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Rydberg atoms are remarkable tools for quantum simulation and computation. They are the
focus of an intense experimental activity mainly based on low-angular-momentum Rydberg states.
Unfortunately, atomic motion and levels lifetime limit the experimental time-scale to about 100 ps.
Here, we demonstrate two-dimensional laser trapping of long-lived circular Rydberg states for up

to 10 ms.

Our method is very general and opens many opportunities for quantum technologies

with Rydberg atoms. The 10ms trapping time corresponds to thousands of interaction cycles in
a circular-state-based quantum simulator. It is also promising for quantum metrology and quan-
tum information with Rydberg atoms, by bringing atom-field interaction times into unprecedented

regimes.

Rydberg atoms have remarkable properties. Their long
lifetimes, large sensitivities to external fields and huge
dipole-dipole interactions have led to milestone develop-
ments in quantum simulation [1-4], quantum informa-
tion [5], quantum optics [6-14], quantum sensing [15-17]
and molecular physics [18, 19]. Most of these experiments
use laser-accessible low-angular-momentum states, with
a lifetime in the hundred microsecond range.

Circular Rydberg Atoms (CRAs) (maximal angular

momentum, £ = |m| = n — 1, n > 1 being the prin-
cipal quantum number) have a much longer intrinsic
lifetime, 30ms for n = 50. This makes them ideal

tools for cavity quantum electrodynamics (CQED) [20]
or quantum-enabled sensing [16, 21]. Moreover, CRAs
are utterly promising for building hybrid quantum sys-
tems with superconducting-circuit devices [22, 23|, for
Rydberg-constant metrology [24] and for quantum simu-
lation with alkaline [25] or alkaline-earth atoms [26].

By significantly lengthening the interrogation times
and by spatially localizing the atoms, trapping of Ry-
dberg atoms [27] is instrumental for the development
of quantum technologies using them. Circular Rydberg
atoms have been magnetically trapped [28] at room tem-
perature, with a black-body-radiation-reduced lifetime of
a few hundred ps only. In addition, they suffer from
decoherence induced by state-dependent magnetic po-
tentials. For low-angular-momentum Rydberg states,
early experiments have demonstrated laser- [29, 30] and
electric-field [31-33] trapping. Recently, 3D ponderomo-
tive laser traps [34] and optical tweezers [35] have been
reported, with interesting perspectives for quantum sim-
ulation. However, the short lifetime of these low-¢ Ryd-
berg states and their high photoionization rate [36] limit
the trapping time to, again, a few hundred ps. Laser-
trapping of CRAs is thus highly desirable for Rydberg-
based quantum technologies.

Here, we demonstrate laser trapping of circular Ryd-
berg atoms in a cryogenic environment. We excite laser-
cooled atoms to the n = 52 circular Rydberg level in-

side a hollow Laguerre-Gauss (LG) beam. These atoms
are repelled by the laser-induced ponderomotive poten-
tial [27] and transversally confined in the light tube for
times up to 10 ms. We measure a trapping frequency of
1.37kHz. We check that the lifetime and the coherence
of the trapped atoms are not measurably affected by the
light, as expected for levels insensitive to photoioniza-
tion [25] and for a nearly n-independent trapping poten-
tial [27].

The experimental setup is shown on Fig. 1(a). Rubidi-
um-87 atoms are loaded in a 3D mirror-magneto-optical
trap (MOT) formed in front of a Rubidium-coated mir-
ror [37, 38] enclosed in a 4 K *He cryostat that shields the
Rydberg atoms from room-temperature black-body radi-
ation [39]. A molasses stage further cools the atoms down
to ~ 10 — 20 uK in their ground state |581/2,F = 2>.
We excite the atoms into ’52D5/2, my = 5/2> by a 2 us-
long two-photon laser excitation [Fig. 1(b)]. It makes use
of a 780 nm-wavelength red laser beam (100 pm diame-
ter) perpendicular to the MOT mirror and of a 480 nm-
wavelength blue laser beam (22 pm diameter) aligned
with the x-axis [axes definition in Fig. 1(a)]. The two
crossed beams define a cigar-shaped Rydberg cloud elon-
gated along the x-direction. The red laser is blue-detuned
from the intermediate ’5P3/2,F’ =3, mp = 3> level by
A = 560 MHz, while the frequency of the blue laser can
be scanned around the two-photon resonance condition.

