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We present the electromagnetically induced transparency (EIT) spectra of cold Rydberg four-level cascade atoms
consisting of the 6S1/2 → 6P3/2 → 7S1/2 → 60P3/2 scheme. A coupling laser drives the Rydberg transition, a dressing
laser couples two intermediate levels and a weak probe laser probes the EIT signal. We numerically solve the Bloch
equations and investigate the dependence of the probe transmission rate signal on the coupling and dressing lasers. We find
that the probe transmission rate can display an EIT or electromagnetically induced absorption (EIA) profile, depending on
the Rabi frequencies of the coupling and dressing lasers. When we increase the Rabi frequency of the coupling laser and
keep the Rabi frequency of the probe and dressing laser fixed, flipping of the EIA to EIT spectrum occurs at the critical
coupling Rabi frequency. When we apply a microwave field coupling the transition 60P3/2 → 61S1/2, the EIT spectrum
shows Autler–Townes splitting, which is employed to measure the microwave field. The theoretical measurement sensitivity
can be 1.52×10−2 nV·cm−1·Hz−1/2 at the EIA–EIT flipping point.

Keywords: Rydberg atoms, atomic microwave sensor, electromagnetically induced transparency and absorp-
tion

PACS: 32.80.Ee, 32.30.Bv, 42.50.Gy DOI: 10.1088/1674-1056/ad7579

1. Introduction
The electromagnetically induced transparency (EIT) of

Rydberg three-level atoms has been widely investigated due
to its non-destructive detection of Rydberg levels and poten-
tial application in microwave measurement. Rydberg atoms,
with principal quantum number larger than 10, exhibit unique
properties,[1,2] such as high polarizability (∼ n*7, with n*

the effective quantum number) and a large microwave tran-
sition dipole moment (∼ n*2), making them extremely sen-
sitive to the external electric field.[3] Rydberg EIT exhibits
Autler–Townes (AT) splitting[4,5] or Stark shifts[6–8] when
an external field is applied that interacts with the Rydberg
atom; this has been employed to realize calibration-free mi-
crowave field measurements covering a wide frequency range
from about 1 GHz to 1 THz,[9–12] including measurement of
the radio-frequency field strength,[13–15] polarization[16,17] and
phase,[18–20] as well near-field terahertz imaging[12] and sub-
wavelength microwave imaging.[21,22] When using the Ry-
dberg EIT–AT splitting method as a field sensor, the sen-
sitivity of a Rydberg atom can be 30 µV·cm−1·Hz−1/2.[9]

With implementation of the Rydberg atomic heterodyne
technique,[17,23,24] the sensitivity of Rydberg atom receivers
has been significantly enhanced to 55 nV·cm−1·Hz−1/2 [18] and
later to 30 nV·cm−1·Hz−1/2.[25]

All the above applications are based on the Rydberg
three-level two-photon EIT scheme, and the related EIT res-
onance linewidth is limited by the Doppler mismatch be-

tween the probe and coupling lasers. The four-level three-
photon scheme can effectively cancel the Doppler mismatch
and decrease the EIT linewidth. Furthermore, this scheme re-
quires three semiconductor lasers, which are cheap and sim-
ple structures with high stability. Four-level spectroscopy
demonstrates the feature of flipping of electromagnetically in-
duced absorption (EIA) to EIT, which can be employed to
detect the microwave field. Four-level EIT has already been
investigated.[26–29] Thaicharoen et al.[28] theoretically investi-
gated EIT and EIA spectroscopy and microwave-field sensing
with a Rb vapor cell. Nikunjkumar et al.[29] used a cesium
four-level atom with the 9S intermediate state to obtain an EIT
linewidth of 39 kHz. Their results showed that for a probe
Rabi frequency larger than three-fifths of the coupling Rabi
frequency the EIA flips to EIT. The three-photon system can
lead to narrower resonances; however, this does not necessar-
ily translate directly to optimal conditions for field sensitivity.

