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Abstract
Electromagnetically induced transparency (EIT) andAutler–Townes splitting (ATS) are two similar
yet distinct phenomena thatmodify the transmission of aweak probe field through an absorption
medium in the presence of a coupling field, featured in a variety of three-level atomic systems. Inmany
applications it is important to distinguish EIT fromATS splitting.We present EIT andATS spectra in a
three-level cascade system, involving cold cesium atoms in the S35 1 2 Rydberg state. The EIT
linewidth, γEIT, defined as the full width at halfmaximumof the transparencywindow, and the ATS
splitting, γATS, defined as the peak-to-peak distance betweenAT absorption peaks, are used to
delineate the EIT andATS regimes and to characterize the transition between the regimes. In the cold-
atommedium, in theweak-coupler (EIT) regime γEIT≈A+B( c

2W + p eg
2W G) , whereΩc andΩp are

the coupler and probe Rabi frequencies,Γeg is the spontaneous decay rate of the intermediate 6P3/2
level, and parametersA andB that depend on the laser linewidth.We explore the transition into the
strong-coupler (ATS) regime, which is characterized by the relation γATS≈Ωc. The experiments are
in agreementwith numerical solutions of theMaster equation.Our analysis accounts for non-ideal
conditions that exist in typical realizations of Rydberg-EIT, including laser-frequency jitter, Doppler
mismatch of the utilized two-color Rydberg EIT system, and strong probe fields. The obtained criteria
to distinguish cold-atomEIT fromATS are readily accessible and applicable in practical
implementations.

1. Introduction

Electromagnetically induced transparency (EIT) [1] is a quantum interference effect inwhich the absorption of a
weak probe laser, interacting resonantly with an atomic transition, is reduced in the presence of a coupling laser,
which (near-)resonantly couples the upper probe level to a third level. EIT is, for instance, crucial in optically
controlled slowing of light [2] and optical storage [3]. Autler–Townes splitting (ATS) [4], proposed byAutler and
Townes, is a linear (resonant)ACStark effect in a two-level system that is strongly driven at resonance, and can
bemeasured via aweak probe froma third level. ATSwas observed originally in themicrowave and later the light
domain. EIT andATS have been extensively investigated experimentally and theoretically inΛ−,V− and
cascade-type three-level atoms [1, 5–10].

EIT andATSmay phenomenologically look similar, but they are different in nature, one being a quantum
interference and the other a linear AC Stark effect. This leads to an interest in the establishment of criteria to
discern them. In [9], threshold values for distinguishing EIT andATS,Ωt, are defined via the coherence decay
rates in theMaster equation of the various systems, according towhichATS is observed in four different three-
level systems in a strong-coupling-field regime (Ωc /Ωt> 1), whereas EIT is observed only inΛ- and cascade EIT
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configurations in aweak-coupling-field regime (Ωc/Ωt<1). Anisimov et al [10] also propose an objective
method based onAkaike’s information criterion (AIC), to discern ATS fromEIT in experimental data of aΛ-
type three-level atom. Recently, a series of experiments [11–13] has been performed inwhich theAIC has been
used to discriminate EIT fromATS inΛ-type three-level systems free ofDoppler effects. Zhang et al [14]
provided a theoreticalmodel using afive-level system and investigated EIT andATS based on theAIC. Another
area of interest, inwhich EIT andATS are important, is spectroscopy of highly exited Rydberg levels using all-
opticalmethods. Rydberg-EIT, a cascade EIT case, wasfirst observed in a vapor cell [15] and later in a rubidium
MOT [16]. In Rydberg-EITwork, the phenomena under investigation are often due to strong Rydberg-atom
interactions that are distinct from the optical couplings that give rise to EIT orATS. For instance, Rydberg-EIT
has been used to realize a single-photon transistor [17] and a single-photon source [18, 19] by employing a
blockade effect [20–22], which results from the strongRydberg-atom interactions. ATS has also been
investigated in systems that have involved Rydberg states of rubidium [23, 24] and cesium [25, 26]. Exploiting
the fact that Rydberg atoms strongly couple to radio-frequency(RF)fields, Rydberg EIT andATS effects are used
to realize precisemeasurements of suchfields [27–31]. Holloway et al [32] have investigated the relationship
between the Rabi frequency of resonant RF transitions betweenRydberg states and the resultant ATS splitting in
Rydberg-EIT spectrameasured in room-temperature atomic vapor. In relatedwork, the enhancement and
suppression ofmulti-wavemixing (MWM) infive-level systems [33] has been studied, and the effect of Rydberg-
atom interactions was explored [34]. Spectra and spatial images of probe andMWMsignals were obtained for
six-wave [35] and eight-wave implementations [36]. The role of Rydberg interactions aswell as the co-
occurrence of Rydberg-EIT andATSwere discussed in theseworks.

