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Array of Individual Circular Rydberg Atoms Trapped in Optical Tweezers
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Circular Rydberg atoms (CRAs), i.e., Rydberg atoms with maximal orbital momentum, are highly
promising for quantum computation, simulation, and sensing. They combine long natural lifetimes with
strong interatomic interactions and coupling to electromagnetic fields. Trapping individual CRAs is
essential to harness these unique features. We report the first demonstration of CRAs laser trapping in a
programmable array of optical bottle beams. We observe the decay of a trapped rubidium circular level over
5 ms using a novel optical detection method. This first optical detection of alkali CRAs is both spatially and
level selective. We finally observe the mechanical oscillations of the CRAs in the traps. This work opens
the route to the use of circular levels in quantum devices. It is also promising for quantum simulation and
information processing using the full extent of Rydberg manifolds.
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Quantum technologies exploit individual quantum sys-
tems to overcome the limitations of classical devices.
Quantum cryptography, sensing, communication, and com-
puting rely on the manipulation of individual photons, ions,
molecules, artificial or neutral atoms, etc. Among these
systems, Rydberg atoms [1,2] are well suited for quantum
computing and simulation [3,4]—whether digital [5,6] or
analog [7]—quantum optics [8—15] and sensing [16-19].
With a high-lying valence electron (principal quantum
number n > 1), these atoms are strongly coupled to
electromagnetic fields and have huge dipole-dipole inter-
actions, with ~10-100 MHz interaction frequencies for
atoms micrometers apart.

Many experimental platforms operate with arrays of
Rydberg atoms [20-27]. Quantum simulations with a
few hundred interacting Rydberg atom, in low-angular-
momentum () levels, have, e.g., recently been performed,
with atoms initially trapped in optical tweezers (OTs)
[28,29]. The simulation time is, however, limited to a few
microseconds. The natural lifetime of low-Z levels is a few
100 ps only. In a microsecond, one atom out of a hundred is
lost and relaxation hampers the simulator operation.

Circular Rydberg atoms (CRAs), with a maximal orbital
momentum (magnetic quantum number |m| = ¢ =n — 1),
have much longer lifetimes, about 30 ms for n = 50, few
hundred times those of low-Z levels with the same n.
Recent proposals suggest using regular arrays of these
long-lived CRAs for quantum simulation and quantum
computing [30-32]. They promise, in particular, simulation
of spin dynamics over unprecedented timescales. To benefit
from the long CRA lifetimes, one must trap them. The
interaction-induced motion of free atoms would, other-
wise, change the interatomic distances and the interaction
frequencies within microseconds.
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Laser trapping of alkali atoms’ Rydberg levels relies
on the positive ponderomotive energy [33] that they experi-
ence in a laser field. Recently, experiments have demon-
strated the ponderomotive trapping of low-Z Rydberg levels
in three dimensions [34,35] and of circular Rydberg levels in
two dimensions [36]. Low-Z Rydberg levels of alkaline
earth atoms have also been trapped by using dipole forces on
the ionic core [37]. However, no experiment so far has
combined the long-lived CRAs with long-term, ordered
optical traps.

Here, we demonstrate the preparation of a regular array
of individual laser-trapped rubidium circular Rydberg
levels. We observe trapping over a few millisecond time-
scale. First, ground-state atoms are trapped in an array of
optical tweezers, i.e., tightly focused Gaussian beams
acting as attractive dipole traps. We excite these atoms
to a circular level and transfer them into an array of
repulsive ponderomotive traps, made up of hollow optical
bottle beams (BOBs), with an intensity minimum sur-
rounded by a light shell [35]. We develop a CRA optical
detection method, that is both spatially and level selective.
We use it to observe microwave-induced Rabi flopping
between two circular levels and the motion of the CRAs in
the traps. This work is a decisive step in the development of
quantum technologies using CRAsS.