In this work, we focus on the four-level cold cesium
atomic system formed with the 6S1/2 → 6P3/2 → 7S1/2 →
60P3/2 scheme. We numerically solve the Bloch equation and
investigate the EIT and EIA effects of four-level atoms. Cold
atoms with a temperature of ∼ 100 µK have a long coherence
time, yielding narrow-linewidth EIT. The dependence of EIT
transmission on the Rabi frequency of the dressing and cou-
pling lasers is investigated. The EIT transmission signal de-
creases with coupling Rabi frequency and converts to an EIA
signal at critical coupling Rabi frequency, at which point the
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probe transition is sensitive to the microwave field; this can be
used to measure the microwave field with improved sensitivity.

2. Theoretical model
We consider a four-level ladder cesium atom with a

ground state |6S1/2⟩, two intermediate states |6P3/2⟩ and
|7S1/2⟩ and Rydberg state |60P3/2⟩ (see Fig. 1). The first
photon of an 852 nm laser, a weak probe laser, drives the
lower transition |6S1/2⟩ → |6P3/2⟩ with a detuning ∆p and a
Rabi frequency Ωp/2π = 3 MHz. The second photon of a
1470 nm laser, a dressing laser, couples the middle transition
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Fig. 1. Energy level diagram of the cesium cascade four-level system. A
weak probe laser (λp = 852 nm, Rabi frequency Ωp) couples the transition
|6S1/2⟩(|1⟩) → |6P3/2⟩(|2⟩). The dressing laser (λd = 1470 nm, Ωd) drives
the transition of two intermediate states, |6P3/2⟩(|2⟩) → |7S1/2⟩(|3⟩). The
coupling laser (λc = 780 nm, Ωc) is scanned over the Rydberg transition,
|7S1/2⟩(|3⟩)→ 60P3/2⟩(|4⟩). Γi (i= 2,3,4) denotes the decay of excited states
|i⟩. ∆p, ∆d and ∆c display the detuning of the probe, dressing and coupling
lasers, respectively.

|6P3/2⟩ → |7S1/2⟩ with a Rabi frequency Ωd and fixed detun-
ing ∆d = 0 MHz. The third photon of a 780 nm laser, a cou-
pling laser, achieves Rydberg excitation of the up transition
|7S1/2⟩ → |60P3/2⟩ with detuning ∆c and a Rabi frequency of
Ωc.

The Hamiltonian of a four-level system can be expressed
as

H =
h̄
2


0 Ωp 0 0

Ωp −2∆1 Ωd 0
0 Ωd −2∆2 Ωc
0 0 Ωc −2∆3

 , (1)

where ∆1, ∆2 and ∆3 can be written as

∆1 = ∆p,

∆2 = ∆p +∆d,

∆3 = ∆p +∆d +∆c. (2)

Considering the decay of the system, the Lindblad equa-
tion is used to describe the evolution of the density matrix ρ

as follows:

ρ̇ =− i
h̄
[H,ρ]+ℒ, (3)

where ℒ is the Lindblad operator that indicates the decay pro-
cesses of atoms

ℒ=



Γ2ρ22 −1
2

Γ2ρ12 −1
2

Γ3ρ13 −1
2

Γ4ρ14

−1
2

Γ2ρ21 −Γ2ρ22 +Γ3ρ33 −1
2
(Γ2 +Γ3)ρ23 −1

2
(Γ2 +Γ4)ρ24

−1
2

Γ3ρ31 −1
2
(Γ2 +Γ3)ρ32 −Γ3ρ33 +Γ4ρ44 −1

2
(Γ3 +Γ4)ρ34

−1
2

Γ4ρ41 −1
2
(Γ2 +Γ4)ρ42 −1

2
(Γ3 +Γ4)ρ43 −Γ4ρ44


. (4)

For convenience, {|1⟩, |2⟩, |3⟩, |4⟩} is used as the state ba-
sis to represent {|6S1/2⟩, |6P3/2⟩, |7S1/2⟩, |60P3/2⟩}. ρk j is the
density matrix element with k, j ∈ {1,2,3,4}. Γi (i = 2,3,4)
denotes the spontaneous decay rate of the |i⟩ state. Here the
dephasing effects due to the laser linewidth, transition broad-
ening and collisions between atoms are not considered. For
cesium atoms, we take the decay rates Γ2 = 2π × 5.22 MHz,
Γ3 = 2π × 3.29 MHz and Γ4 = 2π × 0.76 kHz, respectively.
The weak probe laser is locked to the transition |1⟩ → |2⟩, the
dressing laser is locked to the resonant transition |2⟩ → |3⟩
and the strong coupling laser scans over the Rydberg transi-
tion |3⟩ → |4⟩, then we set ∆d = 0 MHz in calculations.

