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We report a scheme for enhancing microwave electric field measurement by cavity-
assisted Rydberg electromagnetically induced transparency in the 87Rb coherent atomic
system. The vacuum Rabi splitting appears when the probe field is strongly coupled with
intracavity atoms. The cavity-assisted electromagnetically induced transparency with dual-
peak profile is observed as a strong coupling laser is further introduced into the optical ring
cavity. The optimal atomic density, resulting in an appropriate vacuumRabi splitting interval
and cavity-assisted electromagnetically induced transparency amplitude, is determined for
the coupling effect criterion of the probe field and intracavity atoms. Finally, the cavity-
assisted electromagnetically induced transparency is employed to accurately measure the
microwave electric field strength, and a measurement sensitivity factor of about 2 is
improved owing to an enhanced photon–atom interaction. This study is beneficial for the
development of compact, broadband, and self-calibrating microwave receivers.
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1 INTRODUCTION

Atom-based measurement serves as a calibration standard for measuring time, length, and other
physical quantities [1–3] owing to its advantages of reproducibility, accuracy, and stability [4–6].
Rydberg atoms [7], as a perfect candidate with large transition dipole moments and strong
interatomic interactions, tend to be used for field sensors in microwave measurement [3, 8],
terahertz communication [9–11], and terahertz imaging [12, 13]. The sensitivity of microwave
electric field (E-field) measurement based on the Rydberg atoms is an ongoing pursuit in recent years
[3, 8, 14–17].

The microwave E-field measurement based on Rydberg atoms is realized by an
electromagnetically induced transparency (EIT) scheme [18], coupling the ground state to the
Rydberg state with an intermediate state. In these cases, the frequency interval of the Autler–Townes
(AT) splitting indicates the strength of the microwave E-field, which drives the adjacent Rydberg
levels [3]. Several mechanisms are proposed to improve the measurement sensitivity. The spectral
resolution is improved by appropriate microwave frequency detuning [15], the optimal geometry
structure of vapor cell [16], and adding an auxiliary field [17, 19]. The spectral signal-to-noise ratio
(SNR) is also effectively improved by modulation technology [10, 20] and heterodyne detection [18].

In an alternative way, the optical ring cavity can effectively enhance the interaction between
atoms and photons through multiple oscillations of the photons in the cavity, which provides a
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better platform for atom-based measurement [21–24]. Strong
interaction plays an important role when intracavity atoms
are collectively coupled with the probe field, which leads to the
splitting of the normal cavity mode, and referred as vacuum
Rabi splitting (VRS) [25]. Noted that the strong coupling
effect between intracavity atoms and the probe field is usually
used to study the normal mode splitting of low excite state
atoms [26–28], while Rydberg atoms are less involved.
Intracavity Rydberg atoms, whose collective effect is greatly
enhanced, are considered as a candidate for microwave E-field
measurement. The enhanced detection sensitivity of weak
microwave E-field with intracavity Rydberg atoms has been
investigated in theory [29–31]. Both the effects of intracavity
Rydberg EIT, intracavity anomalous dispersion and the
collective Rabi splitting are calculated and simulated for
the microwave E-field measurement, which can greatly
improve the measurement sensitivity, while there are no
reports of measuring the weak microwave E-field by
intracavity Rydberg atoms in experiment to our best
knowledge.

In this study, we performed the microwave E-field
measurement by the cavity-assisted electro magnetically
induced transparency (CAEIT) method in a 87Rb atomic
system. The intracavity atoms are strongly coupled with the
probe field, which results in a VRS. CAEIT with a dual-peak
profile is induced in the optical ring cavity with a strong
coupling laser field. The effects of the atomic density on the
VRS splitting and CAEIT amplitude are discussed in detail,
which are used for the coupling effect criterion of the probe
field and intracavity atoms. To evaluate the influence of the
coupling laser, the amplitude and FWHM of the CAEIT peak
are investigated by changing the coupling laser power. Finally,
the CAEIT method is employed to accurately measure the
microwave E-field strength. This study paves the way for
building a high sensitivity portable sensor and offers a
platform for achieving a compact receiver.

2 EXPERIMENTAL SETUP

The relevant atomic energy levels configuration employed in this
experiment is shown in Figure 1A. A weak probe field (red) cyclically
oscillates in the optical ring cavity to drive the transition from the
ground state 5S1/2 to the excited state 5P3/2, and a strong coupling
field (blue) couples the excited state 5P3/2 to the Rydberg state 56D5/2.
Then the ladder-type three-level EIT is dressed by a microwave field,
which drives the adjacent Rydberg transition of 56D5/2–57P3/2.

