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Abstract
We demonstrate the effect of inter-atomic interaction in highly excited Rydberg atoms via
Autler–Townes (AT) splitting in cold atoms. We measure the AT splitting of the
{5S1/2,F= 2}→ {5P3/2,F ′ = 3} transition of 87Rb atoms arising due to the strong coupling of the
transition via the cooling beams used for the magneto-optical trap (MOT). The AT splitting is
probed using a weakly coupled transition from {5P3/2,F ′ = 3} state to highly excited Rydberg
states for a wide range of principal quantum numbers (n= 35− 117). We observe the AT splitting
via trap-loss spectroscopy in the MOT by scanning the probe frequency. We observe a drastic
increase in the broadening of the AT splitting signal as a result of interaction-induced dephasing
effect in cold Rydberg atoms for highly excited Rydberg states with principal quantum number
n> 100. We explain our observations using theoretical modeling and numerical simulations based
on the Lindblad Master equation. We find a good agreement of the results of the numerical
simulation with the experimental measurements.

1. Introduction

Rydberg atoms have emerged as one of the most promising platforms for quantum technology, with
applications in quantum information processing [1–4], quantum sensing [5, 6] and quantum simulation of
condensed matter systems [7–9]. It is due to their exaggerated atomic properties, and in particular, long
lifetimes and strong Rydberg–Rydberg interactions (RRIs). These interactions lead to the well-known
phenomenon of Rydberg blockade, which is a crucial mechanism used to realize quantum gates and explore
quantum many-body physics.

Autler–Townes (AT) or dynamic Stark splitting occurs in a multi-level atom when a strong resonant
oscillating field couples two levels, which is then probed by a weak field that involves a transition to a third
state [10]. The probe transition splits into two components separated by an energy of Rabi frequency
associated with the strong resonant transition [11]. Recent advances in the field have significantly expanded
the scope of AT spectroscopy, particularly by using highly excited Rydberg atoms [12, 13]. Notably, AT
spectroscopy has been employed to measure transition dipole moments [14], carry out high-resolution
spectroscopy [15], conduct precise measurements of DC, microwave or radio-frequency electric field
strengths [16–24], including polarization-insensitive electrometry [25] and probing RRI induced dephasing
effects [26–30]. The efficiency of AT-based Rydberg electrometry can be further improved using magnetic
fields [31–33]. The interaction-induced dephasing affects the AT splitting in different ways; for instance, it
reduces the AT splitting and increases the width of the AT spectral lines. Though the above studies have been
on cold Rydberg gases, the AT spectra in thermal Rydberg atoms have also been extensively studied in an
external magnetic field, which ensures an enhanced Zeeman splitting [34].

In this paper, we present our experimental observations of AT splitting in the optical regime, using cold
Rb atoms trapped in a magneto-optical trap (MOT) and probed via Rydberg states with high principal
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quantum numbers (n= 35− 117). Our experimental setup is designed to probe the atoms with high
precision, enabling us to detect subtle AT effects with greater sensitivity. While other studies on AT splitting
in cold atoms [26–30] probed Rydberg states with n< 72, we investigate the effect of interaction-induced
dephasing in AT splitting for highly excited Rydberg states with n> 100. We demonstrate a sudden drastic
increase in the broadening of the AT splitting for Rydberg states with n> 100. The experimental results agree
very well with the numerical results obtained by using the Lindblad Master equation, where we analyze the
system using a mean-field approach.The effect of RRIs are incorporated through a dephasing term and a shift
in the cooling-beam detuning.

The paper is structured as follows. The experimental setup and procedure are described in section 2. The
nature of trap-loss spectroscopy is discussed in section 3. The master equation governing the effective
three-level atom picture is given in section 4. The experimental measurements of the AT splitting as well as
their comparison to theoretical modeling for various cooling beam and probe beam detuning, as well as a
wide range of principal quantum number of the Rydberg state, are described in section 5.

