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Abstract: Electromagnetically induced transparency (EIT) and Autler-Townes splitting (ATS)
are two similar quantum coherent phenomena but have different mechanisms and applications.
Akaike information criteria (AIC), an objective method to discriminate EIT and ATS from an
experimental viewpoint, has been employed in a variety of systems. Here we use AIC method to
quantitively discriminate a series of spectra of cold atoms in a Rydberg-involved upper-driving
ladder-type. The derived weights of EIT and ATS reflect that our spectra change from EIT-ATS
intermediate region to ATS-dominated region along Rabi frequency of coupling field increases.
We find that there are two factors affecting EIT-ATS weights in a Rydberg-involved three-level
system: dephasing rate, induced by the interactions among Rydberg atoms, makes the EIT-ATS
crossover move to the direction of low Rabi frequency of coupling field and the experimental
noise makes the difference between EIT and ATS weights reduce at elsewhere. Our investigation
could provide a meaningful reference for the observations and applications of Rydberg-involved
quantum coherent spectroscopy.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Electromagnetically induced transparency (EIT) is a quantum interference phenomenon in which
the transmission of a weak probe field is enhanced in the presence of a strong (near-)resonant
coupling field [1–3]. Arising from the destructive Fano interference [4], EIT has exhibited
numerous applications, such as lasing without inversion [5], high-precision magnetometry [6],
slow light propagation [7], light storage [8] and quantum transistor [9]. Another similar but
different quantum coherent phenomenon is Autler-Townes splitting (ATS) [10], in which a linear
a.c. Stark effect is caused by the strong coupling field and then the induced dressed states are
measured by the weak probe field. Without interference characteristic, applications of ATS are
mainly limited in spectroscopy-based measurements, like transition dipole moment [11] and
lifetime [12], along with very few exploration utilizing quantum coherence (to our knowledge
only quantum memory [13,14] is recently explored).

Due to the similar transparency phenomenon in EIT and ATS but different applications,
distinction between them became an active topic in the past decade [15–21]. For a three-level
system there are totally four kinds of types to realize EIT and/or ATS:Λ-, V-, upper-driving (where
the coupling field drives the middle and upper levels) and lower-driving (where the coupling
field drives the middle and lower levels) ladder- (i.e. cascade-) types. In 2010 Abi-Salloum
theoretically set a threshold to separate EIT from ATS in an unified study of the four kinds of
three-level atom systems [15]. The threshold simply replies on decoherence rates of related
coupling states (i.e. polarization decay rate in Ref. [15]). The author concluded that EIT can
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be observed in only Λ and upper-driving ladder-type systems, while ATS in all four types of
three-level atom systems.

In fact, a real physical system is often affected by many experimental parameters. Thus it
is necessary and useful to build a EIT-ATS criteria from the lineshape of spectrum obtained
experimentally. From this experimental viewpoint, Anisimov et al. [16] proposed an objective
method based on Akaike information criterion (AIC) to discriminate EIT and ATS, with an
additional ability to evaluate their respective weights. Since then this method has been employed
and verified in a variety of systems, includingΛ-type cold atoms [17], coupled whispering-gallery-
mode resonators [18], plasmonic waveguide-resonators coupled system [19], superconducting
quantum circuits [20] and coupled mechanical oscillators system [21].

In the field of ladder-type atom system, a Rydberg state is often involved. Motivated by
the tunable long-range interactions and special blockade effect between Rydberg atoms, such
system has attracted a lot of attentions. There have exhibited numerous applications based on
Rydberg-involved EIT effect, such as non-destructive detection of Rydberg state population
[22,23], sensitive measurement of microwave electric field [24,25], high resolution imaging
of individual particles [26,27], realization of single-photon source [28,29] and single-photon
transistor [30–32]. Meanwhile, Rydberg-involved ATS spectroscopy and application have also
been investigated [33–40]. Thus distinction of Rydberg-involved EIT and ATS is meaningful for
their applications.

