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Introduction: Rydberg atoms are ideal for measuring electric fields due to their
unique physical properties. However, low-frequency electric fields below MHz
can be challenging due to the accumulation of ionized free electrons on the
atomic vapor cell’s surface, acting as a shield.

Method: This paper proposes a Cavity-enhanced three-photon system (CETPS)
measurement scheme, which uses a long-wavelength laser to excite the Rydberg
state, reducing atomic ionization and enhancing detection spectrum resolution.
A theoretical model is proposed to explain the quantum coherence effect of the
light field, measured electric field, and the atomic system.

Result: The results show that the proposed scheme significantly increases the
electromagnetically induced transparency (EIT) spectral peak and narrows the
spectral width, resulting in the maximum slope increasing by more than an order
of magnitude.

Discussion: The paper also discusses the impact of the Rabi frequency of the two
laser fields and the coupling coefficient of the optical cavity on the transmission
spectrum amplitude and linewidth, along with the optimal configuration of these
parameters in the CEPTS scheme.
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1 Introduction

Rydberg atoms possess large interstate transition dipole moments (~n2) and
polarizabilities (~n7), making them highly responsive to external electric fields [1, 2]. As
a result, they are suitable for electric field measurements. The rich energy level structure of
Rydberg atoms allows for theoretical measurement of electric fields in the DC ~ THz
frequency range through manipulation of quantum states [3–6]. In fact, in quantum
measurement systems utilizing Schrodinger cat states, a single Rydberg atom with
significant angular momentum can surpass the standard quantum limit in terms of
measurement sensitivity [7]. However, the measurement of low-frequency electric fields
belowMHz poses significant challenges. There are two main problems: 1) The conventional
two-photon three-level measurement scheme exhibits a significant shielding effect on the
low-frequency electric field [8–10]. This is because the laser causes the atoms in the vapor
cell to undergo photoionization, Penning ionization, etc [11, 12]. As a result, free electrons
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are pulled and accumulated on the surface of the vapor cell by the
low-frequency electric field, effectively shielding the external electric
field. This effect is particularly pronounced at frequencies as low as
kHz, where the external electric field is completely shielded and
cannot affect the atoms. 2) The resonance frequency of MHz is far
from the energy level of the Rydberg atom, meaning that it will not
excite the atomic energy level transition. Instead, it only causes the
fine structure energy level to degenerate and form the Stark shift.
When a weak field is applied, the disturbance to the energy level is
minimal, resulting in a small macroscopic detection spectrum
displacement that is difficult to measure [13, 14]. The commonly
used two-photon three-level scheme unable to measure low-
frequency weak electric field below kHz. A new measurement
scheme needs to be proposed to address the shielding issue, and
further study to improve the spectral resolution and detection
sensitivity.

One possible solution to the shielding problem is to place an
electrode plate inside the vapor cell [15–19] and apply a voltage to
generate an electric field. However, this method is only suitable for
laboratory research and is not practical for measuring electric fields
in practical application scenarios. An alternative approach proposed
by [13] is a three-photon excitation scheme, which uses two long-
wavelength lasers (780 nm and 1,529 nm) instead of a short-
wavelength laser (480 nm) for three-level excitations.
Experiments have shown that using longer-wavelength lasers can
effectively reduce atomic ionization, thereby minimizing the
shielding effect caused by charge accumulation. The remaining
shielding can be addressed by calibrating the shielding coefficient
[20]. The three-photon + heterodyne measurement scheme
described in [13] requires an intrinsic signal to generate a beat
signal, making it more suitable for radio communication and over-
the-horizon radar applications.