While numerous efforts have already dealt with discriminating EIT fromATS [9–14], as reported in the
above overview,many of these earlier works are limited toΛ-type systems, deal withDoppler-effect-free cold-
atom systems or all-optical equivalents of those, assume that the probe is in theweak-field limit, assume that the
system is in steady-state, assume a vanishing laser linewidth, and/or assume that there is no interaction between
the atoms (or their analogs) that exhibit EIT or ATS. In the present workwe explore the EIT/ATS transition in a
case where none of these ideal conditions are necessarily satisfied.We use cascade EIT andATS, with a Rydberg
upper-level state, in a cesiummagneto-optical trap (MOT) as an experimental test system.We introduce two
parameters, the Rydberg-EIT linewidth, γEIT, and the AT spilitting, γATS, to characterize the EIT toATS
transition. In ourmodel, we calculate spectra usingmethods provided in [32] to study the dependence of γEIT
and γATS on theRabi frequencies of both the probe and coupling transitions. The transition between EIT and
ATS effect is linked to a qualitative change in behavior of γEIT and γATS as a function of coupler and probe Rabi
frequencies. In our analysis, we expand the above cited previous studies to a cascade Rydberg EIT/ATS system.
In the numericalmethods used, we do notmake anyweak-field approximations. Also, theDoppler effect,
residual Dopplermismatch, averaging over theMaxwell velocity distribution, and inhomogeneous broadening
due to laser-frequency jitter are accounted for. Themodel does not include Rydberg-atom interactions, which
are not relevant under the conditions (Rydberg quantumnumbers, atomdensities and interaction times) used in
the experiment.We obtain readily accessible criteria to distinguish EIT fromATS.

2. Theoreticalmodel

Weconsider the cesium cascade three-level system shown infigure 1(a). The coupling laser drives the upper
transition, P6 3 2∣ , F′ 5= ñ ( 2ñ∣ ) S35 1 2 ñ∣ ( 3ñ∣ ). Theweak probe laser couples the lower transition, S6 1 2∣ ,
F 4= ñ ( 1ñ∣ ) P6 3 2∣ , F′ 5= ñ ( 2ñ∣ ). The respective wavelengths andRabi frequencies areλc andΩc, andλp and
Ωp. In the rotating-wave approximation and the field picture, theHamiltonian of the three-level atom
represented in the space 1 , 2 , 3ñ ñ ñ{∣ ∣ ∣ } is

H
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whereΔc andΔp are the detunings of the coupling and probe beams, respectively. To account for decay and
dephasing, the system is described using the Lindblad equation for the densitymatrix ρ

H
i

, , 2


r r= - +˙ [ ] ( )L

where L is the Lindblad operator that accounts for the decay processes in the atom. In the space 1 , 2 , 3ñ ñ ñ{∣ ∣ ∣ },
L becomes [37]
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where γ2 and γ3 are the dephasing rates of the intermediate andRydberg states, respectively. It is γ2=γe+Γeg,
where γe is a collision-induced dephasing rate of level 2ñ∣ , and γe=Γeg=2π×5.2MHz. Further, γ3=γr+
Γre. For the Rydberg level the population decay rateΓre is, typically, smaller than the dephasing γr, because
Rydberg-atom lifetimes are long (lifetimes are∼n3 and on the order of 100 μs) and interactions betweenRydberg
atoms in cold-atom clouds are often strong (van derWaals interactions scale as n11).

The spectrum is given by the probe-power transmission, P P Lexp0 a= -( ), with the probe-laser absorption
coefficient,α=2πIm(χ)/λp, theMOT size, L, and the susceptibility of themedium seen by the probe laser,χ.
The susceptibility,χ, is

N

E

2
, 4

p

12

0
12

c
m

r= ( )

whereN is the average atomic density,μ12 is the dipolemoment of transition 1 2ñ  ñ∣ ∣ ,Ep is the amplitude of
the probe, ò0 is the vacuumpermittivity, and ρ12 is the densitymatrix element between 1ñ∣ and 2ñ∣ .

