reflected inside
the chamber on 45° metallic mirrors held by Cu-Be sup-
ports. This allows (i) for the vertical MOT axis, to avoid
having beams coming from below the chamber, which
would make the construction of the cryostat quite involved,
and (ii) for the Zeeman slower beam, to avoid having a
cold window facing the atomic beam, where Rb would
accumulate, rendering it opaque. Two apertures with a
diameter of 13 mm, one in each thermal shield, allow the
atomic beam from the Zeeman slower to enter the trapping
region.

Figure 1(c) shows a cross-section view of the lens
mount. It is milled in a Cu-Be block; this choice of material
is a trade-off to retain good thermal conductivity while hav-
ing better mechanical properties than copper [27]. The two
aspheric lenses (LightPath Technologies, NA 0.5, focal
length 10 mm, working distance 7 mm) are mounted in
Cu-Be barrels. To account for the differential thermal con-
traction between Cu-Be and glass upon cooling, the barrels
are machined such that, at room temperature, their inter-
nal diameter exceeds the outer diameter of the lenses by
20 pm, resulting in a perfect match of diameters at 4 K.
The flat face of the lens is pressed against a shoulder at the
end of the barrel using a Cu-Be spring and a nut to ensure
the correct positioning of the lens at the end of the bar-
rel. In a preliminary set of experiments, we check, using
white-light illumination between crossed polarizers, that
no stress-induced birefringence occurs in the lenses when
cooling down the system.

The two lenses are mounted with a spacing such that at
4K, they are in an ideal f -f configuration. Due to the ther-
mal contraction of the Cu-Be lens holder, and to a lesser
extent to that of the aspheric lenses, this means that at room
temperature an incident collimated beam will focus at a
finite distance, calculated to be approximately 2.5 m, after
passing through both lenses. Using copper spacers between
the barrels and the holder, with a thickness that we grad-
ually reduce by lapping, the longitudinal positioning of
the lenses is carefully adjusted until the proper spacing is
obtained. When cooled down to 4 K, the system becomes
almost afocal, as a collimated incident beam focuses at a
distance > 20 m after the second lens.

In view of future experiments with Rydberg atoms, the
face of the lens facing the atoms is coated with a trans-
parent but conductive layer of indium-tin oxide (ITO),
with a thickness of 120 nm (giving an overall transmis-
sion of the lens of about 90% at the tweezer wavelength of
830 nm).
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The experimental setup. (a) A schematic rendering of the entire apparatus, comprising the atomic source and the cryostat.

(b) A longitudinal cross section of the cryostat, showing the pulse-tube refrigerator with its two stages at 30 K and 4 K, together
with the corresponding thermal shields to which they are connected through vibration-decoupling copper braids. (c) An enlarged cross

section of the lens-holder piece.

The lens holder also accommodates two independent
superconducting (SC) coils, wound with 0.5-mm diame-
ter Nb-Ti wire, which can be used to produce the MOT
magnetic field gradient or a homogeneous bias field when
switching from an anti-Helmholtz to a Helmholtz config-
uration. They are connected to the exterior of the cryo-
stat via 0.6-mm-diameter kapton-insulated copper wire
(the chosen diameter is a trade-off that minimizes the
heat conduction from room temperature to 4 K and the
Joule heating in the wire, for the design current of 2
A [27]). To minimize the effect of eddy currents when

switching the magnetic field on and off, the coil form is
made of Cu-Be which, unlike pure copper, has a mod-
erate electrical conductivity even at cryogenic tempera-
tures. In a preliminary experiment in a test cryostat at 4
K, we measure decay times of approximately 1 ms for
the magnetic field; however, there, the copper thermal
shields are quite remote from the coils. In the final con-
figuration of the cryostat, when operating a MOT (see
Sec. Il A) and turning off the field, we observe that
the magnetic field experienced by the atoms fully set-
tles after only approximately 40 ms, most likely due to
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the presence of pure copper parts (in particular, the 4-K
thermal shield) close to the coils. While this is not an issue
for loading optical tweezers, as we show below, one could
improve on this in future designs by replacing some copper
parts by Cu-Be ones when possible and by cutting out nar-
row slits in the shields at appropriate locations to break the
paths of eddy currents. Finally, we check that for relevant
repetition rates of current switching, eddy currents do not
lead to any appreciable heating.