For the atomic system, the probe transmission rate is de-
fined as ℛ= P/Pin = exp(−αL), where Pin is the probe power
before the cell and L is the length of our atomic cloud. The pa-

rameter α = 2π Im(χ)/λp is the absorption coefficient of the
probe laser based on Beer’s law, with χ the susceptibility of
the medium. The susceptibility χ is written as[30]

χ =
2Nµ12

Epε0
ρ12, (5)

where µ12 is the dipole moment of the transition |1⟩ → |2⟩,
Ep is the amplitude of the probe laser field, ε0 is the vac-
uum permittivity, N is an atomic density and ρ12 is the den-
sity matrix element in Eq. (3). The average atomic density
is N = 1010 cm−3 at temperature T ≃ 100 µK for a typical
cold cloud of L = 2.5 mm, the corresponding velocity of the
atoms is a few cm·s−1 leading to negligible Doppler broad-
ening. Note that when the system is at room temperature
(T = 300 K), the Doppler broadening and shift can no longer
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be neglected. The laser direction and Doppler shifts for probe
and coupling and dressing lasers should be included.

3. Results and discussion
We numerically solve Eq. (3) and obtain ρ12 and the

probe transmission rate ℛ. Here we keep ∆p = 0 MHz and
∆d = 0 MHz and scan the coupling laser frequency over the
Rydberg transition to investigate the probe transmission rate
as a function of the dressing and coupling Rabi frequencies.
If the probe transmission rate is positive, the atomic system is
in the EIT regime, whereas if the probe transmission rate is
negative the atomic system is in the EIA regime.

3.1. The Ωd dependence

In this section, we investigate the dependence of the probe
transmission rate on the Rabi frequency of the dressing laser
Ωd and keep the Ωp/2π = 3 MHz and Ωc/2π = 1 MHz.
Figure 2 presents the calculation of the probe transmission
rate for Ωd/2π = 10 MHz (Fig. 2(a)) and Ωd/2π = 30 MHz
(Fig. 2(b)). It is seen that the probe transmission rate shows
that the EIT spectra and EIT signal are about three times larger
for Ωd/2π = 10 MHz than for Ωd/2π = 30 MHz. In order
to understand the variation of the EIT signal, we perform a
series of calculations for the range Ωd/2π = 0.5–50 MHz.
Figure 3(a) plots the EIT spectra as a function of the cou-
pling detuning ∆c and the dressing laser Rabi frequency Ωd,
with Ωp/2π = 3 MHz and Ωc/2π = 1 MHz. Figure 3(b)

∆c/2π (MHz) ∆c/2π (MHz)

Fig. 2. EIT spectra as a function of the coupling detuning ∆c, with
Ωp,d,c/2π = 3 MHz, 10 MHz and 1 MHz in (a) and Ωp,d,c/2π = 3 MHz,
30 MHz and 1 MHz in (b).
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Fig. 3. (a) Calculations of EIT spectra as a function of the coupling detuning
∆c and the Rabi frequency of the dressing laser Ωd, with Ωp/2π = 3 MHz and
Ωc/2π = 1 MHz. (b) EIT transmission rate (blue solid line) with ∆c = 0 MHz
and full-width at half-maximum (FWHM) (orange dashed line) of the EIT
spectra in (a) as a function of Ωd. The EIT transmission rate shows an in-
crease with Ωd up to a maximum when Ωd/2π = 10.52 MHz. When Ωd is
further increased the EIT transmission rate decreases with Ωd. The linewidth
shows a decrease with Ωd.

displays the EIT transmission and linewidth, extracted by
Lorentz fitting to the spectra, as a function of Ωd. It is found
that the EIT transmission rate increases with the Rabi fre-
quency of the dressing laser up to a maximum when Ωd/2π =

10.52 MHz. When we further increase Ωd, the EIT transmis-
sion rate begins to decrease. In addition, the EIT linewidth de-
creases with Ωd; the linewidth can be 0.25 MHz at Ωd/2π =