We numerically solve the equations (1)–(3) to obtain the absorption coefficientα for a range of values ofΩc

andΩp, including the case of a strong probe,ΩpΓeg. The result is averaged over the thermal velocity
distribution in the gas [32]; under our conditions (T=100–200 μK) the thermalmotion ismarginally
important. In the calculationwe also assume γr=0, which is admissible due to our very low experimental probe
intensities and the low principal quantumnumber of the utilized Rydberg state. Further, in our initial discussion
we assume zero laser linewidth; this assumption is dropped later-on.

Infigure 2(a)we showα as a function ofΩc andΔp, for the case of afixedΩp=2π×1.05MHz and
Δc=0. The shape of the spectrum clearly indicates two qualitatively different regimes, a regime of lowΩc in
which the overall linewidth isfixed at≈Γeg and there is a very narrow transparencywindowwhosewidth scales
quadratically inΩc. This regime is the EIT regime. AsΩc increases, the overall linewidth increases and the system
enters the ATS regime. There, the line breaks up into two features that are narrower than the coupler-free
absorption line and the peak-to-peak separation scales linearly inΩc. Thewide transparency region between the
AT lines is almost aswide as the peak-to-peak separation itself.

For a quantitative analysis, we extract the full width at halfmaximum (FWHM) of the dip in the absorption,
γEIT, as well as the peak-to-peak spacing of the line pair, γATS, from the absorption coefficient data. Both
parameters γEIT and γATS can be calculated in both the EIT and the ATS regime.However, as detailed in the
following, γATS yields little useful information in the EIT regime and vice versa. Infigure 2(b), both parameters

Figure 1. (a) Scheme of the cascade three-level atom. The coupling laser is resonant with the Rydberg transition, P6 3 2∣ , F′ 5= ñ
( 2ñ∣ )→ S35 1 2ñ∣ ( 3ñ∣ ) (wavelength 510 nm, Rabi frequencyΩc). Theweak probe beam (wavelength 852 nm, Rabi frequencyΩp) is
referenced to the transition S F6 , 41 2 = ñ∣ ( 1ñ∣ )→ P6 3 2∣ , F′ 5= ñ ( 2ñ∣ ) using aDoppler-free polarization spectroscopy setup, and is
scanned over the resonance. (b) Sketch of the experimental setup. The laser beams are separated via a dichroicmirror (not shown),
and the probe light is detected using a single-photon countermodule (SPCM).
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are shown for a typical spectrum in the EIT regime, whereΩpΩc=2π×2.03 MHz<Γeg. In EIT, themain
interest lies in hownarrow the EIT transparencywindow is, in comparisonwith the natural linewidthΓeg.
Therefore, in the EIT regime the parameter γEIT ismost important (hence the name); itmeasures the bandwidth
over which the EIT quantum interferencemechanism leading to reduced probe absorption is experimentally
observable. In the EIT regime, the separation between the absorptionmaxima, γATS, carries little useful
information, as it just returns a value on the order of the overall coupler-free linewidth. Figure 2(c) shows the
spectrum calculated forΩc=2π×13.01MHz>Γeg, which is the ATS regime. Since ATS is a linear AC Stark
effect, the interestmainly is in how far the AT-split line centers are separated from each other. Therefore, in the
ATS regime a better parameter to quantify the behavior is the peak-to-peak spacing of the line pair, γATS. As seen
infigures 2(a) and (c), in theweak probe limit and forΔc=0, in the ATS regime the peaks tend to have awidth
ofΓeg/2=2π×2.6 MHz, and a spacing γATS≈Ωc. (TheRydberg states are very long-lived (Γre=Γeg) and do
not contribute to thewidth of the ATpeaks here).

Figure 3(a) shows the calculated γEIT as a function of bothΩc andΩp. In the EIT domain, characterized byΩc,
ΩpΓeg and outlined by the dashed line, the separation between the contour lines decreases as a function of
distance from the origin, reflecting that in the EIT regime c p egEIT

2 2g » W + W G( ) . Further out, as the system
enters the ATS regime, the separation between the contour lines tends to become fixed. Figure 3(b) shows that in
the AT regime, characterized byΩcΓeg, the γATS contour lines are equidistant circles, reflecting the fact that

c pATS
2 2g » W + W in that regime. Infigure 3(b), near the x-axis, and infigure 2(c) it isΩp=Ωc and therefore

γATS≈Ωc. These trends for γATS are also borne out by calculating the separation between the pair of non-dark
eigenstates of the (decay-free)Hamiltonian in equation (1), when setting all detunings to zero.