B. Performance of the cryostat

To operate the cryostat, we first evacuate the system
with turbomolecular pumps, until we reach a residual pres-
sure in the 10~%-mbar range. This pressure is due to (i)
the absence of bake-out of the setup and (ii) the large
number of elements under vacuum, especially those hav-
ing a large surface-to-volume area, such as the copper
braids, for which outgassing is very slow. We then switch
on the PTR and, within about 15 h, the temperatures T
and 7, measured by sensors on the first-stage (“30-K”)
and on the second-stage (“4-K”) shields reach steady val-
ues. The pressure in the chamber, as measured by the
300-L/s ion-pump current, is then around 4 x 10~'° mbar
[28]. Warming up to room temperature takes about 100 h
when keeping the chamber under vacuum; if needed, faster
cycling times could be achieved by flushing the chamber
with dry nitrogen to enhance heat exchange.

We characterize the performance of the cryostat in a
series of preliminary experiments in various configura-
tions, which allow us to evaluate its response to the various
heat loads to which it is subjected in operation. We first
cool down the system in a configuration minimizing the
heat load (no wiring for the SC coils, windows in the ther-
mal shields replaced by gold-plated copper blanks, and
openings for the atomic beam sealed) and measure 7, =
30.1 K and 7, = 3.2 K, which gives the base temperature
that the system can reach. By applying controlled power to
heaters located on the 4-K plate, we measure a temperature
increase of around 4 K/W, which gives an estimate of the
acceptable heat load. In a second configuration, where the
fused-silica windows are mounted on the thermal shields
and the apertures for the atomic beam are open, the mea-
sured temperature is barely affected, showing that most of
the BBR is effectively blocked by the windows. In the final
configuration, the SC coils are connected using their four
0.6-mm-diameter wires; the measured temperature (with-
out any current flowing in the coils) is then 7, = 4.2 K,
consistent with the heat load due to heat conduction along
the wires.

Finally, we test the cryostat performance in the presence
of the two extra heat load sources that appear when trap-
ping atoms, namely laser light for the tweezer array and
current flowing through the coils. Concerning laser power,
due to the ITO coating on the lenses, a significant part

(about 20%) of the light at 830 nm is absorbed or reflected
by the pair of lenses and does not exit the cryostat; part of
it is thus a direct heat load for the 4-K environment. For
an incident power of 1 W (enough to generate about 500
optical tweezers), we measure a temperature increase of
the lens holder by about 1 K. Concerning the operation of
the coils, we observe a slight temperature increase (0.1 K
for 1 A) when we run a current through them. For small
currents, up to 1.7 A (corresponding to a MOT gradient of
7.3 G/cm), we attribute this to Joule heating of the (non-
SC) wires connecting the coils to the room-temperature
connectors. Beyond this value, we observe a jump in the
coil resistance, indicating that they partially reach a tem-
perature above the Nb-Ti critical temperature of 9.2 K and
transition to the normal state, most likely because the ther-
mal contact between the kapton-insulated SC wire and the
Cu-Be coil form is not sufficient for proper thermalization.
Then, the temperature increase is steeper, with the lens-
holder sensor reaching a temperature of 5.4 K when the
current is 2.5 A. This is more than enough for operating a
MOT in order to load the tweezer array, as we discuss in
Sec. [T A.