The experimental setup is depicted in Fig. 1(a).
Rubidium-87 atoms are loaded from a 2D-magneto-optical
trap (MOT) into a 6-beam 3D-MOT at the center of a
hollow sapphire cube, held in an UHV chamber. The cube
holds electrodes, which control the electric field in three
dimensions, and two short-focal-length (f = 16.3 mm)
aspheric lenses, which focus an 820 nm-wavelength laser
beam at the center of the cube. A liquid-crystal spatial light
modulator [38] [SLM1, Fig. 1(a)] imprints on this beam the
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FIG. 1. (a) Experimental setup. A sapphire cube (violet) holds electric-field control electrodes (orange) and two short-focal-length
lenses (cyan). One of them focuses two beams at 820nm (green and orange), the phase profiles of which are tailored by two SLMs. The
same lens collects 780-nm light (red) emitted by the trapped atoms. The Rydberg excitation lasers (magenta and blue) enter the cube
along the x axis. A microwave horn (M) shines MW field into the UHV chamber (gray dashed square). A channeltron (D) counts Rb
ions guided towards it (black dashed line) by electrostatic lenses (not shown). Two cameras collect the fluorescence photons (F) and
control the intensity profiles of the trapping beams. Insets: (F) fluorescence image of the 18 trapping sites averaged over 1000
sequences; (C) the OT (red) and BOB (green) beam overlap is controlled on the camera. (b) Level diagram of 3Rb displaying the
fluorescence line and the Rydberg excitation transitions. (c) Typical experimental sequence. Atoms are loaded in the OTs (orange) and
imaged by fluorescence (red). A two-photon 7 pulse excites them to Rydberg states. They are then trapped in BOBs (green) and
transferred to circular Rydberg states (brown). The procedure is reversed to image the atoms at the end of the sequence. The optical
detection block (gray) may be replaced by field-ionization detection. The time 7 is the time during which the OTs are turned off during
an experimental run, and the idle time z; is the time between circular state preparation and detection.

phase mask required to obtain a 3 x 6 regular array of OTs,
separated by 15 pm. It also corrects the optical aberrations
of the setup. The 1.2-pm-waist and 2.6-mW-power red-
detuned OT's form 1-mK-deep dipole traps. They are turned
on during the operation of the 3D-MOT and the subsequent
optical molasses stage. Individual Rb atoms are loaded in
the collisional-blockade regime [39] into the OTs, with an
average filling of 0.62.

To detect the atoms, we use fluorescence imaging on the
582, F = 2) = |5P5),, F' = 3) transition [level diagram
in Fig. 1(b)] using the MOT beams tuned 60 MHz below
resonance for an atom at the center of the OT. Scattered
photons are collected by the focusing lens and recorded by
an EMCCD camera over 15 ms. A single-shot image allows
us to discriminate empty sites from those containing one
atom. This fluorescence imaging heats the atoms and is
thus followed by an optical molasses stage.

Prior to the excitation to Rydberg levels, the trapped
atoms are optically pumped to [5S;,,,F =2,mp = 2)
using a o' -polarized laser field on resonance with the
581 /2. F = 2) = |5P5),, F' = 3) transition. The quantiza-
tion axis is set by a B = 7 G magnetic field aligned along
the x axis [see Fig. 1(b)]. The temperature of the atoms after
this stage is 23 pK [40]. For some experiments, we further
cool the atoms down to 7 pK by adiabatically lowering the
trap depth by a factor of 10 within 500 ps. We restore it just
before fluorescence imaging.

We excite the atoms to the |52Ds,, m; = 5/2) Rydberg
state in a two-photon process, with two laser beams at
420 and 1015 nm. Both are 6" polarized and detuned by
500 MHz from |6P3/2,F’ =3,mp =3). The OTs are
turned off before this excitation to avoid inhomogeneous
light shifts of the transition. Once the atoms are in the
Rydberg level, we turn on an array of 3 x 6 BOBs,
superimposed with the OT array via a polarizing beam
splitter ahead of the focusing lens. The BOBs originate
from the same laser source as the OTs and are tailored by a
second SLM [SLM2 in Fig. 1(a)] [35,40]. SLM2 is also
used to align in three dimensions the BOBs with the OTs,
ensuring an efficient recapture of the atoms. The 20 mW
power per BOB results in a trap depth for Rydberg states
~70 pK.

We transfer the atoms from [52Ds;,,m; =5/2) to
|52F, m = 2) by a resonant 1.9-ps-long microwave (MW)
7 pulse at 64.8 GHz, shone into the setup via the MW horn
M. We then set an electric field F, aligned with B, to a value
F =24 Vcem~!. By ramping the electric field down to
2.1 Vem™! in the presence of a o' -polarized rf field at
225 MHz, we adiabatically transfer [41] the atoms to the
n = 52 circular level, denoted |52C). At room temperature,
its lifetime is 130 ps, while the complete transfer from the
ground state lasts 7, = 15 ps. The purity of the prepared
|52C) state is measured [41] to be about 0.9. The preparation
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FIG. 2. Rabi oscillations. A MW pulse (duration zyy) drives the |52C) — |50C) transition. (a) Recapture probability (black points)
Precap measured for the 18 sites with the optical detection method. The background color indicates the value of the Rabi frequency €;
obtained from a fit of the data to a damped sine. (b) Probability Ps, (see text) to find an atom in |52C) averaged over the array, measured

with field ionization (red points) or optical detection (blue points).

efficiency, from the ground state to |52C), is estimated to be
0.70, mainly limited by inhomogeneities of the laser, rf, and
MW excitation over the traps array.