Calculations similar to those shown infigures 2 and 3 can be performed at any atom temperature(see [32]
and references therein), and for both cascade andΛ-type three-level atoms. In the hot-atom cases (i.e., in vapor
cells), the difference between coupler and probewavelengths determines the size of residual Doppler shifts,
which in turn determines the visibilities and detailed shapes of EIT andATS spectra. In hot gases γEIT generally
tends to be larger than in the cold-atom case, in particular inweak coupler and probefields, and follows a
different scaling (see figure 7 in [32]).

Figure 2. (a)Calculation of the probe absorption coefficient of cold cesium atoms in aMOT,α, forΩc ranging from2π×0.5MHz to
2π×16MHz. The cuts along the horizontal dashed lines correspond to the spectra shown in (b) and (c). (b)Probe absorption
coefficient forΩp=2π×1.05MHz andΩc=2π×2.03MHz, atomdensity 1010 cm−3, and vanishing laser linewidth. This case is
in the EIT regime. The FHWMof the EITwindow, γEIT, and the ATS, γATS, are defined as shown. (c) Same as (b), but for
Ωc=2π×13.01MHz. This case is in theAT regime.

4

New J. Phys. 20 (2018) 073024 LHao et al



3. Experimentalmeasurement

The EIT andATS experiments are performed in a standardMOTwith temperature∼100μKand atomic density
up to∼1010cm−3. The coupling and probe lasers have linear and parallel polarizations and counter-propagate
through the cold-atom cloud, as seen infigure 1(b). The details of the experiment have been described previously
[38]. The probe beam is derived from a diode laser (DLpro, Toptica) that is locked to the ground-state transition,
1ñ∣ → 2ñ∣ , using polarization spectroscopy [39]; the beamhas aGaussianwaistωp0=10μmat theMOT center.
The strong coupling laser (Toptica TA-SHG110) has aGaussianwaistωc0=30μmand drives the Rydberg
transition 2 3ñ  ñ∣ ∣ . The frequency of the coupling laser is stabilized to theRydberg transition using a Rydberg-
EIT signal obtained from a cesium room-temperature vapor cell [40]. In each experimental cycle, after turning
off the trap beams, we switch on the coupling and probe lasers for 25μs. During the probe pulse the probe-laser
frequency is swept across the S F6 , 41 2 = ñ∣ → P F6 , 53 2 =¢∣ ⟩/ transition using a double-pass acousto-optic
modulator (AOM) over a range of±10MHz relative to the transition center.

In order to avoid Rydberg excitation blockade and interaction effects, and to be able to reach high coupling
Rabi frequencies,Ωc, we have chosen a state with a low principal quantumnumber n (35S1/2). Also, theMOT
density is reduced to about∼108cm−3 by reducing the repumping laser power. Further, to ensure that the effect
of radiation pressure [38, 41] on the EIT andATS spectral profiles is negligible, we use a single-photon counter
module (SPCM) for probe-light detection, allowing us to use a very lowprobe power, P852=200pW.Under
these conditions, the radiation-pressure-induced velocity change during the probe pulse has an upper limit of
≈7 cm s−1, corresponding toDoppler shifts<100 kHz (which is negligible in the present work). The EIT and
ATS spectra are recorded using a data acquisition card (NI-PCI-6542) and processedwith a Labview program.

The absorption coefficient,α, is obtained from themeasured SPCMcount number,P(Δp), and the off-
resonant (absorption-free) count number,P0, using the relation L P Pln p 0a = - D( ( ) ), where L is the effective
MOTdiameter along the probe beampath. Infigure 4, we present experimental EIT andATS sample spectra
with indicated linewidth parameters γEIT and γATS.We have determined γEIT and γATS from experimental
spectra covering a range of the coupling Rabi frequencyΩc, forfixedΩp. Infigure 5we show themeasured
(hollow symbols) and calculated (lines) results for γEIT and γATS versusΩc.

To compare experimental spectra with calculated ones, it is important to account for the laser linewidth in
themodel. The utilized diode laser systems exhibit a frequency jitter on the order of 1MHzFWHM,whereas
high-frequency laser phase noise is negligible. The frequency jitter causes inhomogeneous broadening of the
spectra, because in every realization of the experiment the lasers have a slightly different frequency, that does not
change significantly over the duration of a single realization. To account for the inhomogeneous broadening,
subsequent to solving theMaster equation and obtaining calculated spectra such as the ones infigure 2, the
spectra are convolutedwith aGaussian, whosewidth is given by the laser-frequency jitter. It is noted that high-
frequency laser noise would cause homogeneous broadening, whichwould have to be accounted for differently,
namely via additional dephasing terms in the off-diagonal terms in equation (3). The γEIT and γATS-values are
obtained from the convoluted calculated spectra. In the present case, the calculations for 1.5MHzFWHMof the