I11. SINGLE-ATOM TRAPPING IN ARRAYS OF
OPTICAL TWEEZERS

A. Magneto-optical trap

We now describe the operation of the setup for atom
trapping, starting with the realization of a 8’Rb MOT. To
do so, we typically operate the rubidium oven at 100 °C.
The resulting atomic beam is slowed down via the Zee-
man slower and loads a magneto-optical trap in the sci-
ence chamber. The MOT uses six counterpropagating laser
beams with a 1/¢* radius of 1.7 mm and a power of 1
mW each, detuned by —4.5T from the F =2 — F' =3
transition of the D, line (the natural line width of which
is I' = 2w x 6 MHz). Repumping light is combined with
these six beams, with a power 0.1 mW per beam; it is res-
onant with the F = 1 — F’ = 2 transition of the D; line.
The typical magnetic field gradient used for MOT loading
is 6 G/cm.

After loading the MOT for typically 500 ms, we turn
off the Zeeman slower beam and close the gate valve
to stop any further loading of the magneto-optical trap.
The decay of the MOT fluorescence, measured with a
CCD camera, is shown in Fig. 2. At short times, the
MOT decays relatively quickly, due to a combination of
(1) light-assisted collisions in the dense central region of
the cloud and (ii) the escape of atoms from the outer
regions of the MOT, where the beam intensities are not
perfectly balanced (making this initial decay quite sen-
sitive to the alignment of the MOT beams). At long
times, the fluorescence decay is exponential, with a 1/e
lifetime of about 140 s, much less sensitive to beam
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FIG. 2. The fluorescence decay of the MOT. An exponential
decay fit at long times (white dashed line) gives a 1 /e decay time
of about 140 s. The inset shows the MOT cloud (arrow) facing
one of the aspheric lenses.

alignment. Such a MOT lifetime is typical of vacuum sys-
tems with pressures in the low-10~!2-mbar range, showing
the dramatic effect of cryopumping by the 4-K surfaces
surrounding the atoms, despite the relatively low vac-
uum in the room-temperature chamber. This measured
lifetime gives a lower bound on the vacuum-limited life-
time that we can expect for atoms in optical tweezers
[29].

B. Arrays of optical tweezers

We then study the loading of single atoms into opti-
cal tweezers, which are created using light at 830 nm.
Using a spatial light modulator, we create arbitrary tweezer
arrays in the focal plane of the aspheric lens [30]. For the
work reported here, we use a 9 x 9 square array (see the
average fluorescence image in the inset of Fig. 3). The flu-
orescence emitted by trapped atoms is collected, using the
same aspheric lenses, on an electron-multiplication cam-
era with a typical exposure time of 50 ms. We observe
that despite the large number of optical surfaces the beams
go through and the high reflectivity of the gold-plated
thermal shields, stray light is barely higher than in our
room-temperature setup and does not significantly affect
the detection of single atoms.

For a power of 3 mW per optical microtrap, we mea-
sure, using parametric heating, an axial (radial) trapping
frequency 8 kHz (70 kHz). The trap depth is Uy/kp ~ 0.8
mK. Using a release-and-recapture method [31], we mea-
sure the atomic temperature in the tweezers to be around
50 uK after the atoms have been cooled for 50 ms by
polarization-gradient cooling (PGC) with a detuning of
—4.5T". We cool the atoms down further to 20 «K, using a
—10.5T"-detuned light pulse of 40 ms.

To measure the time evolution of the probability of
keeping an atom in the optical tweezers, we record a first
fluorescence image to identify the traps initially containing
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FIG. 3. (a) The survival probability of a single atom as a func-

tion of the time it is held in optical tweezers, without PGC (red),
with continuous PGC (green), and with a 15-ms pulse of PGC
every 10 s (blue). The exponential-decay fits (solid lines) give
1/e decay times of about 162 s for continuous PGC and of 335 s
for pulsed PGC. The inset shows an averaged fluorescence image
of the 9 x 9 tweezer array, with a spacing of 10 um between
adjacent microtraps. (b) Lifetime measurement for pulsed PGC
(blue) after improvement of the vacuum [28,29], note the change
in the horizontal scale. The 1/e decay time is now 6050 s (solid
line). For comparison, the no-PGC and continuous-PGC curves
from panel (a) are plotted again.

atoms; we then wait for a time #,,;q and we finally take a
second image to identify the remaining atoms.