Figure 1B shows the sketch of the experimental setup. The probe
laser is provided by a diode laser (DL pro, Toptica), and the
frequency is scanned over the 87Rb 5S1/2(F = 2) - 5P3/2 transition,
which is divided by the combinations of half-wave plates and
polarization beam splitters. A weak beam is used to obtain the
saturation absorption spectroscopy for the frequency reference. The
main beam is injected into the optical ring cavity via CM1 and
circulates in the cavity as the enhanced-probe field. The coupling
laser is provided by a frequency-doubled amplified diode laser (DLC
TA-SHG pro, Toptica) at 480 nm, which is tuned to excite the atoms
from 5P3/2 to 56D5/2 transition. The coupling beam is also divided by
other combinations of half-wave plates and polarization beam
splitters. The main beam is focused by L3 with a focal length of
200mm and injected into the cavity through CM4. A wavemeter
(WS-7, HighFinesse) is used to monitor the laser frequency through
a weak beam. A reference spectrum recorded by PD2 is also
constructed by the interaction of an additional probe and
coupling beams in another rubidium vapor cell to ensure the
laser fields frequencies meet the two-photon resonance condition.

The optical ring cavity is composed of four cavity mirrors,
including two flat mirrors (CM1 and CM2) and two planoconcave
mirrors (CM3 and CM4) with a 100 mm radius of curvature. The
transmissivity of the input (CM1) and output (CM2)mirrors are all
about 1.5% at 780 nm. CM3 and CM4 have high reflectivity at
780 nm, and the transmissivity of CM4 is about 90% at 480 nm.
Mirrors CM3 and CM4 are separated by approximately 105 mm.
The total cavity length is approximately 500 mm and precisely

FIGURE 1 | (A) Relevant energy levels of 87Rb atoms. (B) Experimental setup. λ/2, half-wave plate; M, mirror; CM, cavity mirror; DM, dichroic mirror; L, lens; AOM,
acousto-optic modulator; PD, photodiode; SAS, saturation absorption spectroscopy; WM, wavemeter; SIG, signal generator; PZT, piezo-electric transducer; PBS,
polarization beam splitter; WG, waveguide.
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adjusted by a piezo-electric transducer (PZT) mounted on the
CM3. The corresponding free spectral range is about 0.6 GHz. A
weak beam leaked from CM2 recorded by PD1 is used to monitor
the cavity mode when the probe beam is injected into the optical
ring cavity. The finesse of the empty cavity is about 130. It is
reduced to about 30 due to surface reflection losses when a
cylindrical Rb vapor cell (a length of 50 mm and a diameter of
25 mm) is placed at the center of CM3 and CM4.

The microwave field with 12.007 GHz, corresponding to the
Rydberg transition from 56D5/2 to 57P3/2, is provided by a signal
source (Rohde & Schwarz, SMB100A), and then it irradiates to
the vapor cell through a rectangular waveguide. The rectangular
waveguide is beneficial for the weak field and near-field
measurement owing to the simple structure and a small
radiation range. It is placed 3 cm away from the vapor cell to
reduce the influence of stray fields, and the propagation direction
is perpendicular to those of the probe and coupling beams. The
probe laser, coupling laser, and the microwave field are all linear
polarization.

3 RESULTS AND DISCUSSION

The cavity transmission of the probe laser is obtained by scanning
the probe laser frequency as shown in Figure 2. Among them,

Figure 2A is the cavity transmission signal when the vapor cell is
introduced into the optical ring cavity at room temperature; the
asymmetry of the cavity transmission is due to the depolarization
effect of the vapor cell. The incident probe laser power before M1
is fixed at 190 μW, and the power at the entrance of the vapor cell
is about 2.8 μW due to the low transmissivity of the cavity
mirrors. The FWHM of cavity transmission is about 22 MHz.
As the atomic density increases, the VRS of cavity transition
appears. To obtain the symmetrical VRS, the cavity length is
precisely adjusted by the PZT-mounted mirror to match the
atomic resonant frequency of 5S1/2(F = 2)–5P3/2(F′ = 3) hyperfine
transition, which is shown in Figure 2B. The VRS interval is
determined by coupling strength g (g =