Figure 3. (a)Calculated γEIT as a function ofΩp andΩc.Within the displayed parameter space, the EIT regime is found in the lower-
left corner. In that regime, c p eg egEIT

2 2 g » W + W G G( ) . (b)Calculated γATS as a function ofΩp andΩc. Except in a region of coupler

Rabi frequencies considerably less thanΓeg, it is c pATS
2 2g » W + W .
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laser-frequency jitter (bold solid lines infigure 5) reproduce themeasurements best (also see discussion of
figure 6 below).

Wefirst discuss the EIT linewidth γEIT. In the EIT domain, characterized byΩc,ΩpΓeg, the value of γEIT in
figure 5 exhibits a quadratic behavior, as expected from figure 3(a). For the experimental data infigure 5, wefind

Figure 4.Measurements of EIT andATS absorption spectra forΩp=2π×1.05MHz and the indicated Rabi frequencies of the
coupling laser,Ωc=2π×0MHz (top), 3.48MHz (middle) and 13.8MHz (bottom). The solid lines show the results of Lorentzian
multi-peak fits. The coupler-free linewidth (top curve) is 2π×(4.5 ± 0.3)MHz,which is close to the expected value of
2π×5.2MHz. The FWHMEIT linewidth, γEIT, and theATS, γATS, are obtained from the fit functions, as indicated. The depth of the
EIT dip (or, in theATS regime, the depth of the valley between the ATpeaks),H, is defined as the difference between the peak
absorption, averaged over the two peaks, and the absorptionminimumbetween the peaks.

Figure 5.Measurements (symbols) and calculations (solid lines) of γATS and γEIT as a function ofΩc forΩp=2π×1.05MHz and
probe/coupling duration 25μs (hollow) and 100μs (filled). In the calculation, the laser linewidth is 2π×1.5MHz (bold solid lines)
and 0 (thin solid lines). The black thin dashed line shows a fit to the experimental data; thefit function is

A B c p egEIT
2 2g » + W + W G( ) withA=2π×(1.42 ± 0.10)MHz andB=0.44±0.03.
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that in the EIT domain the data arefit quite well by an equation A B c p egEIT
2 2g » + W + W G( ) , as shown by the

black thin dashed line. Thefitting parameters, which are introduced to account for the inhomogeneous line
broadening caused by the laser-frequency jitter, are found to beA=2π×(1.42±0.10)MHz and
B=0.44±0.03.Without the inhomogeneous broadening, it would beA≈0 andB≈1. It is seen that the
laser jitter reduces the pre-factorB to a value significantly less than its ideal value of 1, and it adds an additive
constantA on the order of the laser linewidth. In the AT regime, characterized byΩcΓeg, the γEIT-value
follows a trend 2 3.2 MHzcEITg p» W - ´ . (In the absence of laser-line broadening, in the AT regime it would
be 2c egEITg » W - G =Ωc−2π×2.6 MHz). Over the entireΩc-range studied, themeasured dependence
γEIT(Ωc) agrees quite well with a calculation inwhich aGaussian laser-frequency jitter of 1.5MHzFWHM is
assumed.

Next we discuss γATS. In the AT regime,ΩcΓeg, and forΩp=Ωc, it is γATS≈Ωc. In the EIT regime,Ωc,
ΩpΓeg, the value of γATS tends to be larger thanΩc; forΩc2π×2MHz γATS cannot be determined
because the spectrum ceases to split into a separated line pair (also seefigure 6). Inhomogeneous broadening due
to the laser-frequency jitter generally increases themeasured γATS, because the outer wings of the split lines are
wider than the insidewings, hence the spectral averagingwill pull the line centers infigure 2(b) outward. The
absorptionminimumatΔp=0 disappears entirely whenΩc drops below a critical value, which is related to the
laser linewidth and other broadeningmechanisms. In our case this critical value is≈2π×2MHz. Similar
nonlinear behavior of the AT splitting is observed in [32], where anRF-induced ATS is used tomeasure a
microwave electric field.

