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Indium tin oxide films meet circular Rydberg atoms:
Prospects for novel quantum simulation schemes
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Long-lived circular Rydberg atoms are picking up increasing interest for boosting coherence times in
Rydberg-based quantum simulation. We elaborate a novel approach to stabilize circular Rydberg states against
spontaneous and blackbody-induced decay using a suppression capacitor made from indium tin oxide (ITO) thin
films, which combine reflection of microwaves with transparency in the visible spectral range. To this end, we
perform detailed characterization of such films using complementary spectroscopic methods at GHz and THz
frequencies and identify conditions that allow for reaching circular-state lifetimes up to tens of milliseconds
in a room-temperature environment. We discuss prospects of our findings in view of the quest for quantum
simulations with high-n circular Rydberg states at room temperature.
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I. INTRODUCTION

Ultracold Rydberg atoms have recently shown fascinat-
ing means for realizing a versatile platform for applications
in quantum simulation and quantum information process-
ing. Examples range from implementations of quantum spin
models [1,2], over studies of topological systems [3], to the
demonstration of high-fidelity entangling gates [4,5]. At the
very heart of the achieved experimental control are methods
for arranging individual atoms trapped in flexible arrays of
optical tweezers in a bottom-up manner combined with strong
interactions between pairs of Rydberg states [6–8]. An evident
drawback of this appealing approach, however, is the Rydberg
state decay, which sets fundamental limits on the coher-
ence time of the quantum system. In this context, circular
Rydberg states (i.e., Rydberg states with |m| = n − 1, where
m and n denote the orbital magnetic and principal quantum
number) have recently been proposed as a possible candidate
to circumvent this problem as they may allow for much
longer lifetimes compared to the so far exploited low-angular
momentum Rydberg levels (i.e., S, P, or D orbitals) [9].

For decades, circular Rydberg atoms have been exten-
sively explored in atomic beam experiments [10–12]. Their
individual interaction with microwave photons trapped in
high-quality resonators allowed for fundamental studies of
cavity quantum electrodynamics [13]. More recently, su-
perpositions of circular states were also instrumental for
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quantum sensing applications [14]. Experiments with ultra-
cold and trapped circular Rydberg atoms are, however, com-
paratively rare [15]. Efficient creation and optical trapping
of long-lived circular states was demonstrated only very re-
cently reporting lifetimes of several milliseconds in a 4He
cryogenic environment [16,17]. In free space, radiative de-
cay of the circular state is largely dominated by microwave
transitions into neighboring n manifolds. Yet, such long-
wavelength decay paths for Rydberg states can be effectively
suppressed by placing the atom inside a capacitor structure
which prohibits the propagation of the corresponding mi-
crowave field mode [18,19]. Ultimately, a quantum simula-
tor based on very long-lived circular Rydberg states should
thus allow for optical trapping inside a microwave resonator,
which poses stringent limitations for optical access and
thus for trapping ensembles of atoms in defect-free tweezer
arrays [9].

In this paper, we propose a novel route to stabilize circular
Rydberg states in a way that simultaneously allows for high
numerical aperture optical access using optically transparent
conductive thin films. Specifically, we explore the feasibility
to realize a capacitor for suppressing high-n circular Rydberg
state decay with indium tin oxide (ITO) films [Fig. 1(a)]. Such
a capacitor has to combine high reflectivity in the microwave
domain with transparency for visible to short near-infrared
wavelengths. While dc and optical properties of ITO films
have been explored in great detail [20,21], extended studies
of their response at microwave frequencies are comparatively
rare. We report on detailed millimeter-wave investigations of
ITO thin films of different thickness and sheet resistance us-
ing a combination of complementary spectroscopy methods,
which allow us to infer microwave properties of the films
covering a frequency range from 100 MHz up to 1 THz. Our
measurements demonstrate that ITO coatings are well suited
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FIG. 1. (a) Illustration of the proposed setup. A pair of ITO-
coated glass plates separated by d form a capacitor to stabilize
the circular Rydberg state against radiative decay. While reflective
at microwave frequencies, optical transparency provides access for
trapping in optical tweezer arrays. (b) Atomic level scheme of the
three largest angular momentum states for the Rydberg manifolds
n and n ± 1. Arrows denote open decay paths of the circular state
|n,C〉 via spontaneous emission (red) and blackbody decay (blue).
(c) Cavity-induced suppression factor ξ for σ± (red) and π tran-
sitions (gray) as a function of the capacitor spacing d . Solid lines
depict ξ for perfect reflection (R = 1), while dashed (dot-dashed)
lines show results for finite film reflectivity R = 0.8 (R = 0.6).
(d) Suppression factor ξ for σ± transitions as a function of R for
different d as indicated.

to stabilize circular Rydberg states for tens of milliseconds
even in a room temperature environment.