To address the issue of non-resonant micro-displacement
identification, it is crucial to enhance the quality and precision of
the detection spectrum. The phenomenon of electromagnetically
induced transparency (EIT) arises from the nonlinear quantum
interference effect when multiple laser fields are coupled to the
atomic energy level [21–23]. By detecting the EIT spectrum, the
atomic state can be accurately determined [24–26]. To further
improve the detection sensitivity, an optical resonant cavity can
be incorporated into the measurement device, increasing the cyclic
power of the laser wave at a specific frequency and extending the
interaction length through multiple oscillations, thereby enhancing
the transmission spectral resolution [27–31]. This coupled atomic
cavity system has been extensively studied in cavity quantum
electrodynamics (cavity-QED) [32]. However, its application in
measuring low-frequency electric fields has not yet been explored.

In summary, this paper proposes a scheme combining three-
photon system and cavity-enhanced EIT (collectively known as
Cavity-enhanced three-photon system, CETPS) to achieve high-
sensitivity low-frequency electric field measurement. In the second
section, the structure of CETPS is described. By solving the Liouville
equation of the three-photon excitation system, the cavity-adding
effect is defined as the coupling coefficient to correct the
susceptibility of the probe laser. Additionally, the transfer
function of CEPTS is constructed, and the mathematical
relationship between the electric field strength to be measured
and the frequency shift of the transmission spectrum is derived.

The transfer function of CEPTS not only characterizes the
performance of the entire measurement system, but also reflects
the relevant characteristics of the EIT effect and the Stark effect.
Therefore, the third section analyzes the performance of the
proposed measurement scheme based on the transmission
spectrum. Firstly, the transmission spectra generated by two-
photon, conventional three-photon and CEPTS measurement
systems are compared. It is confirmed that the proposed CEPTS
scheme can improve the spectral peak and narrow the half-height
width, thereby increasing the measurement sensitivity. Secondly,
this paper explains the principle and law of the peak center
frequency shift, half-height width, and optical peak distortion
(known as the “horn” peak) in the transmission spectrum with
the increase of the measured field strength, as shown in simulations
and experiments. This is achieved through theoretical modeling of
the total response of the periodic electric field by CETPS, which
guides the feature extraction of the detection spectrum and the
accurate measurement of the electric field. Finally, this paper
analyzes the influence of the three-photon Rabi frequency and
the optical cavity coupling coefficient on the EIT spectral
amplitude and linewidth, and discusses the optimal configuration
of the parameters manually regulated in the CEPTS scheme.

2 Theoretical model

We consider an ensemble of a single-mode cavity containing N
four-level 87Rb atoms with the level structure depicted in Figure 1A,
where level |1〉, |2〉 and |3〉 are long-lived ground state 5S1/2,
intermediate states 5P3/2 and 4D3/2 respectively, level |4〉 is highly
excited Rydberg state nP1/2. Three laser beams enter the optical
cavity, which is made up of CM1, CM2, and CM3, as depicted in
Figure 1B. The cavity mode generated by the 780 nm probe field
couples the atomic |1〉 → |2〉 transition with a detuning of Δp, the
coupling constant g � μ12

��������
ωp/2Zε0V

√
. Here, μ12 is the atomic

transition dipole moment, ωp is the probe laser frequency, V is
the cavity mode volume, Z is the reduced Planck constant, and ε0 is
the vacuum dielectric constant. The 1,529 nm dressed field (Rabi
frequencyΩd) on the |2〉→ |3〉 transition with a detuning of Δd. The
703 nm coupling field (Rabi frequency Ωc) on the |3〉 → |4〉
transition with a detuning of Δc. The dressed laser and the
coupled laser overlap in the atomic vapor cell through a
polarization beam splitter (PBS) and propagate the probe laser
back. The laser emitted from the cavity is detected by a
photodiode detector (PD). A low-frequency field E(t) is applied
to the atomic vapor cell through two parallel electrode plates.

The interaction Hamiltonian for the CETPS in the rotating-wave
approximation and in the rotating frame is given by:

Haf � −Z∑N

j
gâpσ̂

j( )
21 + Ωd

2
σ̂

j( )
32 + Ωc

2
σ̂

j( )
43( ) +H.c., (1)

where âp is the annihilation operator of the probe field mode in the
Heisenberg picture and in the rotating frame, with the convention
[âp, â

ϯ
p] = 1, σ̂(j)uv � | u〉〈v| (u, v = 1,2,3,4) is the atomic operator

associated with the jth atom, N is the number of atoms in the
cavity mode.