2. Experimental setup

We study the AT splitting, involving Rydberg excitations, using trap-loss spectroscopy in cold 87Rb atoms in a
MOT. The schematic diagram of the setup is shown in figure 1(a) and the level scheme for laser cooling of
87Rb as well as Rydberg excitation is provided in figure 1(b). In our experiment, the atoms are cooled and
trapped in the MOT at a temperature of 200µK, enabling high-resolution AT spectroscopy. The cooling
beams of the MOT are red-detuned by 2Γ to the {5S1/2,F= 2}→ {5P3/2,F ′ = 3} transition. The parameter
Γ is the natural line width of the closed transition {5S1/2,F= 2}→ {5P3/2,F ′ = 3} of 87Rb valued
∼2π× 6.065(9)MHz. The cooling beams in the horizontal plane (X and Y beams in figure 1(a)) are not
exactly perpendicular to one another due to the space constraints arising due to two high numerical aperture
lenses placed inside the vacuum chamber. The atoms are spatially confined in the MOT created using the
cooling laser beams and a quadrupole magnetic field generated by two magnetic coils placed in an
anti-Helmholtz configuration.

The laser, which is tuned to the transition {5S1/2,F= 1}→ {5P3/2,F ′ = 2}, repumps the atoms that are
decayed into {5S1/2,F= 1} ground state back to the cooling cycle. The cooling, as well as the repumping
lasers, are derived from two DL100 Toptica lasers operating at 780 nm wavelength and frequency locked via a
lock-in regulator using 87Rb saturation absorption spectroscopic signal as the frequency reference. The
cooling laser is locked onto the spectroscopic signal corresponding to {5S1/2,F= 2}→ {5P3/2,F ′ = 1− 3}
cross-over and frequency shifted using an acousto-optical modulator (AOM) to make it red-detuned by∼2Γ
to {5S1/2,F= 2}→ {5P3/2,F ′ = 3} transition. Similarly, the repumping laser is locked to the signal
corresponding to the {5S1/2,F= 1}→ {5P3/2,F ′ = 1− 2} crossover and frequency shifted using an AOM to
the {5S1/2,F= 1}→ {5P3/2,F ′ = 2} transition. The total cooling power used for the trapping is∼15 Isat,
where Isat = 3.58mWcm−2 is the saturation intensity for the given cooling transition. The steady-state cold
atomic cloud in the MOT had a Gaussian diameter of∼700µm and a peak atom number density of
5× 109 atoms cm−3. The temperature of atomic cloud measured using simplified time of flight fluorescence
imaging method [35] is∼200µK.

A laser beam of wavelength 480 nm, is used to probe the strong cooling laser dressed two-level atomic
transition in the cold atomic cloud in the MOT by coupling {5P3/2,F ′ = 3}→ {nS1/2/nD3/2/nD5/2}
Rydberg levels as shown in figure 1(b). This beam at 480 nm was derived from a Toptica TA-SHG pro
frequency-doubled laser system with a seed laser frequency of 960 nm. With a Gaussian diameter of
∼1.5mm, this probe laser is aligned through the MOT, illuminating the cold atomic cloud. The two-photon
Rydberg excitation of the cold 87Rb atoms are studied using the trap-loss spectroscopy technique [29, 35–37].
The Rydberg excited atoms leave the MOT cooling cycle and ballistically fly out of the trap [38]. The
fluorescence of the cold atomic cloud is recorded using a single photon counting module (SPCM-AQ4C
from Excelitas) (figure 1(a)), and the reduction in MOT fluorescence is directly proportional to the rate of
Rydberg excitation. The trap-loss spectroscopy signal from the MOT fluorescence is recorded in each
experimental run. The probe laser at 480 nm is scanned across an atomic transition from the intermediate
state to one of the Rydberg states ({5P3/2,F ′ = 3}→ {nS1/2/nD3/2/nD5/2}) [39]. A wavelength meter
(HighFinesse WS8-2) is used to measure the frequency scanning rate of the probe laser, which is typically
between 2 and 5MHz per second and varied for different Rydberg levels according to the total line
broadening of the transition.
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Figure 1. (a) The schematic of the experimental setup for Rydberg excitation of cold atoms in a 87Rb MOT and trap-loss
spectroscopy. The fluorescence of the MOT is measured using an EMCCD camera and an avalanche photodiode (APD). (b)
Energy-level scheme for two-photon Rydberg excitation along with the cooling and repumping laser beams of the MOT. The
ground state and the intermediate state are coupled by the strong cooling beams of the MOT with a detuning of∆c.