II. LONG-LIVED CIRCULAR RYDBERG STATES

A. Radiative decay of circular Rydberg states

The starting point for our discussion is a brief summary
of the unique properties of circular Rydberg states and the
consequences for their radiative decay. For a given hydrogenic
Rydberg manifold of high-l states with principal quantum
number n, the circular states |n,C〉 possess maximum an-
gular momentum and magnetic quantum number, i.e., l =
|m| = n − 1 [22]. In contrast to low-l Rydberg levels, circular
states are effectively protected from spontaneous emission
at optical frequencies due to their large orbital angular mo-
mentum. Indeed, spontaneous decay can only happen via
circularly polarized microwave radiation through a single
dipole-allowed transition into the circular state of the next
lower hydrogenic manifold |n − 1,C〉 [see Fig. 1(b)]. Despite
the large transition strength, the small mode density in the
microwave domain causes much longer lifetimes compared to
low-l Rydberg states.

Evidently, this only holds for negligible blackbody-
induced decay. Stimulated absorption and emission of σ+-
polarized blackbody radiation at temperature T drives the
circular state into the adjacent levels |n ± 1,C〉. Furthermore,

FIG. 2. Calculated lifetime for circular Rydberg states |n,C〉 at
room temperature (T = 300 K) in free space (squares), in an ideal
plane-parallel cavity (R = 1 and d/λ = 0.2) (diamonds), and in a
cavity with finite reflectivity (R = 0.97 and d/λ = 0.2) (triangles).
The circles show the lifetime in free space due to spontaneous
emission only, i.e., for T = 0 K.

weaker transitions induced by the π - and σ−-polarized com-
ponents of the thermal radiation field couple to elliptical states
[dashed and dotted arrows in Fig. 1(b)]. The total blackbody-
reduced decay rate of the circular Rydberg level thus reads

γ = A|n,C〉,|n−1,C〉 +
∑
| f 〉

n̄(ω, T )A|n,C〉,| f 〉 . (1)

Here, A|i〉,| f 〉 denotes the Einstein A coefficient between states
|i〉 and | f 〉, ω the corresponding transition frequency, and n̄ the
thermal average photon number. The sum runs over all final
states | f 〉 with nonzero dipole matrix element 〈 f |e�r|n,C〉.
Note that the latter decrease very rapidly for final states of
more distant manifolds than n + 1. In Fig. 2, the calculated
lifetime 1/γ for circular states ranging from n = 40 to n =
120 is shown for bare spontaneous decay (T = 0, circles)
as well as for a situation at room temperature (T = 300 K,
squares). The detrimental blackbody-induced reduction of the
lifetime by up to three orders of magnitude ensues predomi-
nantly from the strong transitions |n,C〉 − |n ± 1,C〉 between
adjacent circular Rydberg states.

B. Stabilizing circular Rydberg states in a cavity

The above discussion suggests a severe obstacle in exploit-
ing circular Rydberg states at room temperature to encode
a long-lived qubit for quantum simulations. However, the
challenge may be solved effectively by placing the atom in
the center of a pair of conductive plane-parallel capacitor
plates. As first predicted in Ref. [18] and later observed ex-
perimentally [19], this setting allows for suppressing Rydberg
state decay. The suppression is induced by suitably restricting
the available electromagnetic field modes for atomic state
decay. Specifically, a plane-parallel capacitor with spacing d
inhibits the propagation of modes with wavelengths λ > 2d
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and polarized parallel to the capacitor plates. For a circular
Rydberg state |n,C〉 whose orbital plane is oriented paral-
lel with the capacitor plates, this suppresses the dominant
decay channels via circularly polarized photon modes when
the microwave-photon wavelengths associated with the tran-
sitions |n,C〉 − |n ± 1,C〉 fulfill the above condition. For
example, the critical capacitor spacing associated with the
transition wavelength between adjacent n manifolds is 2.7 mm
for n = 50 and 2.2 cm for n = 100, and the corresponding
microwave transition frequencies f = ω/(2π ) are 54.3 GHz
and 6.7 GHz, respectively. Modes polarized perpendicular to
the capacitor plane are generally not inhibited to propagate
and induce the weaker π transitions. Note that transitions via
these modes may be even slightly enhanced by the cavity.
Orientation of the circular state’s orbital plane with respect
to the cavity is readily achieved by applying a bias magnetic
field of a few Gauss pointing perpendicular to the capacitor
plates.