Nath et al. [41] studied the spectral behaviors of hot atoms, where the upper-driving ladder-type
is roughly supposed as EIT spectrum while the lower-driving ladder-type as ATS Spectrum.
Further, Hao et al. [42] presented the spectrum transition from EIT to ATS in a upper-driving
ladder-type cold atoms, where linewidth and transparency window region are respectively used
to characterize EIT and ATS. To the best of our knowledge, only Tan et al. [43] used AIC method
to quantitatively judge the spectral lineshape of Rydberg-involved upper-driving system. We
need to notice that their spectra used are theoretically simulations based on hot Rb atoms system
in Ref. [22]. In addition, their simulated results (Fig. 6 in Ref. [43]) show only the spectra of
EIT-dominated and the EIT-ATS intermediate regions. The absence of ATS-dominated spectrum
are attributed to the enhanced absorption by Doppler effect and large wavenumber mismatch
between probe and coupling fields.

In this paper, we use AIC method to quantitatively discriminate a series of measured spectra of
cold atoms in a Rydberg-involved upper-driving ladder-type configuration. Along Rabi frequency
of coupling field increases, the derived weights of EIT and ATS represent that our obtained spectra
changes from EIT-ATS intermediate region to ATS-dominated region. The measured weights
are compared with the numerically simulated results under ideal conditions. The deviation of
measurements from simulation is observed and the influenced factors are analyzed.

2. AIC method

According to Ref. [16], EIT model comprises one broad, positive Lorentzian profile and another
narrow, negative Lorentzian one, while the ATS is a sum of two separated Lorentzian profiles.
For an ideal three-level system both EIT and ATS have symmetry lineshapes centered at resonant
transitions:

AEIT =
C+

γ2
+/4 + δ2p

−
C−

γ2
−/4 + δ2p

, (1)

AATS =
C

γ2/4 + (δp + δ0)2
+

C
γ2/4 + (δp − δ0)2

, (2)

Here C+, C−, C are amplitudes of the Lorentzian curves, γ+, γ−, γ are their corresponding
respective linewidths, δp is the frequency detuning of probe field relative to the |g⟩-|e⟩ transition,
δ0 is the shift of ATS peaks.
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However, one spectrum experimentally obtained may have asymmetry lineshape or/and central
deviations due to sublevels splitting of multi-level model [17], frequency shift of laser locking
and background offset from photodetector. Thus sometimes the ideal EIT and ATS models in
Eqs. (1)–(2) need to be revised by adding more parameters [17,20]. Considering asymmetry
lineshape and deviations in both horizontal and vertical axes, the profiles of EIT and ATS models
can be written as

AEIT =
C+

γ2
+/4 + (δp − δeit − ϵ)2

−
C−

γ2
−/4 + (δp − δeit)2

+ yeit, (3)

AATS =
C1

γ2
1/4 + (δp − δats + δ1)2

+
C2

γ2
2/4 + (δp − δats − δ2)2

+ yats, (4)

Similarly, C1 and C2 are the amplitudes, γ1, γ2 are their respective linewidths, δeit, ϵ , δats, δ1,
δ2 are the shifts from zero frequency. In addition yeit and yats are the offset from zero absorption.

To quantify the EIT and ATS models, the following expression is employed to calculate their
weights [16]:

wEIT =
e−IEIT/2N

e−IEIT/2N + e−IATS/2N , wATS = 1 − wEIT . (5)

Here N is the number of spectrum data. Ij (j represents EIT or ATS) quantifies the information
lost when model Aj fits actual data and are defined as Ij=-2logLj+2Kj, where Lj is the maximum
likelihood for model Aj with the number of fitting parameters Kj, and can be calculated by the
NONLINEARMODELFIT function in MATHMATICA. It is noticed that Ref. [16] also gives
an equivalent form of Akaike’ information, that is the least-squares analysis Ij=Nlog(ΣN

1 ϵ
2
k /N),

where ϵ2k is the estimated residuals from the fitted model.

3. Experimental setup

Our experiment starts with an standard cold Cs atoms Magneto-Optical Trap (MOT) with a
temperature of 100 µK and a peak density of 1010 cm−3. The experimental setup is exactly the
same as Ref. [42] and further details can also be found in Ref. [44]. From the perspective of
structure completeness for this paper, here we still give main procedures and related experimental
parameters.

