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H. Wu®, R. Richaud®, J.-M. Raimond®, M. Brune®, and S. Gleyzes
Laboratoire Kastler Brossel, College de France, CNRS, ENS-Université PSL,
Sorbonne Université, 11, place Marcelin Berthelot, 75005 Paris, France

® (Received 1 June 2022; accepted 20 December 2022; published 12 January 2023)

Circular Rydberg states are excellent tools for quantum technologies, with large mutual interactions and
long lifetimes in the tens of milliseconds range, 2 orders of magnitude larger than those of laser-accessible
Rydberg states. However, such lifetimes are observed only at zero temperature. At room temperature,
blackbody-radiation-induced transfers cancel this essential asset of circular states, which have thus been
used mostly so far in specific, complex cryogenic experiments. We demonstrate here, on a laser-cooled
atomic sample, a circular state lifetime of more than 1 millisecond at room temperature for a principal
quantum number 60. A simple plane-parallel capacitor efficiently inhibits the blackbody-radiation-induced
transfers. One of the capacitor electrodes is fully transparent and provides large optical access to the atoms.
This result paves the way to a wide range of quantum metrology and quantum simulation room-temperature
experiments with long-lived, trapped circular Rydberg atoms in inhibition capacitors with full optical

access.
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Rydberg atoms [1] are remarkable tools for quantum
technologies [2—4], due to their large sensitivity to external
fields and large mutual dipole-dipole interactions [5,6].
They are extensively used for the development of quantum-
enabled sensors [7-10]. They led to spectacular develop-
ments for the quantum simulation of spin arrays [11,12].
Most of those experiments are based on “ordinary” low-
angular-momentum Rydberg states, with a principal quan-
tum number n of a few tens. They are easily accessible from
the ground state by laser excitation. Even in a zero-
temperature environment, these levels decay relatively
rapidly through the emission of optical photons. This is
a limitation for some experiments, from metrology to
quantum simulations involving large atom numbers.

The circular Rydberg states, with maximum orbital # and
magnetic m quantum numbers (£ =m = n — 1), have a
much longer lifetime [13]. The nC circular state only
decays, in a zero-temperature environment, by the emission
of a millimeter-wave photon on the transition toward
(n=1)C (A=9.6 mm for n = 60). This photon is ¢
polarized with respect to the quantization axis perpendi-
cular to the electron orbit plane. This single low-frequency
decay channel makes the spontaneous emission lifetime
2 orders of magnitude longer than that of ordinary Rydberg
levels (~71 ms for 60C and ~500 ps for 60P at zero
temperature).

Unfortunately, at room temperature, hundreds of photons
per mode in the millimeter-wave blackbody radiation
(BBR) stimulate upward and downward transitions out
of the circular states. They considerably reduce their
lifetime, which becomes similar to that of low-angular
momentum states (~170 ps for 60C and ~140 ps for 60P
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at 300 K [14]). So far, this limitation has mostly confined
circular Rydberg atoms to specific, quite complex cryo-
genic experiments [15].

However, BBR transfers (and even spontaneous emis-
sion) can be efficiently inhibited by placing the atoms in a
conducting structure below cutoff for most of the relevant
frequencies and polarizations [16—18]. Spontaneous emis-
sion inhibition has been observed on a wide variety of
systems since the mideighties [19-27]. In the case of
circular states, since the main transitions out of nC are
in the millimeter-wave domain, a simple millimeter-size
plane-parallel capacitor, perpendicular to the quantization
axis, with a spacing d lower than half the wavelength of all
the main o—polarized transitions departing from the circular
state, is sufficient to shield the atom from the BBR. The
ability to control their decay channels resulted recently in a
renewed interest in circular Rydberg atoms for quantum
simulation [28-30].

In this Letter, we report the observation of the efficient
inhibition of BBR-induced transfers for circular Rydberg
atoms with n ~ 60, prepared out of a laser-cooled cloud of
rubidium atoms in an inhibition capacitor made up of
indium-tin-oxide (ITO)-coated glass facing a gold-plated
mirror. We observe lifetimes up to 1.1 milliseconds, 1 order
of magnitude larger than those in free space, and close to
the values achieved in a finite-temperature cryogenic
environment [31]. One of the capacitor plates being
optically transparent, it provides a wide optical access to
the inhibition region, an essential feature for quantum
technologies.