40 MHz.

3.2. The Ωc dependence

We next investigate the dependence of the probe trans-
mission rate on the Rabi frequency of the coupling laser Ωc

and keep Ωp/2π = 3 MHz and Ωd/2π = 10 MHz. Fig-
ures 4(a) and 4(b) present the probe transmission rate spectra
as a function of coupling laser detuning for Ωc/2π = 1 MHz
and Ωc/2π = 7 MHz, respectively. It is interesting to see that
the EIT spectrum for Ωc/2π = 1 MHz of Fig. 4(a) flips to the
EIA spectrum for Ωc/2π = 7 MHz of Fig. 4(b). This phe-
nomenon can be explained by the fact that the coherence be-
tween the excited state |3⟩ and the Rydberg state |4⟩ is bro-
ken due to the strong coupling of the coupled laser, which
results in an increase in the absorption encountered by the
probe laser as it passes through the medium, forming the EIA
spectrum.[27,31]

To explain what happens when the coupling Rabi fre-
quency increases and to explore the flip point, we carried out
more calculations of probe transmission rate spectra by vary-
ing the Rabi frequency of the coupling laser from Ωc/2π =

0.5 MHz to 15 MHz while keeping Ωp/2π = 3 MHz and
Ωd/2π = 10 MHz fixed. From the EIT or EIA spectra, we
extracted the peak amplitude and plotted it as a function of the
coupling Rabi frequency, as shown by the blue solid line in
Fig. 4(c). It is found that the probe transmission displays an
EIT spectrum when Ωc/2π < 2.61 MHz but an EIA spectrum
when Ωc/2π > 2.61 MHz. The Rabi frequency of the cou-
pling laser Ωc/2π = 2.61 MHz is the critical point at which
EIT flips to EIA for cesium four-level atoms. To verify the
ubiquity of EIT–EIA flipping, the Rabi frequency of the dress-
ing laser Ωd/2π = 30 MHz was changed and similar calcula-
tions to Figs. 4(a) and 4(b) were performed. The probe trans-
mission rate amplitude as a function of Ωc is plotted by the
orange dash-dotted line in Fig. 4(c). Note that (i) the probe
transmission rate amplitude is smaller for large Rabi frequen-
cies of the dressing laser (Ωd/2π = 30 MHz) than for small
ones (Ωd/2π = 10 MHz). This may be because the larger
dressing field leads to decoherence of the four-level atomic
system, which agrees with the calculation in Fig. 3(b). (ii) The
probe transmission rate spectra display a similar phenomenon
of EIT–EIA flipping when the Rabi frequency of the coupling
laser Ωc is increased and the critical flipping point appears
at about the same point. The inset to Fig. 4(c) displays a
zoomed-in view of the critical point marked with a shaded
square, from which we extract the critical point as 2.38 MHz
for Ωd/2π = 30 MHz.
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∆c/2π (MHz) ∆c/2π (MHz) Ωc/2π (MHz)

Fig. 4. The probe transmission spectra with fixed Ωp/2π = 3 MHz and Ωd/2π = 10 MHz and for different coupling Rabi frequencies:
(a) Ωc/2π = 1 MHz and (b) Ωc/2π = 7 MHz. The probe spectrum displays an EIT profile in (a) and EIA in (b). (c) Peaks of the probe
transmission rate as a function of the coupling Ωc for Ωd/2π = 10 MHz (blue solid line) and 30 MHz (orange dash-dotted line). The inset is a
zoomed-in view near the critical point, marked with a shaded square. The critical coupling Rabi frequencies are 2.61 MHz and 2.38 MHz for
Ωd/2π = 10 MHz and 30 MHz, respectively. The horizontal dashed line marks ℛ= 0.

Detailed analysis of the theoretical calculations for pa-
rameters Ωp, Ωd and Ωc indicates that small changes in Ωp,
large changes in Ωc or even larger changes in Ωd can flip the
EIA and EIT lines. Next, we consider the flipping of EIA to
EIT by changing Ωc as an example and explore microwave
measurements based on four-level atoms.