�����
μ2ωp

2Zε0VM

√
, where ωp is the

resonant frequency of the optical cavity, μ is the atomic dipole
matrix element, and VM is the cavity mode volume) between the
intracavity atoms and the probe field. As the atomic density
increases, the coupling strength g can be enhanced by using an
ensemble of atoms to g

��
N

√
[25], where N is the number of atoms

in the cavity mode volume. Then the CAEIT (transmission
window) appears at the center of VRS peaks when a 25 mW
strong coupling laser is introduced by CM4, as shown in
Figure 2C with a red line. The NCEIT in the black line is
obtained by slightly adjusting CM4 so that the probe field is
no longer matched to the cavity mode. Note that the two
experimental conditions (laser frequencies and powers) are
consistent, except for the resonant or non-resonant cavity. The
circulating power of the resonant cavity is 1.23 times higher than
that of the non-resonant cavity, which is calculated by Pc

P0
=

1−R
1+RTc−2

���
RTc

√ [32], where Pc and P0 are the laser powers of

circulating and injected fields, respectively, R is the reflectivity
of input cavity mirrors (M1), and Tc is the transmittance through
the vapor cell (~ 80.3%). For a fair comparison, the probe powers of
PD1 are kept consistent in both CAEIT and NCEIT by adjusting the
neutral density plate. It can be found that the amplitude of CAEIT is
about 7.5 times larger than that of NCEIT from Figure 2C, which is

FIGURE 2 | (A) Cavity transmission (CT) as a function of the probe
frequency detuning (Δp) from the 87Rb 5S1/2(F = 2)–5P3/2(F′ = 3) resonant
transition when the vapor cell is placed into the optical ring cavity. (B) VRS
without coupling laser. (C) Non-resonant cavity EIT (NCEIT) (black) and
CAEIT (red) under consistent experimental parameters. The curve lines of
VRS, CAEIT, and NCEIT are all expanded by 12 times to give a clear visual
contrast.

FIGURE 3 | VRS interval and CAEIT amplitude versus atomic density.
The blue diamonds represent the interval of VRS, the black dots are the
amplitude of CAEIT, and the red lines are the results of theoretical fitting.
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smaller than the calculated results by considering the parameters of the
cavity. The unexpected losses of the cavity and the scattering of the
vapor cell led to a decrease in the amplitude enhancement of EIT by
optical cavity. The interaction strength between the probe laser and
atoms is effectively enhanced bymultiple oscillations of the probe laser
in the cavity to increase the interaction length. Therefore, the CAEIT
provides an effective tool for microwave E-field measurement.

The atomic absorption and dispersion have a great influence
on the transmission properties of the optical cavity, which is
reflected in the VRS interval (blue diamonds) and CAEIT
amplitude (black dots), as shown in Figure 3. The powers of
the probe and coupling lasers at each end of the optical cavity
are 190 μW and 25 mW, respectively. It can be seen that the
VRS interval increases as atomic density increases, which is
precisely controlled by changing the temperature of vapor. The
VRS interval (ΔVRS) can be expressed as ΔVRS = 2

����������
g2N +Ω2

c /4
√

[25, 33], where Ωc is the Rabi frequency of coupling laser.
However, the probe laser is vigorously absorbed for the VRS
process as the atomic density increases, which results in the
corresponding decrease of CAEIT amplitude. To quantitatively
interpret the experimental results, a theoretical model is
introduced. When the atomic vapor is introduced into the
optical ring cavity, the cavity transmission (Tc) can be
expressed as follows [28]:

Tc � T2

1 + R2κ2 − 2Rκ cos 2LΔ + ωplRe χ[ ]( )/c( ), (1)

where T and R are the transmissivity and reflectivity of the cavity
mirrors, respectively; κ = exp(-ωplIm[χ]/c) is the intracavity
absorption; L and l are the length of optical ring cavity and
vapor cell, respectively; Δ is the detuning of the input probe field

from the cavity resonance; and χ is the atomic susceptibility
obtained by solving density-matrix equations in the steady-state
condition, as follows:

χ � iμ2ρ0

Zε0 γ12 − iΔp + Ω2
c /4

γ13−i Δp+Δc( )( ), (2)

where ρ0 is the atomic density; γij is the decay of atomic state; Z is
the Planck’s constant; Δp and Δc are frequency detunings of the
probe and coupling lasers from their resonant frequencies,
respectively; and Ωc is the Rabi frequency of the coupling
field. The red lines are the corresponding theoretical fittings
by Eq. 1, which are in good agreement with the experimental
results. Therefore, the atomic density of ∽ 1.97 × 1011 cm−3 is
selected as an ideal condition to balance the VRS interval and
CAEIT amplitude.