Without any cooling light during the hold time, half of
the atoms are lost after about 30 s and the decay of the
recapture probability with time is nonexponential (see the
red dots in Fig. 3). This is explained by a linear heating
rate, which we measure in a separate experiment to be
of about 8 uK/s, originating from off-resonant scattering
of the 830-nm trapping light. An obvious way to miti-
gate this heating is to leave the PGC on during the hold
time. With a detuning of —10.5T", the recapture probability
is then increased drastically, giving an exponential decay
with a 1/e decay time of 162 s (green dots). However, a
careful inspection of the second image shows that occa-
sionally, an initially empty trap is occupied in the final
image. A more detailed analysis (see the Appendix) shows
that from time to time, some atoms that are expelled from a
trap via collisions with background-gas molecules are still
slow enough to be recaptured in the optical molasses and
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then reloaded in another optical microtrap, either giving
rise to a trap loading (if this other trap is initially empty)
or to the correlated loss of two atoms (if the other trap is
already occupied). This suggests that the trap lifetime can
be further increased.

To do so, we pulse the PGC cooling light, sending a 15-
ms PGC pulse at —10.5T" every 10 s. These timings fulfill
the following conditions: the PGC pulse is long enough
to fully cool the atom again and is repeated often enough
such that the increase in temperature induced by the 830-
nm light over the period of 10 s remains well below the trap
depth. At the same time, the overall duty cycle n = 0.15%
is very small, such that the probability of correlated atom
loss, now multiplied by 7, becomes entirely negligible.
In these conditions, we measure a background-collision-
limited lifetime of 335 s (blue), i.e., an improvement by
a factor of approximately 16 as compared to our room-
temperature setup [29]. Finally, after improving the vac-
uum, we repeat the pulsed-PGC lifetime measurement and
obtain a 1/e lifetime of 6050 s as shown in Fig. 3(b). The
pulsed-PGC cooling is entirely compatible with atom-by-
atom rearrangement, meaning that we can benefit from this
lifetime increase for assembling large arrays.

IV. CONCLUSION

In this work, we demonstrate, using a relatively sim-
ple setup, the trapping of single atoms in arrays of optical
tweezers in a 4-K environment, with long lifetimes of over
6000 s, that open up exciting prospects. We now discuss
possible ways to improve the performance in the future.

Using the same setup, the next step will consist in realiz-
ing large rearranged arrays with hundreds of single atoms.
Defect-free arrays of approximately 800 atoms seem to
be within reach in our setup (the necessary 1600 opti-
cal tweezers still correspond, for a trapping wavelength
of 830 nm, to an acceptable heat load for the cryostat). In
the current stage, with ITO coating on the aspheric lenses
and appropriate antireflection coatings on the windows, the
setup is compatible with Rydberg excitation, albeit without
the possibility of electric field control. A direct measure-
ment of Rydberg-level lifetimes using a ponderomotive
bottle-beam trap [32] would be interesting, to check the
increase in the Rydberg-state lifetime due to the suppres-
sion of BBR-induced transitions. The addition of a set of
electrodes on the lens holder, and possibly a microwave
antenna for coherent manipulation in the Rydberg man-
ifold, will be a relatively simple upgrade of the current
setup.