Figure 1 shows the scheme of experimental setup we used. A pair of probe (orange) and
coupling (green) beams have linear polarizations in parallel and counter-propagation through
a cold Cs atoms cloud. They are overlapped at the center of MOT, with Gaussian waists of
ωp=10 µm and ωc=30 µm respectively. As shown in the inset, the probe laser couples the
transition between ground state |6S1/2, F = 4⟩ (labeled as |g⟩) and intermediate excited state
|6P3/2, F′ = 5⟩ (|e⟩), while the coupling laser couples the intermediate state and the Rydberg
state |35S1/2⟩ (|R⟩). The frequency of probe is locked by polarization spectroscopy [45], while
the frequency of coupling laser is stabilized to the |e⟩ − |R⟩ transition by a Rydberg EIT signal
obtained from a cesium room-temperature vapor cell [44]. It is noticed that the hyperfine internal
of |R⟩ state is estimated to be less than 2 MHz (see Supplement 1), which is on the order of
frequency fluctuation of of coupling laser after locking and also the coherent spectroscopy shown
below, thus the |R⟩ state is not labeled with hyperfine resolution. The power of probe beam, Pp,
is low as 200 pW, inducing that the corresponding Rabi frequency Ωp=µgeE/ℏ = 2π×1.05 MHz,
where µge is the matrix element for the dipole transition between coupled states (the data of alkali
atoms can be easily calculated by an open software ARC [46]) and the amplitude of probe field
Ep has a relationship with Pp by EP=

√︂
2Pp/cnε0πω2

p. There is similar relationship between the
power of coupling beam and its amplitude, allowing convenient change of Rabi frequency of
coupling field Ωc.

https://doi.org/10.6084/m9.figshare.14258582
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Fig. 1. Scheme of experimental setup. The probe (orange) and coupling (green) beams
are counter-propagated and coupled with a cold Cs atoms cloud in a Rydberg-involved
upper-driving ladder-type configuration. The relevant three levels are shown in the inset,
where Γe and ΓR are the population decay rates of excited and Rydberg states respectively.

In each experimental cycle, after turning off cooling beams of MOT and magnetic field we
switch on the coupling and probe beams for 25 µs. During this pulse process the probe laser
frequency is swept across |g⟩-|e⟩ transition by using a double-pass acousto-optic modulator
(AOM). The EIT or ATS spectral signal is recorded by detecting the transmitted intensity of
probe beam with a single-photon counter module (SPCM), followed by a data acquisition card
and then processed with a LabVIEW programme. The spectral absorption coefficient, α, is
obtained from the SPCM count number P by the relation αL=-ln(P(δp)/P0), where P0 is the
count number when probe field is far off resonant (absorption-free) and L the effective diameter
of cold atom along the probe beam path.

4. Results

Figures 2(a)-(c) show three typical absorption spectra of ultracold Cs atoms as a function of δp
with a form of normalized absorption coefficient α. Ωc in (a-c) is respectively selected to be the
minimum, a middle and the maximum values in our obtained spectra with enough signal-noise
ratio. They show that the transparency window broadens and transparency dip increases when
Ωc increases. From the spectral lineshape it is hard to evaluate the poles of EIT and ATS by eye,
thus some quantatitive analyses based on AIC method are given below.

With all parameters adjustable in Eq. (3) and (4), we fitted the measured spectra with AEIT and
AATS respectively. The fitting results are shown with blue solid lines and red dashes, with derived
parameters given in the corresponding caption. These fitting curves give us an impression that
EIT model dominates spectrum at low Rabi frequency, while ATS model dominates at high
region. Using the form of least-squares in Eq. (5), we plot the measured weights of EIT and ATS
in Fig. 2(d) (blue solid and red hollow dots). Each point is averaged with three measurements
and the accompanying fittings. It shows that when Rabi frequency of coupling field increases our
obtained spectrum varies from EIT-ATS intermediate region to ATS-dominated region. This
unobvious difference between EIT-ATS weights is comparative with the obvious difference
happening in Λ- type cold atoms system [17,47]. To find out the reasons, we will simulate spectra
under the condition of our experimental parameters and calculate their weights.