3.3. Microwave measurements

Rydberg three-level EIT in microwave fields can split
and form EIT–AT splitting spectra, which are employed to
realize calibration-free microwave measurement.[9] For the
four-level EIT in this work, the EIT signal also displays AT
splitting when we apply a microwave field coupling the Ry-
dberg transition (see Fig. 5(b)), where the microwave field
(Ωmw) couples the Rydberg transition |60P3/2⟩ → |61S1/2⟩.
We solve the matrix density equation of a five-level atom with
Γ5/2π = 0.71 kHz. Figure 5(c) presents the calculated EIT
spectra with and without a microwave field, in which the field-
free probe transmission rate spectrum displays the EIT profile
for Ωp,d,c/2π = 3 MHz, 10 MHz and 1 MHz. The probe trans-
mission rate displays the typical EIT spectrum in the absence
of a microwave field and EIT–AT splitting with a microwave
field of Ωmw/2π = 2 MHz. The measured EIT–AT splitting is
proportional to the microwave Rabi frequency Ωmw, which is
similar to three-level EIT[9] and can also be used to measure
the microwave field.

As mentioned above, there is a critical point for flipping
EIA to EIT for the four-level atom (see Fig. 4(c)). The sim-
ulation shows that the flipping of EIA to EIT occurs when a
weak microwave field is applied near the critical parameter
with Ωp,d,c/2π = 3 MHz, 10 MHz and 2.65 MHz, as shown in
Fig. 6(a). It is seen that the probe transmission rate displays the
EIA profile in the absence of a microwave field (blue dashed
line in Fig. 6(a)) and the EIT profile when a microwave field is
applied (yellow dot-dashed and orange solid lines of Fig. 6(a)
for Ωmw/2π = 0.5 MHz and 0.05 MHz, respectively). When
we further increase Ωmw, the EIT signal shows AT splitting,
as shown in Fig. 5(c).

∆c/2π (MHz)

Ωmw

Ωmw

Γ5

∆mw

Ωmw/2π

∆p=0 MHz

Ωd

ΩcΩp

0

2

(c)
(a)

(b) |5>

|4> |60P3/2>

|61S1/2>

PD

DM

0.2

0.1

0
0-5 5

z

Fig. 5. (a) Sketch of the experimental setup. The coupling and dressing
lasers co-propagate along the z-axis, whereas the probe laser is set to counter-
propagate relative to the coupling and dressing beams through the center of
the cesium cold atoms. The microwave field is emitted by a horn antenna per-
pendicular to the z-axis. PD, photodiode; DM, dichroic mirror. (b) Schematic
diagram of the microwave dressed Rydberg transition |60P3/2⟩ → |61S1/2⟩.
(c) EIT–AT spectra for Ωp,d,c/2π = 3 MHz, 10 MHz and 1 MHz and indicated
microwave Rabi frequencies of Ωmw/2π = 0 (blue solid line) and 2 MHz (or-
ange dash-dotted line). Similar to three-level EIT, microwave-coupled EIT–
AT splitting can be used to measure the microwave field.

To explore the evolution of EIA to EIT near the critical
point, a series of calculations were done by changing the mi-
crowave field Ωmw/2π = 0–10 MHz and extracting the EIT
or EIA amplitude. Figure 6(b) displays the peak of the probe
transmission rate ℛ as a function of Ωmw. ℛ shows EIA in the
absence of a microwave field; the EIA signal decreases when
a microwave field is applied and disappears when Ωmw/2π =

0.0049 MHz, meaning that the EIA spectrum converts to an
EIT spectrum. When Ωmw/2π = 0.18 MHz, the amplitude of
EIT reaches a maximum.