The experimental setup is sketched in Fig. 1(a). The
capacitor is made up of an ITO-coated glass plate facing a
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gold-plated copper electrode, both orthogonal to the vertical
axis Oz. A square with lateral size a = 10 mm on the gold-
plated electrode defines the inhibition region. The capacitor
spacing is d = 4.1(0.2) mm. A static electric field along Oz
defines the quantization axis for the atom. For an infinite,
ideal capacitor with the same spacing, the BBR-induced
transfers out of state nC are efficiently inhibited for n > 58
[32]. The setup is contained in a rectangular glass cell,
evacuated to 3 x 107 mbar, in which a continuously
operated rubidium dispenser provides a background rubid-
ium pressure. The 3°Rb atoms are continuously cooled in a
standard mirror-magneto-optical trap (MOT) using two
counterpropagating 45° beams, sent through the transparent
ITO electrode, and reflecting on the gold-plated one, and
two counterpropagating horizontal beams sent through the
capacitor spacing. The MOT cloud has a size of about 1 mm.

We excite atoms from the MOT into the 58C circular
state (for details, see the Supplemental Material [32]). The
scheme begins with a pulsed, stepwise laser excitation
toward 58f,m = 2 in the presence of an electric field F
along Oz. The excitation lasers [Fig. 1(a)] define in-
side the MOT a 250 x 450 x 250 pm? excitation volume.
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FIG. 1. (a) Scheme of the central part of the experiment. The
atoms (red particles) are trapped by laser beams (dark red) in a
mirror-MOT at the center of a capacitor made up of the trans-
parent, ITO-coated glass and of a gold-plated electrode. Addi-
tional electrodes on the side (yellow) provide the rf field for
circular state preparation. The Rydberg excitation lasers are
shown as blue and green arrows. The axes are shown in the
bottom left. (b) Ionization signals at 7 = O for all the prepared
circular states.

The “circularization” procedure, thoroughly described else-
where [35], is based on a rapid adiabatic passage between
levels of the Stark manifold induced by a ot —polarized rf
field generated by four electrodes on the sides of the
inhibition capacitor [Fig. 1(a)]. It transfers the 58 f, m = 2
atoms into S8C. Note that dc voltages also applied on the rf
electrodes are set to reduce residual stray field gradients.
From the 58C level, we transfer the atom into the circular
levels from 54C to 60C using microwave (mw) 7 pulses.
We get rid of spurious population in unwanted levels using
a combination of rf pulses and partial ionization [32]. The
end of the preparation process, defining the time origin
t = 0 for the lifetime measurements, occurs at most 89 ps
after the excitation laser pulse.

After a variable delay 7, the atoms are detected. An
electric field ionization ramp, starting at t = 7, is applied
across the capacitor, reaching the ionization thresholds of
different circular states at different times. The resulting ions
are sent to a channeltron detector through a 0.2 mm
diameter hole, drilled in the bottom plate of the capacitor.
We record the number of detected ions as a function of the
ionization time, defined as the time delay with respect to the
trigger of the ionization ramp. All relevant levels are
ionized before t = v + 40 ps. We detect at most 0.25 ion
per preparation sequence. We have checked that the
measured dynamics does not appreciably change when
the detected atom count is reduced down to 0.05 per
preparation [32]. The Rydberg density is thus low enough
to preclude any influence of Rydberg-Rydberg interactions.

Figure 1(b) presents the ionization signals versus ioniza-
tion time for all prepared circular states (n = 54 to 60) at
zero delay (r = 0). The ionization peaks corresponding to
different nC states are clearly separated. From the relative
areas of the different peaks, we estimate the purity of the
circular state preparation. It is typically between 60% and
80%, mostly limited by residual electric field gradients and
by the efficiency of the mw transfer pulses. It goes down to
~50% for n ~ 54-55 due to the BBR field that redistributes
the population into other Rydberg manifolds between the
preparation and the ionization time [32].