The suppression factor can be calculated in a classical
framework considering an oscillating dipole in the vicinity
of metallic surfaces. It is straightforward using the method
of image charges to evaluate the case of the two infinitely
extended plane-parallel capacitor plates with finite reflectivity
R (the field reflectivity is r = √

R). One finds [23,24]

ξσ± = 1 + 3 Im
∞∑

n=1

(−r)n

(
1

φn
+ i

φ2
n

− 1

φ3
n

)
eiφn (2)

ξπ = 1 + 6 Im
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rn

(
− i

φ2
n

+ 1

φ3
n

)
eiφn (3)

for σ± and π transitions, respectively, and with φn = n2πd/λ.
The suppression factors for the different polarization modes
and for various values of R are depicted in Fig. 1(c). For a per-
fectly reflecting capacitor, ξσ±

is strictly zero for d < λ/2, and
Rydberg-state decay via σ± transitions is fully suppressed. A
finite reflectivity, however, causes imperfect suppression [see
also Fig. 1(d)] and partially opens the decay channel. Note
also the aforementioned enhancement for π transitions in the
cavity.

We are now in a position to compute the circular-state
lifetime in the capacitor by evaluating Eq. (1) with the cavity-
modified Einstein A coefficients, i.e., ξσ±(π )A|n,C〉,| f 〉 for the
respective σ±(π ) transitions [9,25]. The results at room tem-
perature for an ideal cavity (diamonds) and for finite reflec-
tivity (triangles) are shown in Fig. 2. Evidently, stabilizing
the circular Rydberg state in a cavity is expected to allow for
boosting the lifetime by up to two orders of magnitude at room
temperature. Note that the value d/λ = 0.2 in Fig. 2 is chosen
so that the capacitor also suppresses the σ+ transition |n,C〉 −
|n + 2, l = n, m = n〉, which would otherwise contribute to
the overall decay with a rate comparable to the unsuppressed
π transition into the n + 1 manifold.

III. ITO THIN FILMS AT GHz AND THz FREQUENCIES

In the following, we will explore whether the above con-
ditions can be realized in an optically transparent capacitor,
i.e., to which extent the capacitor plates can be at the same
time highly reflective for GHz radiation and transparent for

visible light. The strategy we pursue here is deposition of
an appropriate conductive film on a glass substrate. The
common high reflectivity of regular metals for visible light
is due to the high density N of conduction electrons, which
sets the limiting frequency for metallic reflection, the plasma
frequency, via ωp =

√
Ne2/(ε0 m) with e the electron charge,

m their effective mass, and ε0 the vacuum permeability. Thus
we seek a metal with ωp/(2π ) lower than ∼250 THz, but
N should still be as high as possible to obtain high GHz
reflectivity. These requirements are equivalent to those for
transparent electrodes, where high transparency for visible
light is to be combined with high dc conductivity [26–28].
The classic solution for the latter application is ITO thin
films. Here the exact constituent composition and preparation
conditions allow material tuning to optimize the required
material properties. While there is vast literature concerning
the dc and optical properties of ITO films [20,21], the THz
and GHz properties have been addressed much less [29–36].

ITO is a doped semiconductor [37] with typical density
of mobile charge carriers so high that the low-energy optical
properties can be modeled by the Drude theory of metals,
which predicts a frequency-dependent optical conductivity
σ (ω) = σdc/(1 − iωτ ) with dc conductivity σdc = 1/ρdc and
relaxation time τ . Due to the strong disorder in ITO, the
Drude relaxation rate � = 1/τ can be expected in the 10
THz range [33]. Therefore, the GHz response of ITO should
be well within the Hagen-Rubens regime, and thus a rather
straightforward connection between dc and GHz properties is
expected [20]. In the following, we show that this is indeed
the case by performing detailed GHz and THz measurements
on ITO thin films. This will allow for a robust determination
of the GHz reflectivity of ITO films.

