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Multiphoton-dressed Rydberg excitations in a microwave cavity with ultracold Rb atoms
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We investigate magneto-optical trap-loss spectroscopy of Rydberg excited 85Rb (66 ! n ! 68 S1/2) atoms,
placed inside a tailored microwave cavity. The cavity frequency at 13.053 GHz is in resonance with the
67S1/2 → 66P3/2 transition, inducing a ladder multiphoton microwave Rydberg absorption and emission. The
observed spectra are modeled with an extended Jaynes-Cummings formalism that accounts for nonlinear
multiphoton absorption from and emission into the cavity, the loss from the trap due to Rydberg excitation, and
cavity imperfection. We calculate the average photons in each spectral feature and find evidence for fractional
photon emission into the cavity modes within the loss spectra. The microwave cavity Rydberg spectroscopy in
this work provides key insights for advancing Rydberg-based sensors, quantum gates in hybrid systems, and the
broader development of quantum technologies.
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Rydberg excitation in a cavity has a celebrated history in
the emergence of cavity quantum electrodynamics (cQED).
The Purcell effect [1] occurs when an increase in the lo-
cal density of microwave (MW) photons leads to enhanced
spontaneous emission. Initial observations were made on
sodium atomic beams by enhancing [2–5] and suppressing
[6,7] spontaneous emission. Additional experiments observed
deviations in the Rydberg state lifetime in ultracold sam-
ples due to geometrical dependencies of the trapping vacuum
chamber [8–10], showing a direct relation between black body
radiation spectra and allowed cavity modes [8,11,12].

A well-tuned MW cavity can be used as a diagnostic
tool to characterize cold plasma densities and temperatures
[13]. More recently, cold Rydberg atoms interacting with MW
cavity photons have been proposed to build a MW-to-optical
converter via four-wave and six-wave mixing [14,15] and
create quantum transducers from millimeter wave to optical
field in a hybrid superconductor cryogenic resonator with
ultracold Rb atoms [16,17]. MW resonators and cavities have
also been applied in combination with electromagnetically
induced transparency (EIT) to enhance MW electrometry in
thermal samples [18–20].

Advances in Rydberg field sensors [21,22] and Rydberg-
based logic gates [23,24] require a more thorough understand-
ing of the intricacies of MW dressing of Rydberg states. Also,
precision sensing of classical fields beyond the standard quan-
tum limit [25] requires nonclassical states, such as squeezed
and cat states [25–27].

We use an ultracold sample of 85Rb held in a magneto-
optical trap (MOT) placed inside a MW cavity to excite

nS1/2 Rydberg states (66 ! n ! 68). An extended Jaynes-
Cummings model based on a multilevel multi-MW-photon
formalism captures the details of the interaction of the MW
cavity with the Rydberg atom excitation and identifies the
multiphoton processes in the Rydberg fluorescence loss spec-
tra. The model accounts for the loss of atoms from the cavity
and faithfully reproduces, without any free parameters, the
main features of the observed spectra. We calculate the av-
erage photon number for each spectral peak and find evidence
for fractional photon emission into the cavity modes.

The 85Rb MOT is loaded from an atomic vapor cell at
room temperature and operates in a stainless steel chamber
with a background pressure below 10−9 torr. Under normal
conditions, it traps approximately 107 atoms at a density of
about 1010 cm−3. The trapping laser beam is red-tuned from
the 5S1/2, F = 3 → 5P3/2, F ′ = 4 atomic transition, with an
average Rabi frequency !MOT/2π of 13 MHz, detuned by
δ ≈ −2.1$, where $/2π = 5.9 MHz. Figure 1(a) shows the
85Rb energy states involved in trapping, cooling, and exci-
tation of a nS Rydberg state. The repumping laser beam is
resonant with the 5S1/2, F = 2 → 5P3/2, F ′ = 3 atomic tran-
sition. The trapping light is frequency-locked to a thermally
stabilized optical cavity shown in Fig. 1(b) [28], and the
repumping laser frequency is stabilized using a compact sat-
uration spectroscopy system. Another laser, operating at a
wavelength of 480 nm with a 300 µm waist and 4 W/cm2

intensity, is used to couple the 5P3/2, F ′ = 4 state with the
nS1/2 Rydberg states in the range 66 ! n ! 68.