To improve the residual pressure even further, the ulti-
mate step would be to make the system bakeable. For that,
the design needs to use a removable PTR, which requires
us to use radiators in a chamber filled with buffer gas as
the vibration-decoupling heat exchanger, in place of the
copper braids used here. Another possible improvement

would be to maximize the cryopumping efficiency using
porous materials such as activated charcoal. Such a setup,
although more involved than the one used in the current
work, is perfectly realistic. Cryogenic setups will certainly
allow us to reach 1000-atom-scale tweezer arrays, and
maybe even more if combined with techniques [33—36]
that allow for an initial loading efficiency of the array con-
siderably above 50%, thus reducing both the assembly time
and the required trapping laser power.
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APPENDIX: CORRELATED LOSS AND
RECAPTURE UNDER CONTINUOUS
POLARIZATION-GRADIENT COOLING

The fact that the measured trapping lifetime for an
atom in optical tweezers is reduced under continuous-PGC
conditions can arise due to two different effects, the rel-
ative importance of which depends on the experimental
parameters.

The first effect is simply that when the PGC beams are
always on, a steady-state very dilute cloud of laser-cooled
atoms (loaded either from slow atoms from the source or
from a residual Rb pressure in the chamber), always sur-
rounds the tweezer array; this yields occasional loading
of single atoms in a microtrap that is already occupied,
resulting in the loss of both atoms. In the present case, this
effect should be negligible, as the atom source is mechani-
cally blocked by the stepper-motor-actuated valve, and the
residual Rb pressure in the 4-K environment is extremely
low.

The second effect is the following. The energy that is
imparted to a trapped Rb atom by a molecule from the
residual gas in the vacuum chamber (consisting mostly
of H, molecules, as most other species are extremely
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FIG. 4. (a) Examples of fluorescence images of a 6 x 6 array,
showing, between successive frames, either the loss of an atom
accompanied by the loading of a previously empty trap (left) or
the “simultaneous” loss of two atoms (right). (b) Experimental
fluorescence traces, showing the evolution of the array occu-
pancy as a function of time, with correlated loss-and-recapture
events highlighted in white and red, respectively. (c) The result
of'a Monte Carlo simulation of the simple model discussed in the
text, showing the same qualitative behavior as the experimental
traces in (b).

well cryopumped by the 4-K walls) can be small enough
that the Rb atom, while expelled from the approximately
1-mK-deep optical tweezers, is still captured in the optical
molasses [37]. This atom can then be very quickly loaded
in another trap of the array, that is either empty or loaded.
In the first case, two successive frames of the camera that
monitors the fluorescence of the array will show the same
number of trapped atoms, but with one trap having lost its
atom and another one being suddenly loaded [Fig. 4(a),
left]. In the second case, the second frame will show two
fewer atoms than the first one [Fig. 4(a), right].

Analysis of the successive images acquired during con-
tinuous PGC (but taken with a detuning of —4.5T" to obtain
relatively bright fluorescence images) shows that several
of those correlated loss-and-recapture events can be iden-
tified during the full decay of the array and that they
contribute significantly to the trapping lifetime. A typical
example of such an analysis is shown in Fig. 4(b). Figure
4(c) shows the result of a very simple stochastic model-
ing of the process. At each time step, corresponding to an
imaging frame, each atom in a filled trap i has a proba-
bility p.on of undergoing a collision with the background
gas; if a collision does occur, it leaves the trap but has a
probability p.. of being recaptured in any trap j of the
array (including 7), chosen randomly, giving rise to either a
recapture or to correlated loss. We find that values around

Prec ~ 0.2 reproduce qualitatively the main features of the
experimental traces.

A quantitative investigation of the dependence of p. on
various parameters (the temperature of the environment,
the parameters of the PGC) is beyond the scope of this
paper but could be an interesting extension of the present
work.

[1] Yu. Alexeev, D. Bacon, K. R. Brown, R. Calderbank,
L. D. Carr, F. T. Chong, B. DeMarco, D. Englund, E.
Farhi, and B. Fefferman et al, Quantum computer sys-
tems for scientific discovery, PRX Quantum 2, 017001
(2021).

[2] A.Browaeys and T. Lahaye, Many-body physics with indi-
vidually controlled Rydberg atoms, Nat. Phys. 16, 132
(2020).