3. Trap-loss spectroscopy of cold 87Rb atoms

The amount of fluorescence signal collected from the cold atomic cloud is directly proportional to the total
number of atoms N trapped in the MOT in the {5S1/2,F= 2} ground state. We can model the dynamics of
the atom number N(t) in the MOT having a constant loading rate L, using the rate equation,

dN(t)

dt
= L−αN(t) , (1)

where α= α0 +α
Ryd
exc (ωp) is the total single-atom loss rate. α0 is the decay rate associated with the atom

number loss from the MOT due to the collisions with the background thermal atoms inside the vacuum

chamber and α
Ryd
exc (ωp) is the probe laser frequency (ωp) dependent decay due to the Rydberg excitation. The

solution of equation (1) is of the form N(t) = N0(1− e−αt) with N0 = L/α, considering no atoms are
present in the MOT at t= 0. In the absence of the probe beam, N0 = L/α0. The steady-state atom number
N0 decreases as the probe laser frequency ωp is tuned across an atomic transition to a Rydberg state. This

decrease is proportional to the Rydberg excitation rate αRyd
exc (ωp).

To understand the nature of AT splitting, we model each atom as a three-level atom comprising of
|g⟩ ≡ {5S1/2,F= 2}, |e⟩ ≡ {5P3/2,F ′ = 3} and |r⟩ ≡ {nS1/2,F ′ ′ = 2} corresponding to the ground,
intermediate and the Rydberg states, respectively. The Hamiltonian of a three-level atom under the rotating
wave approximation, in the {|g⟩, |e⟩, |r⟩} basis, is given by

Ĥ=
h̄

2

 0 Ωc 0
Ωc −2∆c Ωp

0 Ωp −2
(
∆c +∆p

)
 , (2)

where Ωc and∆c (Ωp and∆p) are the Rabi frequency and detuning of the control (probe) field coupling the
|g⟩ → |e⟩ (|e⟩ → |r⟩) transition. In our experiments, we have Ωp ≪ Ωc. Under the strong coupling, the two
lowest states form the dressed states,

|±⟩= 1√
2Ω ′

(
±
√
Ω ′ ±∆c|g⟩+

Ωc√
Ω ′ ±∆c

|e⟩
)
, (3)

where Ω ′ =
√
Ω2

c +∆2
c with energy eigenvalues E± = h̄

2 (−∆c ±Ω ′). Finally, we can write the Hamiltonian
in the basis {|−⟩, |+⟩, |r⟩} as,

Ĥ=
h̄

2

 −∆c −Ω ′ 0 ΩcΩp√
2Ω ′2−∆Ω ′

0 −∆c +Ω ′ ΩcΩp√
2Ω ′2+∆Ω ′

ΩcΩp√
2Ω ′2−∆Ω ′

ΩcΩp√
2Ω ′2+∆Ω ′ −2

(
∆c +∆p

)
 . (4)
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Figure 2. (a) AT dressed split states where the probe couples the two dressed states to the Rydberg level |r⟩.Ω ′ is the generalized
Rabi frequency of the cooling transition. (b) A typical trap-loss spectrum of 87Rb cold atoms in the MOT due to two-photon
excitation to |r⟩. The measurement has been carried out in a MOT with peak atom number density of≈1× 1010 cm−3 by
exciting the cold atoms to the Rydberg state |r⟩= {35S1/2,F ′ ′ = 2}. A total cooling beam intensity of≈55mWcm−2 and a

probe beam intensity of 15mWcm−2 was used in the measurement.

In figure 2, the trap loss spectroscopy signal is shown as a function of the probe detuning (∆p), which
exhibits two minima in N0 corresponding to the resonant Rydberg excitation from the dressed states |±⟩.
The asymmetric depths of the minima [40] is due to the detuning 2Γ of the cooling beams of the MOT
which is used as the control field giving rise to the AT splitting. The detuning of 2Γ facilitates Doppler
cooling in the MOT required for realizing the cold atomic cloud.

The generalized Rabi frequency, Ω ′ =
√
Ω2

c +∆2
c provides the corresponding AT splitting. The cooling

transition Rabi frequency is calculated as, Ωc = Ecµge/h̄, with µge is the dipole matrix element of the cooling

transition and the total cooling field amplitude Ec =
√
2Ic/cϵ0, where c is the speed of light, ϵ0 is the vacuum

permittivity and Ic is the cooling beam intensity. The measurements are performed by probing the MOT
atoms with a weak excitation to the various Rydberg nS1/2 levels for a wide range of principal quantum
numbers. The zero of the probe detuning in the plots is chosen as the midpoint of the AT doublet.