The excitation is performed in an F' = 0.8V /cm elec-
tric field along the y-axis, defined by the grounded MOT
mirror and electrode Vy [Fig. 1(a)]. After the end of the
laser pulses, we adiabatically transfer the atoms into the
n = 52 circular state (m = 451, noted |52C)), using
microwave (mw) and radiofrequency (rf) transitions [39-
41]. We measure the populations of individual Ryd-
berg levels via state-selective field ionization. We ap-
ply, with electrode Vg, a 200 us-long electric field ramp,
which successively ionizes the Rydberg levels. The mea-
surement distinguishes low-m levels from high-m lev-
els with the same n and resolves levels with different
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Figure 1. (a) Experimental setup with axes definition. The blue and red Rydberg excitation lasers cross in the cold atom
cloud (green), about 4 mm away from the surface of the MOT mirror. The electrode Vs applies the electric field F' and the
ionization field. The Rb™ ions (violet dashed line) are guided towards the channeltron C by the deflection electrode V4. Four
additional electrodes (only two, RF; and RF2, are shown for clarity) apply the circular state preparation rf field and a static
electric field gradient 9, F. The LG beam (purple) traps the Rydberg atoms (dark blue) (b) Simplified level scheme. Left:
two-photon laser excitation (solid arrows) and circular state preparation (dotted arrow). Right: Partial diagram of the Stark
levels in the n = 50 and n = 52 manifolds sorted by m values. The arrows represent the microwave transitions MWg (level
selection) and MWp (probe). (c) Timing of the experiment (not to scale). Top frame: main events. From left to right: laser
excitation (light blue), circular state preparation (grey), selection pulse MWg (dark green), partial ionization (light yellow),
probe pulse MWp (dark green), field ionization (dark yellow). Middle frame: LG beam intensity versus time for the trapping

experiment. Bottom frame: LG intensity for the trap oscillation-frequency measurement.

ns [41]. The resulting ions are counted in separate time
windows. The circular state purity, measured by mi-
crowave spectroscopy, is > 90% [39]. The remaining pop-
ulation is distributed over a few high-m elliptical states
(n=>52,mSn—2).

We trap the CRAs in a ponderomotive trap acting on
the almost-free Rydberg electron [27, 39]. Rydberg states
are low-field seekers and are trapped in the local intensity
minimum on the axis of a Laguerre-Gauss LGg; beam.
We use a 1064 nm-wavelength fiber laser [42] and tailor
it with a spatial light modulator (SLM) [43] into a LG
beam [39]. It is sent onto the atoms along the z-axis [Fig.
1 (a)].

An intensity profile of the incoming trapping beam
recorded outside the cryostat only gives a qualitative in-
sight into the intensity distribution at the location of
the atoms. Three successive thick glass windows on the
cryostat vacuum tank and thermal shields appreciably
distort the incoming beams. We probe in situ the trap
beam intensity profile by measuring the light shifts it in-
duces on the [5S;,5) — [52D5,2) ground-Rydberg tran-
sition [39]. Getting spectra for several positions of the
trapping beam w.r.t. the blue beam, we reconstruct the
LG beam intensity distribution. We use it to optimize

the LG-beam shape, correcting with the SLM the aber-
rations introduced by the cryostat windows. Finally, the
LG beam is found to be slightly elliptical with waists of
35um and 41 pm along the z- and y axes, respectively.
The maximum light shift of the Rydberg excitation line
is 3.8 MHz. The reconstructed peak laser intensity is thus
I =6.6-10*W/cm? (total power 4.0 W), corresponding
to a 80 uK trap depth, much larger than the initial atomic
temperature.

The timing of the circular-atom trapping experiment is
sketched in Fig. 1(c). We perform the Rydberg excitation
with the trapping beam switched on for 15 us around the
2 us-long excitation pulse. We precisely center the LG
beam on the axis of the blue laser by minimizing the ob-
served light shift. Due to the finite size of the blue beam,
the minimum average light shift is about 2 MHz. Setting
the two-photon detuning from resonance, §, to 0.5 MHz,
the excitation selects, within the diameter of the blue
laser, only atoms close the center of the LG beam. We
estimate the transverse size of the initial Rydberg sample
to be ~ 10 pm [39]. We switch off the trapping beam and
perform in about 30 us the transfer to the circular state,
completed at time ¢ = 0.

We then compare the spatial expansion of the Rydberg



atoms with and without the LG trapping beam, option-
ally switched on at t = 0. After a time delay 7, vary-
ing between 0.8 and 9.8 ms, we probe the Rydberg-atom
spatial extension by mw spectroscopy. We monitor the
broadening of a probe transition to a neighboring mani-
fold, which experiences a linear Stark effect in an electric
field gradient. It maps the Rydberg atoms positions onto
their resonance frequencies.