[3] I. S. Madjarov, A. Cooper, A. L. Shaw, J. P. Covey, V.
Schkolnik, T. H. Yoon, J. R. Williams, and M. Endres, An
Atomic-Array Optical Clock with Single-Atom Readout,
Phys. Rev. X 9, 041052 (2019).

[4] M. A. Norcia, A. W. Young, W. J. Eckner, E. Oelker, J. Ye,
and A. M. Kaufman, Seconds-scale coherence on an optical
clock transition in a tweezer array, Science 366, 93 (2019).

[5] M. Saffman, Quantum computing with atomic qubits and
Rydberg interactions: Progress and challenges, J. Phys. B
49,202001 (2016).

[6] L. Henriet, L. Béguin, A. Signoles, T. Lahaye, A.
Browaeys, G.-O. Reymond, and C. Jurczak, Quantum com-
puting with neutral atoms, Quantum 4, 327 (2020).

[7] P. Scholl, M. Schuler, H. J. Williams, A. A. Eberharter, D.
Barredo, K.-N. Schymik, V. Lienhard, L.-P. Henry, T. C.
Lang, T. Lahaye, A. M. Lauchli, and A. Browaeys, Quan-
tum simulation of 2D antiferromagnets with hundreds of
Rydberg atoms, Nature 595, 233 (2021).

[8] S. Ebadi, T. T. Wang, H. Levine, A. Keesling, G. Semegh-
ini, A. Omran, D. Bluvstein, R. Samajdar, H. Pichler,
W. W. Ho, S. Choi, S. Sachdev, M. Greiner, V. Vuletic,
and M. D. Lukin, Quantum phases of matter on a 256-
atom programmable quantum simulator, Nature 595, 227
(2021).

[9] K.-N. Schymik, V. Lienhard, D. Barredo, P. Scholl, H.
Williams, A. Browaeys, and T. Lahaye, Enhanced atom-by-
atom assembly of arbitrary tweezers arrays, Phys. Rev. A
102, 063107 (2020).

[10] If the single-atom lifetime is 7, the lifetime of an N-atom
configuration is t/N. As the rearrangement time scales
roughly linearly with N, an improvement by a factor o of
7 results in an increase of the maximal atom number that
one can rearrange during the lifetime of a configuration by
only /a.

[11] L. 1. Beterov, I. I. Ryabtsev, D. B. Tretyakov, and V. M.
Entin, Quasiclassical calculations of blackbody-radiation-
induced depopulation rates and effective lifetimes of Ryd-
berg nS, nP, and nD alkali-metal atoms with n < 80, Phys.
Rev. A 79, 052504 (2009).

[12] L. Cong, S.-T. Wang, H. Levine, A. Keesling, and M. D.
Lukin, Hardware-Efficient, Fault-Tolerant Quantum Com-
putation with Rydberg Atoms, arXiv:2105.13501.

034013-7


https://doi.org/10.1103/PRXQuantum.2.017001
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1103/PhysRevX.9.041052
https://doi.org/10.1126/science.aay0644
https://doi.org/10.1088/0953-4075/49/20/202001
https://doi.org/10.22331/q-2020-09-21-327
https://doi.org/10.1038/s41586-021-03585-1
https://doi.org/10.1038/s41586-021-03582-4
https://doi.org/10.1103/PhysRevA.102.063107
https://doi.org/10.1103/PhysRevA.79.052504
https://arxiv.org/abs/2105.13501

KAI-NIKLAS SCHYMIK et al.

PHYS. REV. APPLIED 16, 034013 (2021)

[13] E. A. Goldschmidt, T. Boulier, R. C. Brown, S. B. Koller,
J. T. Young, A. V. Gorshkov, S. L. Rolston, and J. V. Porto,
Anomalous Broadening in Driven Dissipative Rydberg
Systems, Phys. Rev. Lett. 116, 113001 (2016).