A. Experimental methods

Far-field reflectivity measurements at GHz frequencies on
cm-sized material samples are challenging because of the
large wavelength. Therefore, we combine different experi-
mental approaches for a comprehensive Hagen-Rubens char-
acterization of the ITO film. At THz frequencies, far-field op-
tical spectroscopy is well established. Here we use two differ-
ent techniques. First, frequency-domain spectroscopy (THz-
FDS) using backward-wave oscillators (BWOs) as monochro-
matic, coherent, and frequency-tunable radiation sources al-
lows for direct measurements of transmission and reflection
coefficients (under normal incidence) [38,39]. Using several
BWOs we cover frequencies between 100 GHz and 500 GHz.
Second, we perform transmission measurements using a THz
time-domain spectrometer (THz-TDS) [40].

For the low-GHz spectral range, we employ reflection mea-
surements in so-called Corbino geometry [41]. Here, coaxial
Au contacts on the ITO film define the actual Corbino disk,
which is then directly pressed against a coaxial probe at the
end of a coaxial microwave transmission line. A vector net-
work analyzer (VNA) generates monochromatic GHz signals
that travel in this line, are reflected by the sample, and then
detected by the VNA. The measured quantity is the reflection
coefficient S11, which is the ratio of the voltages of reflected
and incoming microwave signal and which is not to be con-
fused with the optical reflectivity in far-field configuration.
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TABLE I. Properties of the four characterized ITO-coated glass
samples labeled A–D. Film thickness t (as indicated by the supplier)
and sheet resistance R� (measured in van der Pauw geometry, with an
estimated error of a few percent). The dc resistivity ρdc is calculated
from sheet resistance and thickness. Values for the transmission in
the visible domain is given for 780 nm (T780 nm) and 461 nm (T641 nm),
representative for fluorescence detection of Rb and Sr atoms.

t R� ρdc T780 nm T461 nm

sample (nm) (
) (μ
 cm) (%) (%)

A 135 44 600 87 82
B 135 31 420 81 84
C 135 9.8 130 87 85
D 2000 1.9 390 73 60

For our case of thin metallic films, one can directly obtain the
conductivity σ from each measured S11 [41]. All experiments
are performed at room temperature.

B. GHz and THz characteristics of ITO thin films

We have studied four different ITO thin films that were
grown on 1-mm-thick glass substrates [42]. Relevant film
parameters are listed in Table I. The original 25 mm × 25 mm
samples were cut into smaller pieces. For the THz experi-
ments, 11 mm × 11 mm sized samples are used. On these
samples we also perform four-point dc resistance measure-
ments in van der Pauw geometry. For the GHz measurements,
smaller samples (here approximately 3 mm × 4 mm) are re-
quired [41], with Corbino contacts made of 200-nm-thick,
thermally evaporated Au deposited through a shadow mask.

1. THz reflection and transmission

In Fig. 3, we present the THz transmission and reflection
data obtained in the frequency domain together with theory
curves that extend to the GHz regime of the Rydberg tran-
sitions between adjacent high-n manifolds. While Figs. 3(b)
and 3(d) show reflection and transmission spectra, respec-
tively, for the four investigated ITO-coated glass samples,
Figs. 3(a) and 3(c) show the corresponding data for a bare
glass substrate. All spectra exhibit pronounced Fabry-Perot
resonances due to standing waves of the coherent THz ra-
diation in the dielectric glass substrate. The periodicity is
governed by the glass thickness and dielectric constant. When
compared to the spectra of the bare glass, the ITO-coated
samples demonstrate the desired effect, namely a strongly
enhanced reflection. At the same time it becomes clear that
reflectivities beyond 0.95 are only obtained for the thickest
ITO film (sample D, film thickness t = 2000 nm). Measuring
THz reflection close to unity is experimentally challenging as
evident from some of the experimental data for sample D that
are larger than one. Therefore, it is helpful to analyze the com-
plementary THz transmission, where reference measurements
are less error prone.