We note thatΩchas a different significance in the EIT andATdomains. In theAT regime,Ωc splits the lines
but does not broaden them,whereas in the EIT regimeΩc broadens the EIT line, as γEIT increases with
(Ωc

2+Ωp
2). Conversely, laser jitter and other inhomogeneous broadeningmechanisms also have a different

significance in the two domains. In the EIT domain the spectra are very sensitive to inhomogeneous broadening,
because evenmoderate laser jitter already strongly affects the parametersA andB in thefit function
γEIT;A+B( c p

2 2W + W )/Γeg. (In the absence of broadening, it would beA= 0 andB= 1.) In the ATS domain,
the broadening has a comparatively small effect on γEIT, and an even smaller one on γATS. Generally, the
agreement between theory and experiment infigure 5 is slightly better for γATS than it is for γEIT.We believe this
is because the details of the line broadening are harder tomodel than theAT splitting of the line centers.

Infigure 5we have included a similarmeasurementwith 100 μs probe- and coupler-pulse sweeps (filled
diamonds in figure 5). It is seen that γATS for the longer pulses is less than in the 25 μs case.We attribute the
reduction in γATS in part to dephasing caused by Rydberg-atom interactions, which could be considered via the
dephasing terms in equation (3). Longer pulses will generally lead to a higher Rydberg-atomnumber in the
atom-field interaction volume, causing dephasing byRydberg–Rydberg interactions. The dependence of the
ATS splitting onRydberg interactions is detailed in [26]; in our present work interactions are avoided by using a
lowprincipal quantumnumber, a low atomdensity and a relatively short interaction time. Longer timeswill also
increase the likelihood of Penning and thermal ionization. Any ions in the sample would contribute to Rydberg-
level dephasing via the ion electric fields.With increasing pulse duration, the spectra are also increasingly

Figure 6.Measurements (symbols) and calculations (black solid lines) of the depth of the transparency window,H, defined in figure 4,
versusΩc forΩp=2π×1.05MHz. The FWHMof the laser jitter in the calculations ranges from0 to 2.5MHz. The curve for
1.5MHz laser linewidth reproduces the experimental data best.
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affected by radiation-pressure-inducedDoppler shifts, causing changes in the γATS-values derived from the
spectra.

Wefinally consider the depth of the transparencywindow,which is an importantmeasure for any practical
application of EIT andATS. The depth of the transparencywindow,H, is defined as the difference between the
absorption coefficients on the peaks and at the center of the spectrum,Δp=0 (seemiddle curve infigure 4). The
depthH increases withΩc in the EIT regime and plateaus at a laser-jitter-dependentmaximal value in the ATS
regime, as shown by the calculated curves infigure 6. Assuming a laser jitter with 1.5MHzFWHM,we achieve
good agreement between experiment and calculation. This best-fit laser linewidth agrees well withmanufacturer
estimates for the utilized laser systems.

4. Conclusion

Wehave presentedmeasured and calculated cold-atomEIT andAT absorption spectra of a cascade three-level
atom involving the S35 1 2 Rydberg state. Themeasurements show good agreement with calculations. The
spectra exhibit two regimes, an EIT regime forweakΩc andΩp, and anATS regime for largeΩc.While similar in
appearance, the EIT andAT spectra are different in physical interpretation [9, 10].We have definedwidths γEIT
and γATS that facilitatesmaking the distinction between EIT andATS. In the cold-atomEIT regime,Ωc,
ΩpΓeg, we find A B c p egEIT

2 2g = + W + W G(( ) ), where the parametersA andB depend on inhomogeneous
broadening due to laser jitter. TheMOTmagnetic field, which is always left on,may add to the inhomogeneous
broadening. In the ATS regime,ΩcΓeg, it is γATS≈Ωc and γEIT=γATS−C, with a constantCΓeg/2. The
lower limit ofC is realized in the absence of inhomogeneous broadening. An emphasis of our analysis has been to
include the effects of laser jitter, saturation of the probe transition, andDopplermismatch caused by non-zero
temperature and unequal probe and coupling laserwavelengths.

Practical criteria to distinguish between EIT andATS, as developed in this work, are valuable in awide
variety of atomic-physics, quantum-optics and quantum information applications of these schemes. For
instance, the details of ATS splitting and line broadening effects are important in applications that deal with
quantitative, atom-basedmicrowave fieldmeasurements using Rydberg-EIT andmicrowave-coupled ATS
[27, 32]. Cold-atom, narrow-linewidth EIT andATS are helpful in improving the accuracy and resolution of the
atom-basedfieldmeasurements.

Acknowledgments

Theworkwas supported by theNational KeyR&DProgramof China (GrantNo. 2017YFA0304203), the
NationalNatural Science Foundation of China (GrantsNo. 61475090, andNo. 61675123, andNo. 61775124),
Changjiang Scholars and Innovative Research Team inUniversity ofMinistry of Education of China (GrantNo.
IRT13076), the State Key ProgramofNationalNatural Science of China (GrantNo. 11434007) and 1331KSC.
GR acknowledges support by theNSF (PHY-1506093) andBAIRENplan of Shanxi province.