The trap-loss spectra are captured by scanning the frequency of a weak, unidirectional probe beam that
illuminates the whole cold atomic cloud over the resonant Rydberg transition. The weak intensity of the
probe beam means that the effects of radiation pressure, which could potentially push the atoms out of the
trap and the auto-ionization of Rydberg atoms are considered negligible. Nevertheless, if it exists, it can lead
to a higher decay rate in the MOT atom number, manifesting as a broadening in the AT spectra for higher
probe intensity.

4. Theoretical model: master equation

In the effective single three-level atomic system model, we incorporate the RRIs as a dephasing effect [41].
Among the three levels, the intermediate excited state |e⟩= {5P3/2,F ′ = 3} has the highest decay rate. The
dynamics of the system is governed by the Lindblad Master equation,

dρ

dt
=

i

h̄

[
Ĥ,ρ

]
+L [ρ] , (5)

where Ĥ is given in equation (2) and L incorporates the decay from spontaneous emission and dephasing
effects and is given by,

L [ρ] =
∑
k

γk

(
LkρL

†
k −

1

2
L†kLkρ−

1

2
ρL†kLk

)
(6)

with Lk being the jump operators [42].

L=

 Γegρ22 − 1
2Γegρge − 1

2γ3ρgr
− 1

2Γegρeg −Γegρee +Γreρrr − 1
2

(
Γeg + γ3

)
ρer

− 1
2γ3ρrg − 1

2

(
Γeg + γ3

)
ρre −Γreρrr

 , (7)

where Γ ij is the spontaneous decay from the state i to j. The decay rate γ3 = γr +Γre quantifies the dephasing
of the Rydberg state, where, Γ re is the natural decay rate of the Rydberg state along with BBR induced decay,
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which is small compared to the dephasing rate γr resulting from the RRIs. Interaction induced dephasing in
Rydberg atomic ensembles arises from blockade effects and many-body correlations due to strong van der
Waals interactions [26]. Based on our temperature and atom number densities, other Rydberg dephasing
pathways, including inelastic collisions [43] between Rydberg atoms are small [41], although the effects of
autoionization cannot be ruled out completely at large n [44]. γr is determined by an optimized fit of the
numerical data to the experimental data (see appendix A) and is found to be several orders of magnitude
larger than Γ re [45]. In our model, we use experimentally determined values for the probe and cooling Rabi
frequencies, ωp and Ωc, and then optimize the interaction-induced dephasing rate, γr , and the cooling
detuning,∆c. Another effect of the interaction is to cause a change in the cooling beam detuning∆c [27],
which we then take as a free parameter, determined by optimizing the detuning with the experimental data.
The decay rates, Γ ij are calculated using ARC calculator, which gives us Γeg = 2π × 6.01MHz. Considering
the final measurements are taken after few milliseconds, we can assume the MOT atom numbers reached a
steady state as discussed in section 3. We solve equation (5) for the steady state, which provides us α(1− fR),
where fR = ρrr and α are determined by scaling the blue-detuned peak from the experiment (the peak at the
right in the AT splitting signal shown in figure 2).

5. Results

5.1. AT spectra for various cooling and probe beam intensities
Here, we report the trap-loss spectroscopy for various cooling and probe beam intensities for
|r⟩= {35S1/2,F ′ ′ = 2}. The effect of varying the cooling beam intensity on the AT splitting is shown in
figure 3(a) for∆c = 2π × 7.9MHz and a probe beam intensity of 32.5mWcm−2 (Expt). We observe that the
AT splitting increases with the cooling beam intensity as expected. The AT splitting measured from trap-loss
spectroscopy vs the generalized Rabi frequency calculated for the cooling transition for various cooling beam
intensities is shown in figure 3(b), and both quantities are expected to be equal. The mismatch between the
two as shown in figure 3(b) can be due to an overestimation of the intensity of the cooling beam along the
path. This means that the actual cooling beam intensity seen by the cold atomic cloud is lower than the
estimated intensities using the direct optical power measurements. The solid lines in figure 3(a) present the
numerically calculated steady-state fraction of atoms as a function of the probe detuning using the master
equation in equation (5) and is found to be in excellent agreement with the experimental results. The
numerical results show that increasing the cooling beam intensity leads to a higher γr , indicating an
enhanced RRIs.