To this end, the material parameters (dc conductivity σdc

and relaxation rate �) entering the theory curves shown in
Fig. 3 are tuned in order to yield a match with the measured
transmission spectra. For the glass substrate curves, just a
single strongly damped Lorentzian at very high frequency

FIG. 3. Reflectivity R (b) and transmission T (d) as a function of
frequency f , obtained from frequency-domain spectroscopy, for the
four ITO-coated glass samples A–D as indicated. For comparison,
reflectivity and transmission of the bare uncoated glass substrate is
shown in (a) and (c). The solid lines are computed spectra based
on a Drude behavior and matched to the measurements (see text
for details). The experimental data are smoothened using a running
average. The upper abscissa indicates the principal quantum number
n of the transition |n,C〉 − |n − 1,C〉 with transition frequency f .

is assumed, with resulting low-frequency dielectric constant
(ε1 ≈ 6.3). These glass properties are then included in the
model for the ITO spectra. For the ITO films, we assume
simple Drude behavior with a relaxation rate �/(2π ) around
15 THz. Note that this value is much higher than the experi-
mentally covered frequency range, and consequently, it should
be considered only as a rough estimate. As the theory curves
closely describe both transmission and reflection spectra, the
simple model assumptions are demonstrated to work rather
well.

2. Optical conductivity

Using the same model for the THz data, but now only for
narrow ranges around the Fabry-Perot transmission maxima,
we can determine the complex optical conductivity σ = σ1 +
iσ2 of the ITO films as a function of frequency. The results
are depicted in Fig. 4 by the filled circles. In the same plot,
we also show the THz conductivity obtained from the THz
time-domain spectroscopy (THz-TDS). The latter extends to
higher frequencies and therefore allows us to detect more of
the linear-in-frequency σ2 increase (see inset to Fig. 4) which
provides confirmation of the above estimate for �. Within the
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FIG. 4. Optical conductivity σ1 (real part) as a function of fre-
quency f for the four ITO-coated glass samples A–D as indicated.
The datasets for f < 25 GHz are obtained via Corbino spectroscopy.
Filled circles indicate data determined via a Fabry-Perot analysis
of the transmission spectra shown in Fig. 3, obtained by THz
frequency-domain spectroscopy (THz-FDS). Independent measure-
ments using THz time-domain spectroscopy (THz-TDS) extend to
frequencies beyond 1 THz (solid lines). The diamonds depict the
dc conductivity determined from van der Pauw measurements. The
Corbino spectroscopy data are smoothened using a running average.
The upper abscissa indicates the principal quantum number n of
the transition |n,C〉 − |n − 1,C〉 with transition frequency f . Inset:
Time-domain spectroscopy data of the imaginary part of the optical
conductivity σ2.

experimental error, the THz σ1 of each of the four samples can
be considered frequency independent and consistent with the
respective dc data, which are additionally shown as diamonds
in Fig. 4.

Finally, we include the GHz conductivity data ( f <

25 GHz) obtained from Corbino spectroscopy in Fig. 4 and
find that they properly match the THz and dc results, i.e.,
also the GHz σ1 of the investigated ITO films can be con-
sidered frequency independent. The GHz spectra also show
certain extrinsic features, which are often found in Corbino
spectroscopy and which do not affect the significance of the
data. Specifically, the strong resonances, e.g., around 10 GHz
stem from three-dimensional standing-wave modes mostly
confined within the dielectric substrate [43], while the smooth
downturn towards lower frequencies for sample B is due to
nonperfect Corbino contacts with capacitive contribution [44].
As documented in Table I, the much larger thickness of
sample D directly leads to substantially lower sheet resistance
compared to the other samples, which makes the measure-
ments of this sample much more sensitive to errors of the
three-standard Corbino calibration [41].

These experimental results confirm that our modeling
within Drude terms, where σ1 ≈ σdc is essentially frequency

independent and σ2 	 σ1, properly describes the entire GHz
and THz regimes. Consequently, the computed reflectivity
curves in Fig. 3(b) form a reliable basis for evaluating the
prospects of ITO thin films to realize long-lived circular
Rydberg states.

IV. PROSPECTS FOR A CIRCULAR RYDBERG ATOM
QUANTUM SIMULATOR AT ROOM TEMPERATURE

The presented GHz and THz data fully characterize the
low-energy electrodynamics of ITO that is relevant for the
proposed stabilization of high-n circular Rydberg states. The
optical conductivity shown in Fig. 4 is a material property of
ITO and as such could be used for further studies aiming to
relate electronic properties to other material characteristics
such as composition or atomic structure. These results can
also be directly compared to previous related studies on ITO,
in particular using THz time-domain spectroscopy [31,33].