The targeted Rydberg states are motivated because the
cavity is resonant with the 67S1/2 → 66P3/2 transition,
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FIG. 1. (a) The 85Rb energy diagram is shown along with a
magnified version of the Rydberg spectrum near the 67S1/2 level.
The total amount of excitations (matter plus MW photon) in the
system is conserved. The dressed Rydberg basis set includes excita-
tion from |67S1/2, n0〉 to . . . |66PJ , n0 + 1〉, |67S1/2, n0〉, |67PJ , n0 −
1〉, . . . The number of cavity photons in the system is extracted by
setting the Rabi frequency of the 67S1/2 → 66P3/2 transition, equal
to the splitting between the two most prominent features in the
experimental spectrum. The number of states included is controlled
by the number of photons emitted or absorbed by the atom. We
find that the ac Stark energies for excitations near the 67S1/2 are
converged by including all states with up to four photons emitted
to or absorbed from the cavity. (b) Schematic representation of the
EIT vapor reference cell, and (c) the thermally stabilized Fabry-Perot
optical cavity (dual-locking system).

allowing the observation of multiphoton MW Rydberg transi-
tions. This laser is frequency-locked to the same optical cavity
after modulation by an electro-optical modulator, enabling
precise scanning of the blue Rydberg laser in frequency steps
as short as 100 kHz. The frequency of the Rydberg laser can
be continuously monitored and calibrated using an EIT signal
from a reference vapor cell held at ambient temperature [see
Fig. 1(c)]. The 780 nm probe beam is provided by the trapping
laser through the use of an acoustic-optical modulator (AOM),
such that its detuning is set to zero (δ = 0) with respect to
the trapping transition. As the 480 nm laser scans over the
EIT nS1/2 resonances, its zero detuning (% = 0) is set at the
5P3/2, F = 4 → nS1/2 transition.

As for a specific resonant blue laser detuning %, a number
of Rydberg excitations can dynamically depopulate the atomic
trap while background ground-state cold atoms are replenish-
ing it in a constant rate. Toggling the blue laser during 50 ms
proved to be sufficient for measuring the differences in MOT
fluorescence signal and allows it to reach a steady-state popu-
lation. The time sequence implemented is presented in Fig. 2.
The fluorescence signal is acquired by a fast photodiode and
fed to a boxcar rapid integrator, using two integration time
windows of 15 µs each. Firstly, an N1 integration is performed
just after turning the Rydberg laser on, and secondly, an N2
integration is carried just before turning it off, with the MOT

FIG. 2. Schematic of the experimental time sequence. The MOT
fluorescence signal is acquired via boxcar integration electronics.

reloaded for 700 ms before the next iteration. The ratio N2/N1
was recorded for every % and accounted for the eventual MOT
population fluctuations with an average of four measurements
per experimental point.

The full level scheme of the system is illustrated in
Fig. 1(a). The 13.053 GHz MW cavity mode is resonant
with the 67S1/2 ↔ 66P3/2 Rydberg transition. The detailed
experimental setup is described in the Supplemental Material
[29]. Moreover, the nS1/2 state is nearly halfway between the
(n − 1)PJ and the nPJ states. This implies that the cavity is
almost resonant with the 67S1/2 ↔ 67P3/2 transition, and thus
can also drive the transition to the 67P3/2 state. The small
spin-orbit splitting at high principal quantum number [30]
necessitates the inclusion of the nP1/2 states in our theoretical
model (see below). Because the Rydberg states are not trapped
by the MOT, they are observed as a loss signal from the cold
atomic gas, which we shall model as a non-Hermitian loss.
As a result, the corresponding Hamiltonian for the Rydberg
atom excitation in the MW cavity is described by an extended
(multilevel), non-Hermitian Jaynes-Cummings model,

ĤMW = h̄ωMWâ†â + h̄
2

('̂+â + '̂−â†) + ĤRyd. (1)

The operators â (â†) annihilate (create) cavity photons, and
ĤRyd is the uncoupled Rydberg Hamiltonian:

ĤRyd =
∑

nLJ

(
−

ERyd

(n − µLJ )2 − ih̄
γ

2

)
|nLJ〉〈nLJ|. (2)

Here, µLJ denotes the Rydberg quantum defect [30] for orbital
and total electron angular momenta (L and J), ERyd is the Ry-
dberg constant, and γ represents the phenomenological loss
rate of Rydberg atoms from the trap. In Eq. (1), '̂+=('̂−)†

is the operator representing the excitation of a Rydberg state
through the absorption (emission) of a photon. Since the nDJ
states are far detuned from the cavity, we only consider the
nPJ and nS1/2 states here. With this restriction the excitation
operator reads

'̂+ =
∑

n,J

(
!(n+1,n)