Level-selective detection of CRAs can be performed by
field ionization [41]. We ionize the atomsina= 100 Vcm™!
electric field and count the ions with the channeltron D,
located outside the sapphire cube [Fig. 1(a)]. This detection,
however, is not spatially selective. It cannot distinguish
atoms in different BOBs. We thus develop a spatially and
level-selective optical detection. We transfer the atoms in
|52C) back to the |F = 2, my = 2) ground state by time
reversing the T,-long sequence used for the circular state
excitation [Fig. 1(c)]. The BOBs are turned off right before
the final 2-photon laser z pulse and the OTs are turned back
onright after it. The atoms initially in |52C) are recaptured in
the OTs. The atoms in any other Rydberg state are not
addressed by the optical z pulse, are not mapped to the
ground state and are not recaptured by the OTs, which repel
Rydberg states. The atoms not initially excited to Rydberg
states move out of the OT trapping region under the action of
the BOBs and are not recaptured either. Fluorescence
imaging finally reveals the sites where an atom has been
recaptured. The recapture probability, Py, for each site
measures the population Ps, in |52C) at the beginning of the
optical detection.

We assess the optical detection method by observing the
Rabi flopping on the |52C) — |50C) two-photon transition,
driven by a MW field at 49.6 GHz. Compared to a single-
photon transition to, e.g., |S1C), this transition is less
sensitive to a reduction of contrast due to radiative transfers
between the two measured states that occur between the
MW pulse and the detection. We record P, as a function
of the MW pulse duration, #yw, and plot it in Fig. 2(a) for
each of the 18 trapping sites. The time = during which the
OTs are turned off is fixed at 60 ps. The clear oscillations
between the two circular levels show that the optical

detection acts as a spatial- and level-selective measurement.
The maximum recapture probability, ~0.35, is limited by
the finite lifetime of the Rydberg states at room temperature
and by the finite efficiencies of the optical pumping and
optical, MW and rf transfers between the |5S), |52D),
|52F), and |52C) states. They limit almost equally the
measured recapture efficiency and could be improved by a
better control of the optical and MW field inhomogeneities
or by working at cryogenic temperatures.

We also calculate the probability (P, averaged
over the 18 sites and estimate the population Ps(fyw)
as <Precap>(tMW)/<Precap>(0)' In Fig. 2(b), we plot (blue
points) Ps,(tyw) and compare it to the same probability
measured by field ionization (red points). The very good
agreement between the two datasets certifies the CRAs
optical detection.

Fitting the individual oscillations of Fig. 2(a) by an
exponentially damped sine, we recover the individual Rabi
frequencies, ;. We plot their values [40] as a background
color map. The collapse and revival observed in the
averaged signal of Fig. 2(b) result from the beating of
the different Rabi frequencies measured here. The observed
1.18 MHz mm~' gradient indicates that the atomic array
lies in the vicinity of a node of the uncontrolled MW-field
mode structure defined by the surrounding electrodes. Our
measurement reflects the spatial profile of the MW field.
The individual plots also reveal that the contrast of the Rabi
oscillations damps quickly. The atoms in the center of the
array, i.e., those that have the most neighbors, are the most
affected. We thus attribute this damping to interactions
between the CRAs and, in particular, to the MHz-strong
resonant interaction between atoms in |52C) and atoms that
would have jumped to |51C).

To demonstrate the optical trapping of CRAs, we prepare
the atoms in |52C) and optically detect them after a variable
waiting time. We plot in Fig. 3 the probability Piec,(7),
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FIG. 3. Laser-trapping of CRAs. Recapture probability P, as
a function of the time 7 during which the OTs are turned off. Inset:
log-log plot up to 7 = 5 ms. While the atoms are in the Rydberg
states, the BOBs are either off (red circles) or on (blue squares).
The calculated decay Pjigime(7) is plotted as a blue dashed line,
and the normalized probability P,(z) as green triangles (inset).
The lifetime of |52C) and the oscillation period of the CRAs in
the BOBs are indicated as dotted purple and green dashed-dotted
vertical lines, respectively.

averaged over the 18 sites, to recapture an atom as a
function of the time 7z during which the OTs are turned off.
The atoms are left in |52C) during the idle time z; =
7 —2 x T, that separates the end of circular state prepara-
tion and the start of the optical detection scheme [Fig. 1(c)].
The minimal value of 7 is 7., = 32 ps, for which
T;min = 2 Ps. The measurement is done either with (blue
squares) or without (red circles) the BOB traps. Clearly,
Precap drops  significantly slower with the BOBs on.
Without them, the atoms fly away at their thermal velocity.
The initial atomic temperatures are 7 or 23 pK for the blue
and red data points, respectively. The atoms thus drift by
more than an OT waist within 19 or 10 ps. If an atom in
|52C) leaves the trap or moves away from the OT location
during 7;, it is deexcited back to its ground state by the
optical detection but not recaptured in the final OT.
Applying the BOBs stops this expansion. The atoms are
detected over a much longer time, proving that the CRAs
have been trapped in the BOBs.