[14] J. Zeiher, R. van Bijnen, P. Schauf}, S. Hild, J.-Y. Choi, T.
Pohl, I. Bloch, and C. Gross, Many-body interferometry of
a Rydberg-dressed spin lattice, Nat. Phys. 12, 1095 (2016).

[15] S. Haroche, Nobel lecture: Controlling photons in a box
and exploring the quantum to classical boundary, Rev. Mod.
Phys. 85, 1083 (2013).

[16] T. Xia, X. L. Zhang, and M. Saffman, Analysis of a con-
trolled phase gate using circular Rydberg states, Phys. Rev.
A 88, 062337 (2013).

[17] T. L. Nguyen, J. M. Raimond, C. Sayrin, R. Cortifias, T.
Cantat-Moltrecht, F. Assemat, 1. Dotsenko, S. Gleyzes, S.
Haroche, G. Roux, T. Jolicoeur, and M. Brune, Towards
Quantum Simulation with Circular Rydberg Atoms, Phys.
Rev. X 8,011032 (2018).

[18] S.R. Cohen and J. D. Thompson, Quantum Computing with
Circular Rydberg Atoms, arXiv:2103.12744.

[19] J. D. Pritchard, J. A. Isaacs, M. A. Beck, R. McDermott,
and M. Saffman, Hybrid atom-photon quantum gate in a
superconducting microwave resonator, Phys. Rev. A 89,
010301(R) (2014).

[20] G. Pagano, P. W. Hess, H. B. Kaplan, W. L. Tan, P.
Richerme, P. Becker, A. Kyprianidis, J. Zhang, E. Birckel-
baw, M. R. Hernandez, Y. Wu, and C. Monroe, Cryogenic
trapped-ion system for large scale quantum simulation,
Quantum Sci. Tech. 4, 014004 (2018).

[21] P. Micke, J. Stark, S. A. King, T. Leopold, T. Pfeifer, L.
Schmoger, M. Schwarz, L. J. Spief3, P. O. Schmidt, and
J. R. Crespo Lopez-Urrutia, Closed-cycle, low-vibration 4
K cryostat for ion traps and other applications, Rev. Sci.
Instrum. 90, 065104 (2019).

[22] C. Roux, A. Emmert, A. Lupascu, T. Nirrengarten, G.
Nogues, M. Brune, J.-M. Raimond, and S. Haroche, Bose-
Einstein condensation on a superconducting atom chip,
EPL 81, 56004 (2008).

[23] S. Bernon, H. Hattermann, D. Bothner, M. Knufinke, P.
Weiss, F. Jessen, D. Cano, M. Kemmler, R. Kleiner, D.
Koelle, and J. Fortagh, Manipulation and coherence of
ultra-cold atoms on a superconducting atom chip, Nat.
Commun. 4, 2380 (2013).

[24] L. Béguin, Ph.D. thesis, Institut d’Optique Graduate School
(2013).

[25] In our case, the “OptiDry” model from My Cryo Firm.

[26] In order to avoid stress-induced birefringence upon cooling
down, the windows are not rigidly mounded on the thermal
shields but held by a retaining ring that is simply pressed
against the shields using Cu-Be strips of fingers.

[27] J. W. Ekin, Experimental Techniques for Low-Temperature
Measurements (Oxford University Press, (Oxford), 2006).

[28] The pressure values stated here were measured after an
improvement of the room-temperature vacuum. Indeed,
after acceptance of the paper, we noticed a leak in the tita-
nium sublimation pump. Repairing the issue improved the
room-temperature vacuum, as measured by the ion pump,
by 2 orders of magnitude.

[29] Here, the stated lifetime values were measured before the
vacuum was improved. At cryogenic temperatures, the
improvements resulted in a 20-fold increase of the mea-
sured single-atom lifetimes in the optical tweezers of over
6000 s (see Fig. 3(b)).