In contrast with the above results of varying Ic, changing the probe beam intensity Ib has negligible
influence on the AT splitting, however exhibits larger atom loss with increasing intensity, as shown in
figure 4(a). The corresponding numerical results are shown in figure 4(b). The numerical optimization
results reveal that the dephasing rate γ3 also increases with an increase in probe beam intensity, due to the
formation of more Rydberg atoms at higher intensities. This is supported by the augmented atom number
loss shown in figure 4(a). The broadening in AT spectra with an increase in Ib is attributed to power
broadening and the rise in the dephasing rate γ3.

The effect of γr is to cause a broadening in the AT peaks [46], and we observe that γr increases mildly on
increasing Ip. The power broadening can also be a major contributor to the line broadening with the
increasing probe beam intensity.

5.2. AT spectra for different principle quantum numbers (n)
We investigate the AT splitting in cold atoms for Rydberg states with a wide range of principal quantum
numbers (n= 35− 117). In figure 5, the data points show the experimentally measured AT spectra for
different principal quantum numbers, and the solid lines show the corresponding plots from the
single-particle model. As compared to other studies on AT splitting in cold atoms [26–30] probing Rydberg
states with n< 72, we investigate the effect of interaction-induced dephasing in AT splitting for highly excited
Rydberg states with n> 100. The interaction-induced dephasing γr of the Rydberg state results in the
broadening of the spectra for larger principal quantum numbers. We observe a drastic increase in the
broadening of the AT spectra for highly excited Rydberg states with principal quantum number n> 100. The
broadening of the red-detuned peak is much larger compared to that of the blue-detuned peak as shown in
figure 5. The results of our theoretical modeling (solid lines) agree well with our experimental measurements
as shown in figure 5. The increase in the width of the red-detuned peak is proportional to the increase in the
interaction-induced dephasing rate as γr shown in figure 6(b). The interaction-induced broadening of the
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Figure 3. (a) The trap-loss spectra obtained for |r⟩= {35S1/2,F ′ ′ = 2} with different cooling beam intensities for

∆c = 2π × 7.9MHz and a probe beam intensity of 32.5mWcm−2. The cooling beam intensities are given in the units of
saturation intensity for {5S1/2,F= 2}→ {5P3/2,F ′ = 3} transition (Isat = 3.58mWcm−2). The solid lines are the numerically
estimated steady-state fraction of atoms left in the MOT (1− fR) as a function of probe detuning∆p for corresponding
experimental parameters. The parameter, interaction-induced dephasing γr (given in MHz) is deduced from the fit to the
experimental data for different cooling Rabi frequenciesΩc. The cooling beam detuning∆c was optimized in the modeling using
the experimental measurements. The plot in (b) shows the amount of AT splitting vs the generalized Rabi frequency for cooling
transition calculated with the corresponding cooling beam intensities.

Figure 4. The trap-loss spectra obtained for |r⟩= {35S1/2,F ′ ′ = 2} with different Rydberg/probe beam intensities measured in

mW cm−2) are shown in (a). The numerically estimated steady state fraction of atoms left in the MOT (1− fR) as a function of
probe detuning∆p with the shift in detuning and the interaction-induced dephasing fit to the experimental data for different
probe Rabi frequenciesΩp is shown as the solid line in (a) in comparison with the experimental results. γr is given in MHz in (a).
(b) Shows the amount of AT splitting vs the Rydberg/probe beam intensities.

spectra also deteriorates the visibility of AT splitting. All the measurements in figure 5 are carried out with
approximately equal cooling beam intensity of 90mWcm−2 and the AT splitting almost vanishes for the
n= 117. The probe beam intensities for different principal quantum numbers n were chosen in such a way as
to have the same probe Rabi frequency Ωp for all the principal quantum numbers.