We investigate the drop of P, within the BOBs by
comparing it to the effect of the finite lifetime of |52C), to
which the level-selective optical detection is sensitive. We
calculate the evolution, due to relaxation in free space at
room temperature [41,42], of the population Ps,(f) in
|52C), from an initially pure state. We plot (dashed
line in Fig. 3) the calculated values of Piifeime(7) =
Ps5(7;) Plifetime (Tmin)- It is in very good agreement with
the measurements during the first millisecond. There is,
thus, no visible loss of atoms from the BOBs during this
time, 8 lifetimes of |52C) and 16 transverse oscillation
periods of the atoms in the trap.
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FIG. 4. Oscillations in the BOB traps. (a) Experimental se-
quence: the BOB are turned off during 15 ps, at a time Az after
the Rydberg excitation laser pulses. The CRAs are detected using
the optical detection method. (b) Recapture probability Preca,
averaged over the 18 sites (blue points). The solid line is a fit to a
damped sine. The mosaic indicates the trapping frequency v; for
each site, obtained from a fit of the individual signals.

In the inset of Fig. 3, we plot in a log-log scale Py, (7)
at later times, up to 7 =5 ms. After 1 ms, the measured
damping of Py, with the BOBs departs from the
calculated decay. We also plot the normalized probability
P(7) = Precap(7)/Ps(7;) calculated with the BOBs only
(green triangles). It remains constant over the first milli-
second and then drops with a characteristic time ~ 5 ms,
obtained by an exponential fit to the data. While this value
is highly dependent on background-counts estimates [40],
it can be considered as a coarse estimate of the trapping
time of the CRAs in the BOBs.

We finally characterize the BOB traps by inducing
oscillations of the CRAs within them. We displace the
BOBs perpendicularly to the beam propagation direction
by 300 nm with respect to the OT centers. The Rydberg
atoms, initially at the edge of the BOBs, oscillate around
the trap center. We turn off the BOBs during a fixed 15 ps
interval, starting At after the BOBs have been turned on
[Fig. 4(a)]. The time 7 during which the OTs are off is set at
210 ps. We choose Ar > T, so that the atoms are in the
circular states when the BOBs are switched off.

Figure 4 shows the measured recapture probability Pecyy
in the OT traps as a function of At, averaged over the 18
trapping sites. Oscillations of Py, are clearly visible. If
the atoms are at the BOB center, i.e., have maximal velocity
at the turn-off time, they fly away from the trapping region
and are not recaptured nor detected at the end of the
sequence. If the atoms are at the edge of the trap at the turn-
off time, they are recaptured and detected. The probability
Piecap(At) thus oscillates at twice the trapping frequency.
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The color map in Fig. 3 gives the estimated trapping
frequencies v; for the 18 sites, obtained by a fit of the
individual signals to a damped sine [40]. The average
oscillation frequency is 15.8 kHz, with a standard deviation
over the BOB array of 0.6 kHz only. Using a theoretical
model of the BOB profile, this corresponds to a power of
19.9 £2 mW per BOB, in fair agreement with our esti-
mations [43].

This Letter is the first demonstration of 3D optical
trapping of individual circular Rydberg atoms in a regular
array of traps. It enables the exploration of quantum
information and quantum simulation protocols with inter-
acting CRAs, that rely on long-term operation.

We have developed an optical detection scheme of
circular states both spatially and level selective. This tech-
nique will be decisive for the use of circular Rydberg states
in quantum technologies. It is, in particular, required for the
measurement of spin correlations over the array of traps,
signatures of the quantum phases of an interacting-spin
system [30]. It can also be used in devices that would
combine the sensitivity of circular Rydberg atoms and the
flexibility of optical imaging for, e.g., quantum sensing of
magnetic or electric fields. We expect the efficiency of the
method to be greatly improved by working in a cryogenic
environment where circular states are long-lived [41].
Together with ponderomotive manipulation of the Rydberg
states [44,45], it opens the route towards a full-optical
control of circular Rydberg atoms.

Finally, our results are also relevant for experiments with
other Rydberg levels than the circular ones. By allowing
controlled interactions between Rydberg atoms over long
times, it paves the way towards protocols, that exploit the
richness of the Rydberg multiplicity [46].
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