For each initial circular state, nC, we record ionization
signals for different delays z, up to 900 ps. During this
delay, BBR-induced transfers redistribute the Rydberg
population among neighboring n manifolds. Simultaneo-
usly, atom cloud expansion due to its finite temperature,
and possibly other loss mechanisms contribute to an overall
reduction of the total number of detected ions by a factor of
~3 in 900 ps [32]. We get rid of these losses by renorm-
alizing, for each delay, the total ion count of all detected
Rydberg levels to 1. Figure 2(a) shows grayscale map plots
of the normalized ion signal versus 7 for the initial nC states
with n = 54, 56, 58, and 60. For levels 54C and 56C, we
observe a fast redistribution among neighboring manifolds
due to the strong BBR-induced transitions. For 58C and
60C, this redistribution is much slower, pointing to a strong
inhibition of the BBR-induced transfer rates.
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(a) Grayscale plots of the ionization signal as a function of the delay 7 for different initial levels (54C, 56C, 58C, and 60C). For

each panel, the grayscale is normalized to the maximum value of the signal at = 0. Dashed lines represent the time windows used to
calculate the population of each manifold. They are labeled by the corresponding value of n between 50 and 60. Levels with n > 60 or
n < 50 are grouped in two broad detection windows. (b) Evolution of the populations of all levels for the same datasets. The color code
is given by the color of the labels of the detection windows in (a). The points are experimental, with statistical error bars. Each point
corresponds to the detection of 1800 to 9000 ions. The solid lines correspond to the results of the rate equation model fit. The thick black
dashed lines show an exponential fit at short times of the prepared state population decay for n = 58 and n = 60.

From these data, we get the population of a given
manifold by summing the ionization signal over the
detection window defined in Fig. 2(a). Figure 2(b) shows
the evolution of the populations of all manifolds for n
varying from 50 to 60 as a function of time. For n’s which
are > 60 or < 50, we use two broad detection windows.
The slow evolution of the inhibited levels, 58C and 60C, is
conspicuous. From a simple exponential fit to the 60C
decay at short delays (so that only 10% of the initial
population is lost, making transfers back from neighboring
states negligible), we estimate the lifetime of 60C to be
1.3 ms, about 7.6 times that in free space at room
temperature.

In order to get a more quantitative estimate of the
inhibition efficiency, we record similar data as a function
of 7 for all initial states between 54C and 60C and fit them
on a simple rate equation model for the BBR-induced
transfers between adjacent manifolds. An atom in the nC
state can only decay into the circular state (n —1)C. In
contrast, absorption of a thermal photon can bring the atom
in (n 4+ 1)C, but can also transfer the atom in a noncircular
(“elliptical”) state which ionizes in similar fields as the
circular state of the same manifold. Because of the ratio of
the matrix elements, these transfers to noncircular states are
negligible in the absence of inhibition. As a result, for the
initial levels with n < 56, the population dynamics is
dominated by the nC <> (n + 1)C transfers. Besides, since
the number of thermal photons per mode, ny,, is high at
room temperature, the upward and downward transition
rates on the nC <> (n + 1)C transition are nearly equal.

We thus use their common value as a single fit parameter.
For higher quantum numbers, the circular to circular
transitions are strongly inhibited. Transitions toward ellip-
tical levels are no longer negligible, and upward transfer
rates become larger than downward rates. We model this
asymmetry by using different fit parameters for upward and
downward transition rates between manifolds n and (n + 1)
for n > 57.

We also use different upward and downward rates for the
transfers into the slots gathering all levels above 60C and
below 50C (these slots include many levels, and the return
rate from them is clearly different from the departure rate
into them). We fit as free parameters the initial population
of each circular state for each dataset (for details on the
fitting procedure, see the Supplemental Material [32]). The
solid lines in Fig. 2(b) present the population evolution
resulting from this fit. They are in excellent agreement with
the experimental values.