The variation of the linewidth of red and blue detuned peaks of the corresponding measurement is
shown in figure 6(a). There is a steep increase in the width of the red-detuned peak as compared to the
blue-detuned peak when the principal quantum number n of the Rydberg state is increased beyond n= 100
as shown in figure 6(a). The dephasing rate γr calculated from our theoretical modeling for Rydberg states
with various principal quantum numbers is shown in figure 6(b). The sharp increase in the dephasing rate
explains the corresponding increase in the width of the red-detuned peak of the measured AT splitting signal
shown in figure 6(a).
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Figure 5. The trap-loss spectra measured for different principal quantum number n of 87Rb (data points) and the steady state
fraction of atoms left in the MOT (1− fR) for the corresponding n levels obtained numerically (solid lines). The measurements
are carried out in a cold-atomic cloud of magneto-optical trap with cooling detuning of 10MHz and a generalized Rabi frequency
of 23.7MHz. The probe laser intensity is chosen in such a way as to keep the Ωp same for all the measurements(≈5.2 kHz).

Figure 6. (a) The linewidth of the red and blue detuned dips obtained by curve fit using inverted Gaussian model plotted as a
function of the principle quantum number n. (b) The dephasing rate calculated for the different n levels from figure 5.

6. Conclusion

We have investigated the two-photon excitation to Rydberg states in cold 87Rb atoms in a MOT. In a
steady-state MOT, the trap-loss spectroscopy method was used to quantify the Rydberg excitation. Although
they are no longer constrained by the MOT potential, the atoms excited to the Rydberg state from the cold
atomic ensemble will have the same temperature as the cold atoms. This causes the trap-loss dips in the
fluorescence measurement of the cold atoms and finally enables these atoms to escape out of the trap. The
two dips in the trap-loss spectra are produced by the AT splitting caused by the strong coupling via the
red-detuned cooling beams of the MOT, causing asymmetric AT splitting for the intermediate level. These
dips are separated by the generalized Rabi frequency for the cooling transition of the MOT. The strength of
the interaction between the atoms excited to the Rydberg state increases with the principal quantum number.
In the case of large principal quantum numbers, we also observe a sharp increase in the broadening of the AT
splitting signals due to high dephasing rate arising from the inter-atomic interaction between the Rydberg
atoms. We perform theoretical modeling and numerical simulation based on the Lindblad Master equation
and find good agreement with our experimental observations. By analyzing the resulting AT spectra and
explaining the same using theoretical modeling, we aim to contribute to the growing body of knowledge on
Rydberg atom interactions and their implications for advanced quantum technologies [5, 47].

Data availability statement

All data that support the findings of this study are included within the article (and any supplementary files).
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Appendix A. Optimization procedure

To determine the interaction-induced dephasing rate γr and the shift in the cooling detuning∆c we perform
an optimization by fitting the AT spectra obtained from our effective single-atom model to the experimental
trap-loss spectroscopy results. In this fitting process γr and∆c are treated as free parameters. To optimize γr

and∆c, we minimize a binary cross-entropy loss function, defined as:

L=
1

N

∑
i

yexpi log
(
ythi

)
+
(
1− yexpi

)
log

(
1− ythi

)
(A1)

where yexpi and ythi are the experimentally and theoretically obtained values of 1− fR respectively for each
probe detuning∆p. For optimization, we employ the scipy.optimize package, specifically utilizing the
constrained optimization by linear approximations method to find the optimal values of γr and∆c.

Appendix B. A-T trap loss spectra for different magnetic field gradients of MOT coils

Figure 7. (a) The trap-loss spectra obtained for |r⟩= {35S1/2,F ′ ′ = 2} with different MOT anti-Helmholtz coil magnetic field
gradient. (b) The amount A-T splitting vs the magnetic field gradient.

The magnetic field gradient of the MOT anti-Helmholtz coils can be adjusted by changing the current
passing through them. The trap is steeper and denser when the magnetic field gradient is larger. Our MOT
anti-Helmholtz coils can create a magnetic field gradient of∼10 G

cm·A . The MOT become steeper and the peak
atom number density will increase when we increase the magnetic field gradient of the coils. The peak atom
number density in the MOT was varied between 1.1 and 7.0×109 atoms cm−3 by changing the magnetic field
gradient in the range of 15–30G cm−1. Figure 7 shows the A-T trap-loss spectra for |r⟩= {55S1/2,F ′ ′ = 2}
by varying the magnetic field gradient. The A-T splitting is almost a constant in the measurement. The
non-zero magnetic field, though very small, can still contribute to the broadening of the spectra, as all

8
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measurements were carried out with MOT coils on. The range of peak atom number density in the MOT is
very small to observe any significant broadening due to Rydberg interaction-induced dephasing [30, 45].
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