For the larger 7 values, blackbody-induced transfer of
population from the initial |52C) state to adjacent cir-
cular states (trapped as well in the LG beam) is signif-
icant. These transfers create a spurious background for
the probe transition spectroscopy. In order to get rid of
this background, we selectively transfer at time 7—600 us
all |52C) atoms (irrespective of their position) into |50C)
by a ‘hard’ 0.8 pus-long microwave selection m-pulse MWg.
After an additional 150 ps delay, we apply, during 160 ps,
a partial ionization field ramp. It ionizes all Rydberg
atoms with n > 50 and does not affect the population
of |50C). We apply, at 7 — 200 ps, a strong electric field
gradient along the z-axis, 9,F = 0.56 V/cm?, using the
RF electrodes [Fig. 1(a)]. The gradients in the other di-
rections are 9, F = 0.18 V/cm? and 9, F = 0.10V /cm?.
We let the field relax to its steady-state (F = 1.46 V/cm)
att =T.

Finally, we apply at t = 7 a 1.8 us-long probe mw pulse
MWp on the |50C) — |52E) transition. The level |52E) is
the low-lying |n, m = n — 2) elliptical level, experiencing
a first-order Stark shift of 99.8 MHz/(V/cm) (see level
scheme in Fig. 1). A gaussian fit to the spectrum of
this probe transition determines its Full Width at Half
Maximum (FWHM), op.

Figure 2(a) presents op as a function of 7 with (blue
circles) and without (red squares) the trapping beam,
and for two average Rydberg atom numbers in the sample
att =0, N = Ny (solid symbols) and ~ N;/2 (open sym-
bols). Without trapping light, the Rydberg atoms move
because of their finite temperature. When turning on the
trapping laser, the linewidth remains basically constant.
We only observe a slow broadening at long times result-
ing from the motion of the atoms along the unconfined
z-axis in the electric field gradient 0, F.

The lines present a fit to the data with the predictions
of a 3D (red) or 1D (blue) expansion model [39]. For
the untrapped case, it is in excellent agreement with the
observed data with a temperature of 7" ~ 13.5 uK, in-
dependently of N. For the low-N trapped-atoms case
(dotted blue line), we find T' = (14 £ 3) pK. These tem-
peratures are in good agreement with a direct time-of-
flight measurement after the molasses stage. However,
for the high-N trapped-atoms case (solid blue line), we
find T = (3 £ 1) uK. This lower value of T' may result
from interactions between trapped CRAs, as explained
below. Note that we never observe, within experimen-
tal noise, a wide pedestal on the trapped-atoms narrow
line, which would be the signature of an untrapped frac-
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Figure 2. Laser trapping. (a) FWHM op of the probe
transition as a function of the delay time 7 for untrapped
(red rectangles) and trapped (blue circles) atoms. In all pan-
els, full symbols correspond to an average atom number Np.
Open symbols correspond to the same measurements with
about No/2 atoms. The lines result from a model of the Ryd-
berg atoms expansion for untrapped (red) and trapped (blue)
atoms, with N = Ny (solid) or N ~ No/2 (dotted). (b) Total
population of |[50C) at ¢t = 7, before the MWp probe pulse for
trapped (blue circles) and untrapped (red rectangles) atoms.
The lines correspond to an exponential fit with a single decay
time of (4.6 & 0.3ms). The number of atoms at ¢ = 0, un-
corrected from detection efficiency, is N = Nog = 0.18 4 0.01
for solid symbols and N = 0.08 & 0.01 ~ Ny /2 for open sym-
bols. (c) Integrated area Ap of the MWp probe spectrum
for trapped (blue) and untrapped (red) atoms. Error bars
correspond to 1-o standard error deviation.

tion [39]. These data vividly demonstrate the main re-
sult of this paper: The atoms are trapped with a high
efficiency and stay localized at the center of the trap for
up to 10ms.

In Fig. 2 (b), we plot the total population in |50C)
at t = 7, before MWp, for trapped (blue circles) and
untrapped (red squares) atoms. In both cases, the pop-
ulation decay reflects the thermal transfers from the ini-
tial |52C) state to neighboring circular states before the
selection MW pulse (MWg). We observe no significant
modification of the atomic lifetime when the trap is on.
This shows that photoionization is quite negligible over
this timescale, as expected [25].

Furthermore, we check that the purity of the circular
states is not appreciably affected by the trapping. To this
end, we plot the integrated area Ap of the recorded probe
microwave spectrum as a function of 7, with and without



trapping light. A reduced Ap value indicates a transfer
of population to other levels in the same manifold, which
are not addressed by MWp. The area Ap thus measures
the purity of the circular levels, independently of their
position in the electric field gradient. The results are
shown in Fig. 2(c) for N = Ny and ~ Ny/2. For the
lowest atom number, Ap is nearly constant for untrapped
and trapped atoms, revealing that the trapping light does
not affect the circular Rydberg level purity.