J |(n + 1)S1/2〉〈nPJ | + !(n,n)
J |nPJ〉〈nS1/2|

)
,

(3)

where !(n′,n)
J =

√
2h̄ωMW

ε0V 〈n′S1/2|d̂|nPJ〉 is the single-photon
Rabi frequency, ε0 is the vacuum permittivity, and V is the
effective volume of the cavity mode. Because !(n+1,n)

J varies
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FIG. 3. Normalized trap-loss rate obtained from the extended
Jaynes-Cummings model accounting for one, two, or four photons
absorbed from or emitted to the cavity (i.e., |%n| ! 1, 2, or 4, respec-
tively, as labeled in the legend) for varying Rydberg laser detuning %;
for (a) 66S1/2, (b) 67S1/2, and (c) 68S1/2. Each resonance has a double
peak structure with a separation of ∼13 MHz which originates from
the Autler-Townes splitting of the MOT laser, coupling the 5S1/2 and
5P3/2 states [31]. In all cases, the respective experimental curves are
provided showing good agreement with the theoretical predictions.

by less than 10% over the range of principal quantum num-
bers considered here, we treat !(n′,n)

J to be independent of
n, i.e., !(n+1,n)

J ≈ !(n,n)
J ≈ !(67,66)

J = !J . Incorporating the
two-photon excitation from the |5S1/2〉 to the |nS1/2〉 Rydberg
state, we predict the atom loss rate from the MOT [29].

The final fraction of atoms remaining in the trap after a
long Rydberg pulse reads

N
N0

=

√

1 +
(

$̄0/γ

2η

)2

− $̄0/γ

2η
,

where N0 is the number of trapped atoms at the start of the
pulse, $̄0 is the rate at which atoms are lost from the trap aver-
aged over a Lorentzian cavity line profile, and η = 0.0125 is
a fitting parameter which can be thought of as approximately
the fraction of atoms that would remain if the full Rydberg
loss rate, $̄0 = γ , were to be achieved.

Figure 3 illustrates a comparison of the experimentally
observed trap-loss spectra for different initial Rydberg states,
66S1/2, 67S1/2, and 68S1/2, and the theory predictions for
various cutoffs of the number of photons exchanged with
the cavity (|%n| ! 1, 2, or 4), where |%n| is the number of
exchanged photons. To examine the role of photon number in
each spectral line, our theory accounts for processes involving

FIG. 4. Average number of photons emitted into (δn > 0) or
absorbed from (δn < 0) the cavity for each state. The height of
the vertical dashed lines indicate the average photon number for
each observed spectral feature. Red lines represent the experimental
spectrum corroborating the location of the resonances. The cases
of the (a) 66S1/2, (b) 67S1/2, and (c) 68S1/2 states are shown with
respect to the Rydberg laser detuning %. The MW cavity is driven
at 32.8% of the maximum driving power, resulting in a MW electric
field amplitude of 77.5 mV/cm.

one, two, and more photons, at a cavity field amplitude of
77.5 mV/cm. For each Rydberg state, there is a hyperfine
state observed to the blue of the central Rydberg line that is
not included in the theoretical description. It can be readily
seen that many of the features for the 67S1/2 excitation spec-
trum depicted in Fig. 3(b) are approximately described by the
inclusion of single-photon transitions (i.e., only accounting
for the 66P1/2,3/2 and 67P1/2,3/2 states in the Rydberg basis
beyond the 67S1/2 state). Importantly however, in the spectra
presented in Fig. 3 we observe phenomena which require
the participation of higher-photon processes. The resonance
appearing at a detuning of +328 MHz is only present in
the theoretical curves which include two or more photon
processes. There is also a state at a detuning of −370 MHz
(apparent as an additional shoulder to the red of the line at
−350 MHz) in Fig. 3(b) which is only accounted for when
three or more photon processes are included. Notice that the
location of all states in the spectrum is numerically converged
only when including higher multiphoton processes.