∆c/2π (MHz)

∆p=0 MHz

Ωmw/2π (MHz)

Ωmw/2π

Fig. 6. (a) Probe transmission rate spectra with and without a microwave field
near the critical point of flipping from EIA to EIT, with Ωp,d,c/2π = 3 MHz,
10 MHz and 2.65 MHz. The transmission rate displays the EIA spectrum (blue
dashed line) in the absent of field, but shows the EIT spectrum when a weak
microwave field of Ωmw/2π = 0.05 MHz (orange solid line) or 0.5 MHz (yel-
low dot-dashed line) is applied. (b) The peak of EIT or EIA of the probe tran-
sition rate at ∆c/2π = 0 MHz as a function of the microwave field Ωmw. The
inset displays an enlargement near the flipping point, marked with a shaded
square.
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It is worth noting that the probe transmission rate includes
two regimes, one is the EIA–EIT flipping and EIT increasing
regime and the other is the EIT decreasing regime. The latter
is also the EIT–AT regime, where the probe spectra show EIT–
AT splitting as in Fig. 5(c), similar to the three-level atom,
and can be used to measure the microwave field based on
EIT–AT splitting.[9] For the first regime, the probe transmis-
sion rate displays flipping of EIA to EIT in a very weak mi-
crowave field, where variation of the probe transmission rate
is very sensitive to the microwave field; this can be employed
to precisely measure or sense the microwave field. The inset
of Fig. 6(b) shows an enlargement of the flipping point.

Next, we take Fig. 6(b) as an example to illustrate weak
microwave measurement based on EIA–EIT flipping. As
stated above, near the EIA–EIT flipping point the gradient of
the probe transmission rate is huge. The measurement of mi-
crowave field transfer to measure the variation of probe trans-
mission rate (∆ℛ) when a microwave field is applied, as shown
in the inset of Fig. 6(b). The minimum measurable field de-
pends on the minimum change that can be detected in the
probe transmission rate (∆ℛmin), which is limited by the noise
of the system. For an atomic system interacting with the laser
beam, the noise limitation is the shot noise of probe beam. The
minimum field, Emin, can be obtained when ∆ℛmin becomes
indistinguishable from the noise. The shot noise is usually
written as σ =

√
n (n is the photon number of probe laser).[32]

The noise power for a collection time of 1 s then reads

Pnoise = σhν , (6)

where h is Planck’s constant and ν is probe laser frequency.
When the probe transmission change ∆Pout is equal to the noise
power ∆Pout = Pin∆ℛmin = Pnoise, the corresponding trans-
mission is the minimum resolvable probe transmission rate
∆ℛmin = Pnoise/Pin =

√
hν/Pin. The minimum microwave

field that can be detected is written as

Emwmin = Ωmwmin h̄/µ, (7)

where Ωmwmin is the minimum microwave Rabi frequency,
and can be obtained from ∆ℛmin and the maximum slope
(∆ℛ/∆Ωmw)max. For the probe laser Rabi frequency we
used, ∆ℛmin = 1.008× 10−6, the minimum measurable mi-
crowave Rabi frequency was Ωmwmin/2π = 0.245 Hz, corre-
sponding to a theoretical sensing sensitivity of S = 1.52 ×
10−2 nV·cm−1·Hz−1/2 for a measurement time of 1 s, which
is two orders of magnitude better than the measurement value
of 5.1 nV·cm−1·Hz−1/2.[33] However, it should be noted that
the minimum detected microwave field is limited by the shot
noise of the probe laser, which can be decreased by decreasing
the power of the probe laser. Weak laser power may lead to a
low signal-to-noise ratio of the EIT signal. In the experiments

there must be a balance between the probe laser shot noise and
the signal-to-noise ratio of the probe transmission rate spec-
trum. In addition to the shot noise of probe laser, the noise
of the coupling laser and frequency fluctuations, etc., also in-
crease the noise limit Pnoise, making sensitivity of the actual
measurement lower than suggested by calculations.

The cold atomic system studied in this work has a
long coherence time, resulting in narrow linewidth EIT spec-
troscopy, and the minimum measurable field and sensitivity
are two orders of magnitude better than in a vapor cell with
the same level scheme. Figure 5(a) presents an experimental
protocol for measuring the microwave field, where the cesium
atoms are laser-cooled and trapped in a standard magneto-
optical trap and the photodiode detector measures the three-
photon EIT and EIA spectra and also senses the microwave
field.