References

[1] Boller K J, Imamoğlu A andHarris S E 1991Phys. Rev. Lett. 66 2593–6
[2] HauLV,Harris S E, DuttonZ andBehroozi CH1999Nature 397 594
[3] PhillipsD F, Fleischhauer A,Mair A,Walsworth R L and LukinMD2001Phys. Rev. Lett. 86 783
[4] Autler SH andTownes CH1955Phys. Rev. 100 703
[5] XiaoM, Li Y, Jin S andGea-Banacloche J 1995Phys. Rev. Lett. 74 666
[6] ScullyMOandZubairyMS 1997QuantumOptics (Cambridge: CambridgeUniversity Press)
[7] FleischhauerM, Imamoglu A andMarangos J P 2005Rev.Mod. Phys. 77 633
[8] Weatherill K J, Pritchard JD, Abel R P, BasonMG,Mohapatra AK andAdamsC S 2008 J. Phys. B: At.Mol. Opt. Phys. 41 201002
[9] Abi-SalloumTY2010Phys. Rev.A 81 053836
[10] Anisimov PM,Dowling J P and Sanders BC 2011Phys. Rev. Lett. 107 163604
[11] Peng B,Özdemir SK, ChenW,Nori F andYang L 2014Nat. Commun. 5 5082
[12] LuX,MiaoX, Bai J, YuanY,WuL, Fu P,WangR andZuoZ 2015Chin. Phys.B 24 094204
[13] LuX,MiaoX, Bai J, Pei L,WangM,GaoY,WuLA, Fu P,WangR andZuoZ2015 J. Phys. B: At.Mol. Opt. Phys. 48 055003
[14] ZhangX,Wu S and LiH 2017Commun. Theor. Phys. 67 217–21
[15] Mohapatra AK, Jackson TR andAdamsC S 2007Phys. Rev. Lett. 98 113003
[16] Pritchard JD,Maxwell D,Gauguet A,Weatherill K J, JonesMPA andAdamsC S 2010Phys. Rev. Lett. 105 193603
[17] GorniaczykH, Tresp C, Schmidt J, FedderH andHofferberth S 2014Phys. Rev. Lett. 113 053601
[18] Dudin Y andKuzmichA 2012 Science 336 887–9
[19] ViscorD, LiW and Lesanovsky I 2015New J. Phys. 17 033007
[20] Singer K, Reetz-LamourM,Amthor T,Marcassa L andWeidemüllerM2004Phys. Rev. Lett. 93 163001
[21] TongD, Farooqi S, Stanojevic J, Krishnan S, ZhangY, Côte R, Eyler E andGould P 2004Phys. Rev. Lett. 93 063001
[22] Vogt T, ViteauM, Zhao J, Chotia A, Comparat D and Pillet P 2006Phys. Rev. Lett. 97 083003

8

New J. Phys. 20 (2018) 073024 LHao et al

https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1038/17561
https://doi.org/10.1103/PhysRevLett.86.783
https://doi.org/10.1103/PhysRev.100.703
https://doi.org/10.1103/PhysRevLett.74.666
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1088/0953-4075/41/20/201002
https://doi.org/10.1103/PhysRevA.81.053836
https://doi.org/10.1103/PhysRevLett.107.163604
https://doi.org/10.1038/ncomms6082
https://doi.org/10.1088/1674-1056/24/9/094204
https://doi.org/10.1088/0953-4075/48/5/055003
https://doi.org/10.1088/0253-6102/67/2/217
https://doi.org/10.1088/0253-6102/67/2/217
https://doi.org/10.1088/0253-6102/67/2/217
https://doi.org/10.1103/PhysRevLett.98.113003
https://doi.org/10.1103/PhysRevLett.105.193603
https://doi.org/10.1103/PhysRevLett.113.053601
https://doi.org/10.1126/science.1217901
https://doi.org/10.1126/science.1217901
https://doi.org/10.1126/science.1217901
https://doi.org/10.1088/1367-2630/17/3/033007
https://doi.org/10.1103/PhysRevLett.93.163001
https://doi.org/10.1103/PhysRevLett.93.063001
https://doi.org/10.1103/PhysRevLett.97.083003