There has been an standard semiclassical description on the three-level atom systems coupled
by two fields, that is Lindblad master equation with population decay rates (i.e. natural linewidth)
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Fig. 2. Absorption spectra of ultracold Cs atoms in our composed Rydberg-involved
ladder-type system and the distinctions of EIT and ATS based on AIC method. (a-c) The
absorption coefficients as a function of frequency of probe field under three typical Rabi
frequencies of coupling fields with values of 2π×1.92 (a), 6.37 (b) and 12.24 (c) MHz
respectively. The blue solid line in each graph is fitting curve with EIT model (Eq. (3)),
while the red dash with ATS model (Eq. (4)). The parameters (C+, C−, γ+, γ−, δeit, ϵ , yeit)
in AEIT with best fitting in (a-c) are (25.8, 15.87, 3.60, 2.98, −0.0619, −0.0236, −0.135),
(70.44, 43.93, 6.595, 5.331, −0.524, −0.0905, −0.2) and (368.8, 234.2, 14.35, 11.61, −0.144,
−0.0663, −0.2) respectively, while the parameters (C1, C2, γ1, γ2, δ1, δ2, δats, yats) in AATS
are (2.273, 2.559, 3.082, 3.549, 1.732, 1.623, −0.0247, −0.0623), (3.687, 1.269, 4.087,
2.662, 4.385, 2.662, 0.402, 0.087) and (10.6, 5.634, 6.531, 4.722, 6.655, 6.064, 0.0587, −0.2)
respectively. It needs to be noticed that the offsets of yeit and yats are limited in the range of
[−0.2, 0.2]. (d) Comparison of measured and simulated weights of EIT and ATS models.
The weights are derived based on Eq. (5). The blue solid dots and red hollow dots are
measured weights of EIT and ATS respectively, while others are simulated results. Among
the simulations, the black line and dash are the results under the case of ideal condition,
while the green and yellow dots are results in the presence of dephasing rate γd

Rg = 0.3Γe
and the characteristic parameter of Gaussian noise σ = 0.4 (see contexts below). The inset
shows the data zoomed in.
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and dephasing rates manually inserted (for examples, see Refs. [42,48,49]). In our previous work
[42] the probe and coupling Rabi frequencies both variety in large ranges, thus we numerically
solved Lindblad equation. But here the Rabi frequency of coupling field, ΩP, is fixed at a value
around one over 5 of natural linewidth of state |e>, Γe (2π×5.2 MHz [50]). Under weak field
approximation and steady state condition, the density matrix element, ρeg, which represents the
coherence between probe field and the two coupled states, can be obtained as (see e.g. Ref. [49])

ρeg = −
iΩp/2

γeg − iδp + Ω2
c/4

γRg−i(δp+δc)

. (6)

Here δc is the frequency detuning of coupling field and is set to be zero in the following
contexts. γeg=(Γe+Γg)/2+γd

eg, where the linewidth of state |g>, Γg, is zero. γd
eg is the dephasing

rate between states |e> and |g> and is neglected for that it is much smaller than Γe [42,48].
Similarly γRg=(ΓR+Γg)/2+γd

Rg=ΓR/2+γd
Rg, where ΓR is the linewidth of state |R> with a value of

2π×7.02 kHz (with corresponding lifetime of 22.691 µs [51]), γd
Rg is the dephasing rate between

states |R> and |g>. In our previous work [42] γd
Rg is also be neglected. However, we will see that

dephasing rate can not be simply neglected in the contexts below.
Figures 3(a)-(c) show our simulated spectra under several values of γd

Rg. The spectra are
obtained by the imaginary part of Eq. (6). Other parameters have been given before. It is found
that both amplitudes of dip and two peaks decrease as γd

Rg increases. We also notice that the
influence on dip is much stronger than the influence on peaks, especially when Ωc is low. Thus
we compare the dip shapes of simulated spectrum and measured one under low Ωc (i.e. Fig. 2(a)
and Fig. 3(a)). It looks that the case of γd

Rg = 0.3Γe matches our measurement better. We attribute
the large dephasing rate to the interactions among Rydberg atoms [48].

In the following we show the influence on EIT-ATS models from dephasing rate, we use
Eqs. (1)–(2), instead of Eqs. (3)–(4), to fit those spectra in Figs. 3(a)-(c) due to the absolute
symmetry of these simulated spectra. For simplify we did not plot their fitting curves and directly
plotted the weights of EIT and ATS as a function of Ωc under different γd

Rg in Fig. 3(d). It is
noticed that here Ij is calculated based on NONLINEARMODELFIT function in MATHMATICA,
which is equivalent but simpler than least-squares analysis for simulated spectra. Figure 3(d)
shows that there are two tendencies induced by dephasing rate: the crossover from EIT to ATS
move to the direction of lower Ωc, and the difference between EIT and ATS weights increases
after crossover. Our measurements shown in Fig. 2(d) agrees with the first tendency, but disagree
extremely with the second tendency. We guess that the reason may arise from experimental noise,
which has exhibited serious influence in a Λ- type system (e.g. see Fig. 3(a) in Ref. [16]).