In view of realizing long-lived circular Rydberg states, one
has to consider these ITO material properties in the specific
geometry of application, which includes the glass substrate
and the ITO films with their respective thicknesses. Here,
both the explicitly measured THz data as well as our theory
model for reflectivity throughout the broader GHz and THz
regime, which is fully consistent with the experimentally
determined GHz and THz optical conductivity, demonstrate
that these optically transparent ITO-coated glass samples
indeed strongly reflect at GHz and THz frequencies [30].
Note that the finite thickness of the glass substrate induces
Fabry-Perot resonances, which have to be considered because
of the single-mode nature of Rydberg transitions relevant for
the radiative decay. Tailored choice of the glass thickness
may thus allow us to tune the GHz reflectivity at the relevant
Rydberg transition frequencies. Yet, for the ITO films with
highest reflectivity, the modulation due to the substrate be-
comes rather small. For the largest obtained reflectivity (film
D, R = 0.97 for f < 100 GHz), the predicted lifetime for a
circular Rydberg state inside the cavity at room temperature
(T = 300 K) reaches 6.3 ms for n = 70 and 17.0 ms for
n = 100 (cf. Fig. 2). For the much thinner film C (R = 0.9
for f < 100 GHz), the calculated room-temperature lifetime
drops to 4.1 ms for n = 70 and 9.7 ms for n = 100, which still
provides decay rates that are more than an order of magnitude
smaller compared to free space. Note that efficient production
of very high-n circular states up to n = 70 has been achieved
only recently using crossed-field methods [45], but reaching
higher n remains to be demonstrated.

The high transmission of the investigated ITO films in the
visible regime allows for combining the stabilization of the
circular states with high numerical aperture optical access,
which is essential to project tweezer arrays and to collect
atomic fluorescence for readout (cf. Table I). Evidently, trap-
ping of the circular Rydberg atoms is also necessary to
fully exploit their long lifetime. Indeed, circular states appear
to be well suited for efficient trapping in optical tweezers.
First, light-induced ionization is strongly suppressed due
to the large orbital angular momentum [9,46]. Second, the
ponderomotive force experienced by the quasi-free Rydberg
electron typically results in a repulsive potential and requires
hollow-core laser beams for optical trapping [16,47]. For
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circular states of sufficiently high n, however, the Bohr-like
electron orbital can become comparable to the waist of a
typical Gaussian-shaped optical tweezer, which first reduces
the repulsive potential with increasing n and finally turns it
into an attractive one. Exploiting a two-valence electron atom
provides even richer means for tailoring the tweezer trap [48].

Finally, let us comment on the expected interaction
strength between circular states held in adjacent tweezers.
To this end, we compute the pair interaction for a geometry
akin to Fig. 1(a), i.e., with the orbital plane oriented parallel
with the capacitor plates and the two circular Rydberg atoms
residing side by side [49]. For the pair state |n,C; n,C〉,
i.e., when both atoms are in the same manifold, one obtains
van-der-Waals interaction shifts of 1.1 MHz (2.1 MHz) at
an atomic distance of r = 7 μm (r = 12 μm) for n = 70
(n = 100) exhibiting characteristic 1/r6 scaling. For the pair
prepared in adjacent manifolds, i.e., |n,C; n + 1,C〉, and for
the same distances we find a dominant dipole-dipole exchange
interaction as large as ∼14 MHz (∼17 MHz) for n = 70 (n =
100). The strong interactions may thus allow for reaching up
to ∼104–105 coupling times within the predicted lifetimes in
the stabilizing capacitor. Again, we stress that these estimates
are obtained for a room temperature environment without
cryogenic cooling.

V. CONCLUSION AND OUTLOOK

In conclusion, we have elaborated a new approach
to stabilize high-n circular Rydberg states against spon-
taneous and blackbody-induced decay in a transparent,

microwave-reflecting cavity formed by ITO-coated glass
plates. To this end, we have performed a detailed character-
ization of the optical properties of ITO thin films in the GHz
and THz domain. We have found that high reflectivities at
GHz frequencies can be obtained, which allow for reaching
circular-state lifetimes up to tens of milliseconds in a room
temperature setup, while transparency of the films in the
visible spectral range grants vast optical access. We have
discussed the prospects of our findings in view of a room-
temperature quantum simulator based on circular Rydberg
states. While the explicit requirement of high GHz reflectivity
investigated here is rather unusual for ITO films, one may
build on the existing expertise in materials optimization for
transparent conductors, and in particular ITO films, to further
increase the dc conductivity combined with high transmission
at visible wavelengths [26,50,51]. Here, a lower scattering rate
is a desired but challenging to achieve material property, while
the film thickness can be adjusted rather easily to balance GHz
reflectivity and visible transmission.
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