[23] TeoBK, FeldbaumD,Cubel T, Guest J R, BermanPR andRaithel G 2003Phys. Rev.A 68 053407
[24] DeSalvo B J, Aman J A, Gaul C, Pohl T, Yoshida S, Burgdörfer J, HazzardKRA,Dunning F B andKillian TC 2016Phys. Rev.A 93

022709
[25] ZhangH,Wang LM,Chen J, Bao S, Zhang L, Zhao J and Jia S 2013Phys. Rev.A 87 033835
[26] ZhangH, Zhang L,Wang L, Bao S, Zhao J, Jia S andRaithel G 2014Phys. Rev.A 90 043849
[27] Sedlacek J A, SchwettmannA,KüblerH, LöwR, Pfau T and Shaffer J P 2012Nat. Phys. 8 819
[28] Sedlacek J A, SchwettmannA,KüblerH and Shaffer J P 2013Phys. Rev. Lett. 111 063001
[29] HollowayCL, Gordon JA, Schwarzkopf A, AndersonDA,Miller S A, ThaicharoenN andRaithel G 2014Appl. Phys. Lett. 104 244102
[30] AndersonDA, Schwarzkopf A,Miller S A, ThaicharoenN, Raithel G,Gordon J A andHollowayCL 2014Phys. Rev.A 90 043419
[31] Jiao Y,Hao L,HanX, Bai S, Raithel G, Zhao J and Jia S 2017Phys. Rev. Appl. 8 014028
[32] HollowayCL, SimonsMT,Gordon J A,Dienstfrey A, AndersonDAandRaithel G 2017 J. Appl. Phys. 121 233106
[33] NieZQ, ZhangHB, Li P Z, Yang YM, ZhangYP andXiaoM2008Phys. Rev.A 77 063829
[34] Zhang ZY, ZhengHB, YaoX, TianY L, Che J L,WangXX, ZhuDY, Zhang YP andXiaoM2015 Sci. Rep. 5 10462
[35] Che J L, Zhang YQ, Zhang Y F, Liu J, ChengQY andZhangYP 2016 J. Phys. B: At.Mol. Opt. Phys. 49 174002
[36] Che J L, Zhang ZY,HuML, Shi XWandZhang YP 2018Opt. Exp. 26 3054
[37] RaitzschU,HeidemannR,WeimerH, Butscher B, Kollmann P, LöwR, BüchlerHP and PfauT 2009New J. Phys. 11 055014
[38] Jiao Y,HanX, Yang Z, Zhao J and Jia S 2016Chin. Phys. Lett. 33 123201
[39] PearmanCP, AdamsCS, Cox SG,GriffinP F, SmithDA andHughes IG 2002 J. Phys. B: At.Mol. Opt. Phys. 35 5141–51
[40] Jiao Y, Li J,Wang L, ZhangH, Zhang L, Zhao J and Jia S 2016Chin. Phys.B 25 053201
[41] Bai S,HanX, Jiao Y,Hao L, Zhao J and Jia S 2017 J.Mod. Phys. 8 1884–93

9

New J. Phys. 20 (2018) 073024 LHao et al

https://doi.org/10.1103/PhysRevA.68.053407
https://doi.org/10.1103/PhysRevA.93.022709
https://doi.org/10.1103/PhysRevA.93.022709
https://doi.org/10.1103/PhysRevA.87.033835
https://doi.org/10.1103/PhysRevA.90.043849
https://doi.org/10.1038/nphys2423
https://doi.org/10.1103/PhysRevLett.111.063001
https://doi.org/10.1063/1.4883635
https://doi.org/10.1103/PhysRevA.90.043419
https://doi.org/10.1103/PhysRevApplied.8.014028
https://doi.org/10.1063/1.4984201
https://doi.org/10.1103/PhysRevA.77.063829
https://doi.org/10.1038/srep10462
https://doi.org/10.1088/0953-4075/49/17/174002
https://doi.org/10.1364/OE.26.003054
https://doi.org/10.1088/1367-2630/11/5/055014
https://doi.org/10.1088/0256-307X/33/12/123201
https://doi.org/10.1088/0953-4075/35/24/315
https://doi.org/10.1088/0953-4075/35/24/315
https://doi.org/10.1088/0953-4075/35/24/315
https://doi.org/10.1088/1674-1056/25/5/053201
https://doi.org/10.4236/jmp.2017.811111
https://doi.org/10.4236/jmp.2017.811111
https://doi.org/10.4236/jmp.2017.811111

	1. Introduction
	2. Theoretical model
	3. Experimental measurement
	4. Conclusion
	Acknowledgments
	References