To examine the multiphoton nature of these states, we
calculate the average deviation in the number of MW cavity
photons from their background number, n0, δn = 〈â†â〉 − n0
for each cavity state. Figure 4 presents the average number
of photons emitted into (δn > 0) or absorbed from (δn < 0)
the cavity for each Rydberg line in the 66S1/2, 67S1/2, and
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68S1/2 spectra at the cavity field amplitude of 77.5 mV/cm.
Note that the experimental spectrum (red lines) has been
included in Fig. 4 solely as a reference to ease the identifi-
cation of various resonances. The two resonances occurring
at −142 and −327 MHz in Fig. 4(a) refer to Autler-Townes
(AT) splitting and are shifted from the main AT lines in
Fig. 4(b), by absorption of an additional photon from the
cavity in the multiphoton process 66S1/2 → 66P3/2 → 67S1/2.
The line at −631 MHz is a single-photon absorption to
the 65P3/2 state, and the main Rydberg line is ac Stark
blue-shifted. In Fig. 4(b), the resonances at +328 MHz
and the one at −370 MHz are two- and three-photon
processes associated with the |67S1/2, n0〉 → |66P3/2, n0 +
1〉 → |66S1/2, n0 + 2〉 and additional |66S1/2, n0 + 2〉 →
|65P3/2, n0 + 3〉 transitions, respectively. The resonance ap-
pearing at -342 MHz is largely a single-photon transition,
|67S1/2, n0〉 → |66P1/2, n0 + 1〉, with some additional cou-
pling to the |66S1/2, n0 + 2〉 state. The resonances in the
detuning range from −1100 to −800 MHz are single-photon
emission lines describing the transitions |67S1/2, n0〉 →
|67P3/2, n0 + 1〉 and |67S1/2, n0〉 → |67P1/2, n0 + 1〉, respec-
tively. Because the cavity is far detuned from any nP states
near the 68S1/2 state, see Fig. 1(a), only single-photon emis-
sion into and absorption from the MW cavity are visible in
Fig. 4(c).

An interesting feature in Fig. 4(b) is that there exist
peaks which share one photon. This holds for the doublets
in Fig. 4(b) around zero detuning and around −370 MHz.
This phenomenon indicates the existence of nontrivial pho-
ton correlations between the states that share the photon
excitation. The fractional photon occupation feature could
potentially be utilized for sensitive electrometry, as the red
and blue AT doublet in Fig. 4(b) will have different Stark
shifts [32]. Additionally, the multiphoton nature of some reso-
nances indicates that their transition amplitudes and positions
will respond nonlinearly to external fields. This nonlinearity
renders them exceptionally sensitive to environmental fields,
making them promising candidates for high-precision field
sensors.

To inspect the type of photon correlations, we employ
the standard two-level Jaynes-Cummings model. The dressed
Jaynes-Cummings states for zero detuning are |±, n0〉 =

1√
2
(|g, n0 + 1〉 ± |e, n0〉), where |g〉 and |e〉 are the energeti-

cally lowest and highest states, respectively, in the two-level
system [33], with n0 photons. The dressed states have non-
integer photon numbers 〈â†â〉±n0 = n0 + 1

2 and they share a
photon.

A measure of photon correlation is the Mandel Q parameter
[33],

Q = 〈(%n̂)2〉 − 〈n̂〉
〈n̂〉

, (4)

where n̂ = â†â is the photon number operator and 〈(%n̂)2〉 ≡
〈n̂2〉 − 〈n̂〉2 represents its variance. If −1 ! Q < 0, the pho-
tons follow sub-Poissonian statistics, a signature of quantum
light without a classical analog [33–35]. For the Jaynes-

Cummings Hamiltonian, Q±n0 = − n0+ 1
4

n0+ 1
2
, with Q±n0 →

n0+1
−1.

It is then plausible that the spectral peaks in Fig. 4(b) featuring
noninteger photon numbers exhibit nonclassical photon corre-
lations.

We explored the direct excitation of dressed Rydberg states
in an ultracold 85Rb sample held inside a three-dimensional
MW cavity and observed multiphotonic MW cavity exchange.
For this we investigate the excitation spectra around three
specific Rydberg states, 66S1/2, 67S1/2, and 68S1/2, by per-
forming fluorescence trap-loss spectroscopy. The cavity was
engineered to match the energy difference for the transi-
tion 67S1/2 → 66P3/2 and MW field was supplied to the
chamber by an intracavity antenna. We were able to de-
scribe the Rydberg excitation spectra by using a multilevel
Jaynes-Cummings model. By taking into account multiphoton
processes of emission and absorption within the MW resonant
cavity, and including a precise trap-loss description, the model
greatly reproduces the observed spectra.

We calculated the average number of MW photons emitted
to or absorbed from the cavity for each spectral resonance.
Because the transition oscillator strengths to the dressed
states are necessarily nonlinear in response to environmental
changes, these states could be potential candidates for quan-
tum sensing. It would be interesting to probe quantum effects
due to the cavity for the generation of specific dressed states,
as superposition of photon excitations. The fractional MW
photon numbers in the Rydberg AT lines in Fig. 4(b) may her-
ald the creation of nonclassical photon states or antibunching.
Further investigations of the MW photon statistics by cooling
the cavity are warranted.
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