For the highest atom number, Ap is also constant in
the untrapped case but decays rapidly (within 4ms) to
about half of its initial value for trapped atoms. This
effect could be explained by the interactions between the
trapped atoms. The 1D trap enhances the probability
that two atoms come close enough to collide. These col-
lisions may redistribute population in the Stark manifold.
This would happen at a higher rate for faster atoms, ex-
plaining the rapid initial decay of Ap for the high N
value, after which we expect that mainly slow atoms re-
main in [52C). It is consistent with the smaller effec-
tive temperature observed as compared to the lower N
case. The low expansion temperature in Fig. 2(a) (solid
blue circles) can thus be viewed as the harbinger of in-
teratomic interactions of CRAs in the laser trap.

As a final check, we measure the CRAs trapping fre-
quency [44]. The timing of the experiment is shown in
Fig. 1(c). We move the trapping beam by 12 um along
the z-axis w.r.t. the blue laser. As before, the LG beam
is on for 15 us during Rydberg excitation. Setting the
two-photon laser detuning to § = 2.1 MHz, about half of
the light shift at maximum LG intensity, we excite Ryd-
berg atoms on the inner slope of the LG beam [39]. After
preparation of the circular states, we switch the trap on
at time ¢ = 0. The atoms start an oscillation along the
z-axis at the trap frequency.

In order to probe this oscillation, we turn off the LG
beam for §t = 300 us after a variable waiting time At.
Depending upon their velocity at At, the atoms can fly
away from the trapping region. If it is not the case, we
recapture them for a duration T'— At, where T' = 2.6 ms.
We finally perform the detection sequence as above, set-
ting MWp at resonance with the [50C) — |52E) transi-
tion. The duration T'— At is chosen long enough so that
the atoms flying away in the electric field gradient are
impervious to MWp. It thus addresses only those atoms
that remained trapped.

In Fig. 3, we plot (blue circles) the number Nsop of
atoms in |52E) as a function of At. We clearly observe
damped oscillations. The recapture probability, and so
Nsop, is lowest when the atoms are released at the time
they speed through the bottom of the trap, i.e. when
their kinetic energy is maximum. The population Ngog
thus oscillates at twice the trapping frequency. From
a fit of the signal (solid blue line), we extract a trap
frequency of (1.37 £ 0.05) kHz. It is in fair agreement
with a Monte-Carlo simulation of the anharmonic atomic
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Figure 3. Trap frequency measurement. Blue circles with
statistical error bars: number of atoms, Nsop in |52E), as a
function of the time At at which the trap is switched off. Blue
line: damped sinusoidal fit to the data.
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Figure 4. Test of atomic coherence. Microwave spectrum
of the two-photon |50C) — |52C) transition for trapped (blue
circles) and untrapped (red rectangles) atoms (statistical er-
ror bars) with vorses = 49.639071 GHz. The fraction of atoms
transferred to |52C) is plotted w.r.t. the detuning of the mi-
crowave source from resonance. The red points have been
shifted upwards for clarity.

motion, which yields a frequency of 1.1kHz. The dis-
crepancy is attributed to drifts of the experimental setup
and to rapid variations within the trapping-ligth intensity
profile, which are not encompassed by the model [39].
Finally, we check that the coherence of the circular
atoms is not affected by the trapping. We record, with-
out applied field gradients, the spectrum of the nearly
electric-field insensitive |50C) — |52C) transition driven
by a 215 ps-long microwave pulse. Figure 4 shows the
spectra obtained for untrapped (red squares) and trapped
(blue circles) atoms. We observe a small (0.7 & 0.2) kHz
shift between the two situations, corresponding to a
1mV/cm electric field drift over the one-hour data ac-
quisition time, compatible with our experimental stabil-
ity. The coherence-limited spectrum linewidth is proba-
bly determined by electric and magnetic field noises [41].
The FWHM of gaussian fits to the data (solid lines in
Fig. 4) for untrapped and trapped atoms are respectively
(5.8 +£0.2) kHz and (5.7 & 0.3) kHz. We thus observe, at
the 200 Hz level, no effect of the trapping on the transi-
tion coherence, as expected for a level-independent trap-



ping potential.

We have demonstrated laser trapping of circular Ry-
dberg atoms in two dimensions, for up to 10ms. This
time scale is currently limited only by the atomic life-
time in a finite-temperature environment. We have char-
acterized the trapping potential and verified that it af-
fects neither the circular levels lifetimes nor their co-
herence properties. The combination of the atom-loss-
free 10 ms trapping time and of the 5ms lifetime of the
CRAs is unprecedented with respect to previous experi-
ments [28, 32]. This timescale amounts to 1000 exchange-
interaction cycles between two CRAs, with n ~ 50, held
5 um apart. Extending this work to the optical trapping
of CRAs in arrays of bottle-beam tweezers [35] would
open new routes for quantum simulations, such as simu-
lation over long time scales, relevant to problems such as
quenches across quantum phase transitions and thermal-
ization [25]. It would also be ideal for the development
of quantum-enabled sensors based on CRAs or hybrid
CQED experiments with Rydberg atoms and supercon-
ducting devices.
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