To see the influence of experimental noise on ladder-type system, we introduce Gaussian
noise to the imaginary part of Eq. (6), just like what has been done in Ref. [16]. In detail
Imρeg is converted into (1+ξ)·Imρeg, where ξ is randomly chosen from the x-axis values of
normal distribution exp[-x2/

√
2πσ]/

√
2πσ. ξ represents deviation ratio from an ideal condition

without any noise, thus is a mathematical quantification of spectral fluctuation induced by all
experimental noises. Figures 4(a)-(c) show the simulated spectra when σ increases from 0.01 to
0.4 in the absence of γd

Rg while keep other parameters the same as in Figs. 3(a)-(c). It is expected
to find that the lineshape has no change and the amplitude fluctuation strengthen as σ increases.
Comparing with the spectra in Figs. 2(a)-(c), our experimental noise looks equivalent to the case
of σ=0.1∼ 0.4. There are many parameters may induce so large noise, such as the frequency
uncertainty of probe laser (∼MHz [44]) , the fluctuation of atom density, the nonlinear response
and uncertainty of AOM voltage controlled oscillator et al..

We then consider the influence of experimental noise on EIT-ATS models. Figure 4(d) plots
the weights of EIT and ATS as a function of Ωc under different σ. The simulation shows that the
position of EIT-ATS crossover has no any change but the difference between EIT and ATS weights
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Fig. 3. Simulated absorption spectra (a-c) and the distinctions of EIT and ATS (d) influenced
by dephasing rate. The weights of EIT and ATS are obtained by using Eq. (5), in which Ij
is calculated based on NONLINEARMODELFIT function in MATHMATICA. The steps
of δp in (a) and Ωc in (c) are chosen respectively as 0.05 MHz and 0.1 MHz. The noise
characteristic parameter σ are set to be zero (see contexts below). The values of dephasing
rate are labeled in graphs.

Fig. 4. Simulated absorption spectra (a-c) and the distinctions of EIT and ATS (d) influenced
by experimental noise. The standard derivations of Gaussian noise are labeled in graphs.
The dephasing rate γd

Rg is set to be zero, while other parameters are the same as in Fig. 3.
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reduces at elsewhere. It is also found that the reduction amplitude is stronger in EIT-dominated
range than in ATS-dominated range. This tendency shows that the same amount of noise have
different influences on coherence spectroscopy in different region. In EIT-dominated region
the noise-induced decoherence strongly weaken the quantum interference mechanism, while in
ATS-dominated region only noise-induced disturbances are externally added to the dressed states.
If noise is large enough, either EIT model or ATS model is suitable, thus their weights are both
equal to 0.5 but with early reach in low EIT-dominated region. Our measurement in Fig. 2(d) is
such this situation.

In reality, our measured spectra are affected by the two factors above together. The weights of
EIT and ATS based on the simulated spectra with dephasing rate γd

Rg=0.3Γe and Gaussian noise
σ=0.4 are shown in Fig. 2(d), comparing with the results under ideal condition (in the absence
of dephasing rate and experimental noise). It shows that the former simulation agrees better. But
there still be some deviation in large range. That is because the acquired spectral region is not
large enough when Ωc is large, inducing incomplete reflection of fitting with ATS model (e.g.
see the spectrum in Fig. 2(c)).

5. Conclusions

We have demonstrated the distinction of EIT and ATS components by using AIC method in
Rydberg-involved upper-driving ladder-type cold atoms. The weights of EIT and ATS reflect that
our spectra change from EIT-ATS intermediate region to ATS-dominated region. Our simulations
show that there are two factors influencing the spectra in this kind of Rydberg-involved system,
that is dephasing rate and experimental noise. The dephasing rate, induced by the interactions
among Rydberg atoms, make the dip decreases and make the EIT-ATS crossover move to the
direction of low Rabi frequency of coupling field. The experimental noise makes the difference
between EIT and ATS weights decreases at elsewhere. By reducing the influences from dephasing
rate and experimental noises, one may obtain strong EIT-dominated region at low Rabi frequency
of coupling field. Our investigation could provide meaningful reference for the observation and
applications of Rydberg-involved quantum coherent spectroscopy.
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