[30] F. Nogrette, H. Labuhn, S. Ravets, D. Barredo, L. Béguin,
A. Vernier, T. Lahaye, and A. Browaeys, Single-Atom
Trapping in Holographic 2D Arrays of Microtraps with
Arbitrary Geometries, Phys. Rev. X 4, 021034 (2014).

[31] C. Tuchendler, A. M. Lance, A. Browaeys, Y. R. P. Sortais,
and P. Grangier, Energy distribution and cooling of a sin-
gle atom in an optical tweezer, Phys. Rev. A 78, 033425
(2008).

[32] D. Barredo, V. Lienhard, P. Scholl, S. de Léséleuc, T.
Boulier, A. Browaeys, and T. Lahaye, Three-Dimensional
Trapping of Individual Rydberg Atoms in Ponderomotive
Bottle Beam Traps, Phys. Rev. Lett. 124, 023201 (2020).

[33] P. Sompet, A. V. Carpentier, Y. H. Fung, M. McGovern, and
M. F. Andersen, Dynamics of two atoms undergoing light-
assisted collisions in an optical microtrap, Phys. Rev. A 88,
051401(R) (2013).

[34] B.J. Lester, N. Luick, A. M. Kaufman, C. M. Reynolds, and
C. A. Regal, Rapid Production of Uniformly Filled Arrays
of Neutral Atoms, Phys. Rev. Lett. 115, 073003 (2015).

[35] M. O. Brown, T. Thiele, C. Kiehl, T.-W. Hsu, and C. A.
Regal, Gray-Molasses Optical-Tweezer Loading: Control-
ling Collisions for Scaling Atom-Array Assembly, Phys.
Rev. X 9,011057 (2019).

[36] M. M. Aliyu, L. Zhao, X. Q. Quek, K. C. Yellapragada,
and H. Loh, Increasing the scalability of atom arrays with
magic wavelength tweezers, arXiv:2105.15047.

[37] AtT = 4K, a H, molecule has a typical thermal velocity of
/3kgT/my, ~ 220 m/s. Even in the worst-case scenario of
a head-on collision, a molecule with this velocity will give
to the heavy ¥’Rb atom (initially almost at rest in its tweez-
ers) a velocity of only approximately 10 m/s (and obviously
considerably less for grazing-incidence collisions). Thus, a
very significant fraction of the collisions with the residual
gas give Rb atoms with a velocity within the capture range
of the optical molasses. At room temperature, the effect
would be considerably less frequent, as the thermal velocity
of H, molecules is higher by a factor of almost 9.

034013-8


https://doi.org/10.1103/PhysRevLett.116.113001
https://doi.org/10.1038/nphys3835
https://doi.org/10.1103/RevModPhys.85.1083
https://doi.org/10.1103/PhysRevA.88.062337
https://doi.org/10.1103/PhysRevX.8.011032
https://arxiv.org/abs/2103.12744
https://doi.org/10.1103/PhysRevA.89.010301
https://doi.org/10.1088/2058-9565/aae0fe
https://doi.org/10.1063/1.5088593
https://doi.org/10.1209/0295-5075/81/56004
https://doi.org/10.1038/ncomms3380
https://doi.org/10.1103/PhysRevX.4.021034
https://doi.org/10.1103/PhysRevA.78.033425
https://doi.org/10.1103/PhysRevLett.124.023201
https://doi.org/10.1103/PhysRevA.88.051401
https://doi.org/10.1103/PhysRevLett.115.073003
https://doi.org/10.1103/PhysRevX.9.011057
https://arxiv.org/abs/2105.15047

	I. INTRODUCTION
	II. EXPERIMENTAL APPARATUS
	A. Cryostat design
	B. Performance of the cryostat

	III. SINGLE-ATOM TRAPPING IN ARRAYS OF OPTICAL TWEEZERS
	A. Magneto-optical trap
	B. Arrays of optical tweezers

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX: CORRELATED LOSS AND RECAPTURE UNDER CONTINUOUS POLARIZATION-GRADIENT COOLING
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