Figure 3 presents the corresponding transfer rates and
compares them to the values calculated from a numerical
simulation performed with CST Studio [32,36] taking into
account the actual electrode structure and assuming a BBR
temperature of 300 K. The simulated rates are in fair
agreement with the fitted ones. Around 1 = 7.4 mm, we
observe that the capacitor structure enhances the transition
rates as compared with those in free space (black line). In
this region, the simulation correctly predicts an enhance-
ment, although it underestimates its effect. This can be
explained by an imperfect modeling of the exact resonance
of the electrode structure or by a larger microwave field
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FIG. 3. Transfer rates between manifolds (labeled on the upper

scale). The lower scale shows the nC < (n+ 1)C transition
wavelength 4. The solid symbols show the rates obtained from the
fit, with statistical error bars deduced from fits to subensembles of
the data (see the Supplemental Material [32]). Blue downward
triangles and red upward triangles show the (n+ 1) — n and
n — (n+ 1) rates respectively. Two-color diamonds show the
n < (n+1) rates when upward and downward rates are
assumed to be equal in the model. The transfer rates back from
the collective detection window for high n (“> 60”) or for low n
(““< 507”) are not plotted. The open symbols result from numerical
simulations. The blue open triangles give the nC <> (n+1)C
rates. The red open triangles give the n — (n + 1) rates when
taking into account transfers to the elliptical states. The gray
circles present the calculated free-space rates. The blue, red, and
gray lines are guides to the eye.

temperature due to the presence of the hot rubidium
dispenser inside the UHV chamber [32].

For n > 56, the rates are well below the free-space ones,
although they are slightly higher than the simulated values.
This discrepancy can be explained by a combination of
experimental imperfections, including in particular a ther-
mal BBR temperature higher than 300 K [32], by spurious
mw resonances of the structure, by an imperfect ITO
coating, or simply by the cloud thermal expansion, which
limits the measurement precision for the lowest rates. In
spite of these imperfections, the experiment clearly demo-
nstrates thermal transfer inhibition. For strongly inhibited
transitions, the upward rates are higher than the downward
rates. This is consistent with the fact that upward transitions
toward elliptical levels significantly come into play. For the
59 < 60 transition, the difference between the upward and
downward rates is 0.31(3) kHz. It is close to the rate of
thermal transfer from 59c¢ toward the noncircular state
predicted by the simulation (x0.17 kHz). Our simplified
model is thus sufficient to capture the dynamics in the
inhibition region.

Finally, we sum the fitted rates n - (n £ 1) to get the
total lifetimes of the nC states normalized to the calculated
free-space lifetimes at 300 K (green dots in Fig. 4). All the
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FIG. 4. Lifetime enhancement of the circular states. Full green
circles show the measured lifetimes in capacitor normalized to the
calculated free-space lifetimes at 300 K. The square points show
the same ratio predicted by the numerical simulation. Inset:
lifetime of the circular states, deduced from the rate equation fit
(solid points) or from the exponential fit of the circular state
population decay at short delays (open points). All error bars are
deduced from the fit uncertainties.

measured lifetime enhancements agree quite well with the
simulation results (green line). They are, for the inhibited
states, in very good agreement with the estimated lifetime
directly based on the exponential fit at short delays (open
green dots in the inset). We observe lifetimes (inset in
Fig. 4) up to 1.1 0.1 ms for n = 60.

We have observed, at room temperature, circular states’
lifetimes in the millisecond range. They are nearly 1 order
of magnitude larger than in free space and comparable to
those observed in a cryogenic environment [31]. This
proof-of-principle experiment shows that transparent, con-
ductive electrodes provide a large inhibition while offering
a wide optical access to the atoms.

The preparation fidelity could be improved by a better
control of stray fields and the use of advanced quantum
control techniques for the circularization process [37].
Field-ionization detection could be replaced by a direct
optical detection of the circular atoms through a transfer
back to the ground state or through the use of the optically
active electron of an alkaline earth circular state [38,39].

One can thus envision circular atoms laser trapped [40]
in complex arrangements of optical tweezers [29,30] inside
an inhibition capacitor made up of two transparent electro-
des. Ideally, with a larger capacitor made up of two ITO
plates (40 mm transverse dimension), lifetimes up to 6 ms
could be obtained, limited by residual upward uninhibited
transitions. Geometrically more complex transparent 3D
structures also inhibiting these transitions could lead to
even longer lifetimes. These results thus open the way for a
widespread use of circular atoms in existing and future
Rydberg experiments.
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