Coupling laser power also plays an important role in CAEIT,
which is studied in Figure 4. The inset is the contour plots of the
CAEIT as a function of Δp with different Pc. The white dot lines
are the trajectories of two VRS peaks and the black arrow
represents the transmission peak of 5S1/2–56D5/2 transition. It
can be found that the frequency interval of VRS becomes larger as
coupling laser power increases [23]. The relationship between the
VRS interval (ΔVRS) and coupling laser Rabi frequency (Ωc) is

ΔVRS = 2
����������
g2N + Ω2

c /4
√

[33]. The amplitude and FWHM of the

transmission peak of 5S1/2–56D5/2 transition also gradually
increase, and the corresponding amplitude (squares) and
FWHM (dots) are extracted from the inset of Figure 4. The
theoretical fittings are in good agreement with the experimental
results, which are indicated by the red lines in Figure 4.

The microwave E-field (E) measurement based on the
Rydberg atoms is carried out by measuring the AT splitting
interval (Δf) of EIT when the microwave field is applied, which
can be expressed as Δf = ΩMW

2π = μE
2πZ, where ΩMW is the Rabi

frequency of microwave field. Therefore, the microwave E-field
intensity can be directly determined by the precise AT splitting
measurement. The microwave E-field measurement method
becomes invalid when the AT splitting becomes
indistinguishable [34]. Figure 5A shows the CAEIT (red)
and NCEIT (black) when the square root of the microwave
field power (

��
P

√
) is 0.0045 W1/2. It can be clearly distinguished

from CAEIT AT splitting, while the EIT AT splitting shows the
positive result.

When the microwave field with 12.007 GHz is applied to the
atomic system, the AT splitting interval of NCEIT (black) and
CAEIT (red) with different

��
P

√
is shown in Figure 5B. It can be

found that the AT splitting interval increases as the microwave
field power increases. The gray layer is the measurement range of
microwave E-field calculated by two methods. The white layer
represents that the larger measurement range can be achieved by
CAEIT compared to NCEIT. As we all know, the minimum
detectable microwave E-field strength (Emin) can be obtained by
the minimum distinguishable AT splitting Δfmin. From
Figure 5B, Emin is about 0.403 V/m measured by the CAEIT,
which is smaller than that of NCEIT (0.723 V/m) under the same
experimental conditions. The frequency is calibrated by the

FIGURE 4 | Dependences of the amplitude (squares) and the FWHM
(dots) of CAEIT on the coupling laser power (Pc). The red lines are the results of
theoretical fitting. The inset is the contour plots of the corresponding CAEIT as
a function of Δpwith different Pc. The red area pointed by the black arrow
in the inset represents the peak position of 5S1/2–56D5/2 transition, and the
white lines are the trajectory of the two VRS peaks.
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frequency interval between 56D3/2 and 56D5/2 Rydberg states. The
measurement sensitivity (S) of microwave E-field can be
calculated as follows: Emin��

Hz
√ [35], so the minimum detectable

microwave electric field strength can directly reflect the
measurement sensitivity. Therefore, improvement in
measurement sensitivity factor of about 2 is clearly achieved.
The enhancedmeasurement sensitivity of microwave electric field
by experiment is smaller than the theoretical calculations [29–31],
which is caused by the additional losses of the cavity mirrors and
the scattering of vapor cell in experiment. The measurement
sensitivity may be greatly improved by combining other effective
methods, such as the robust Rydberg atom superheterodyne
method [17]. Therefore, the CAEIT can be employed to
measure weak field and extend the measurement range of
microwave field with high resolution.

4 CONCLUSION

In conclusion, we propose a method of enhanced microwave
E-field measurement via CAEIT. The VRS is observed by the
strong coupling between intracavity atoms and the probe
field. CAEIT with a dual-peak profile is induced when a
strong coupling laser is further introduced into the optical
ring cavity. The effects of the atomic density on VRS interval
and CAEIT peaks’ intensities are studied for the coupling
effect criterion of intracavity atoms and the probe field. The
amplitude and FWHM of CAEIT are also investigated by
changing the coupling laser power to evaluate the influence
of coupling laser. Finally, the CAEIT method is used to
measure the microwave E-field, the measurement
sensitivity is improved about 2 times compared with the

NCEIT method. This study is helpful for enhancing the
interaction of atoms and photons, and contributes to
design the compact and portable microwave sensor.
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