4. Conclusion
In this work, we investigated the quantum effect of a laser

interacting with a cesium four-level cascade atom in theory.
By numerically resolving the Hamiltonian equation, we ob-
tained the probe transmission rate as a function of the cou-
pling laser detuning for different Rabi frequencies of Ωp,d,c

and found that probe transmission rate spectra can be con-
verted from EIA to EIT at critical parameters of laser Rabi
frequency. By analyzing the probe transmission rate, we ex-
tract the critical point. In both the EIT and EIA regimes, the
probe transmission rate can lead to AT splitting when we apply
a microwave field coupling the Rydberg transition, for exam-
ple the |60P3/2⟩ → |61S1/2⟩ transition in this work, and the
corresponding AT splitting is proportional to the microwave
Rabi frequency (see Fig. 5(c)), which is used to measure the
microwave field. Importantly, in the regime of EIA–EIT flip-
ping, the EIA signal is converted to an EIT signal with a huge
slope when a weak microwave field is applied (see Fig. 6(b)).
The EIA–EIT flipping and the huge slope are very sensitive
to the microwave field, therefore providing a method to detect
the microwave field with high sensitivity. The minimum mi-
crowave field obtained depends on the minimum change in the
probe transmission rate, and is limited by the shot noise. This
work was done within cesium atoms with a temperature of
100 µK, and could easily be extended to the room-temperature
case with the Doppler shift included. The investigations in this
work are significant for Rydberg atom-based microwave mea-
surement and field sensors.
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[31] Kondo J M, Šibalić N, Guttridge A, Wade C G, De Melo N R, Adams
C S and Weatherill K J 2015 Opt. Lett. 40 5570

[32] Mandel L and Wolf E 1995 Optical Coherence and Quantum Optics
(Cambridge: Cambridge University Press)

[33] Cai M H, You S H, Zhang S S, Xu Z S and Liu H P 2023 Appl. Phys.
Lett. 122 161103

113201-6

https://doi.org/10.1017/CBO9780511524530
https://doi.org/10.1017/CBO9780511524530
https://doi.org/10.1017/CBO9780511813993
https://doi.org/10.1017/CBO9780511813993
https://doi.org/10.1364/JOSAB.27.00A208
https://doi.org/10.1103/PhysRev.100.703
https://doi.org/10.1088/0953-4075/44/18/184020
https://doi.org/10.1088/0953-4075/44/18/184020
https://doi.org/10.1070/PU1999v042n07ABEH000557
https://doi.org/10.1103/PhysRevApplied.18.024001
https://doi.org/10.1103/PhysRevApplied.18.024001
https://doi.org/10.1103/PhysRevApplied.5.034003
https://doi.org/10.1038/nphys2423
https://doi.org/10.1103/PhysRevLett.105.193603
https://doi.org/10.1364/OPTICA.456761
https://doi.org/10.1038/nphoton.2016.214
https://doi.org/10.1088/0953-4075/48/20/202001
https://doi.org/10.1103/PhysRevA.94.023832
https://doi.org/10.1103/PhysRevApplied.18.014045
https://doi.org/10.1103/PhysRevLett.111.063001
https://doi.org/10.1103/PhysRevLett.111.063001
https://doi.org/10.1103/PhysRevApplied.8.014028
https://doi.org/10.1063/1.5095633
https://doi.org/10.1063/1.5095633
https://doi.org/10.1109/LAWP.7727
https://doi.org/10.1109/LAWP.7727
https://doi.org/10.1038/s41467-022-29686-7
https://doi.org/10.1063/1.4883635
https://doi.org/10.1364/OL.39.003030
https://doi.org/10.1364/OL.39.003030
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1063/1.5088821
https://doi.org/10.1063/1.5088821
https://doi.org/10.1063/5.0069195
https://doi.org/10.1103/PhysRevA.100.033823
https://doi.org/10.1364/OL.37.003858
https://doi.org/10.1103/PhysRevA.100.063427
https://doi.org/10.1063/5.0147827
https://doi.org/10.1063/5.0147827
https://doi.org/10.1515/9781400837045
https://doi.org/10.1515/9781400837045
https://doi.org/10.1364/OL.40.005570
https://doi.org/10.1017/CBO9781139644105
https://doi.org/10.1017/CBO9781139644105
https://doi.org/10.1063/5.0146768
https://doi.org/10.1063/5.0146768

	1. Introduction
	2. Theoretical model
	3. Results and discussion
	3.1. The d dependence
	3.2. The c dependence
	3.3. Microwave measurements

	4. Conclusion
	References