For the expected value 〈ô〉 of the operator ô in the atom-cavity
system, it can be obtained by solving the Heisenberg equation of
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motion _o � (1/iZ)〈[ô, H]〉 of the operator ô, where the total
Hamiltonian H = Haf + Hatom + Hfield is the sum of the
interaction Hamiltonian Eq. 1 and of the atomic and field
Hamiltonians Eq. 2:

Hatom � Z∑N
j Δpσ̂

j( )
22 + Δp + Δd( )σ̂ j( )

33 + Δp + Δd + Δc( )σ̂ j( )
44[ ] +H.c.,

Hfield � ZΔcavâ
†
pâp,

(2)
where Δcav = ωcav-ω12 is the cavity detuning between the transition
frequency ω12 and the cavity resonance frequencies considered ωcav.

Considering the spontaneous emission Γi of each level |i〉 (i =
1,2,3,4), the Lindblad operator L̂ � ���γuv√ |u〉〈v| is introduced to
describe this dissipation process, where γuv = (Γu + Γu)/2 represents
the spontaneous decay rate between energy levels |u〉 and 〈v| , one
obtains the following set of the atomic equations of motion Eqs 3–5
and coupled field equation of motion Eq. 6 [33]:

_̂σ
j( )

12 � − γ12 − iΔp( )σ̂ j( )
12 + igâpp σ̂

j( )
11 − σ̂

j( )
22( ) + i

Ωd

2
σ̂

j( )
13 , (3)

_̂σ
j( )

13 � − γ13 − i Δp + Δd( )[ ]σ̂ j( )
13 + i

Ωp
d

2
σ̂

j( )
12 + i

Ωc

2
σ̂

j( )
14 − igâppσ̂

j( )
23 ,

(4)
_̂σ

j( )
14 � − γ14 − i Δp + Δd + Δc( )[ ]σ̂ j( )

14 + i
Ωp

c

2
σ̂

j( )
13 − igâppσ̂

j( )
24 , (5)

_̂ap � − κ1 + κ2
2

− iΔcav( )âp + i∑N
j

gσ̂
j( )

12 + ��
κ1

√
âinp , (6)

where κ1,2 are the two cavity fields decay rate corresponding
to round-trip absorption losses, and κ = κ1 = κ2 for a
symmetric cavity.

Below we focus on the situation in which all the atoms are in
level |1〉 initially and the probe field is much weaker than the dressed
and coupling fields, so that the equation of motion of σ̂(j)ii is not
needed to perform a first-order expansion in the probe field, and the

interpretive expression of σ̂(j)12 can be obtained. In addition, the
population of the intermediate state is almost negligible, which
means σ̂(j)22 ≃0 and σ̂(j)11 ≃1. Substituting σ̂(j)12 into Eq. 6 and
transforming the equation using â � â(ωp)eiΔpt, we get the
steady-state solution for the intracavity field [30]:

_̂ap ωp( ) � �
κ

√
âinp ωp( )

κ − iΔ − i ωpl

2L χ
, (7)

where Δ = Δp-Δcav is the relative frequency, χ is the atomic
susceptibility introduced, l is the length of the vapor cell, L is the
total cavity length.

If we assume that each atom is independent (σ̂(j)12 � σ̂12), that is,∑N
j σ̂

(j)
12 � Nσ̂12, the χ is given by:

χ � i
2g2NL

ωpl
γ12 − iΔp + Ω2

d/4
γ13 − i Δp + Δd( ) + Ω2

c /4
γ14−i Δp +Δd +Δc( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
−1

, (8)

In subsequent simulation calculations, the values of the
spontaneous decay rates are taken from [34, 35] as Γ1 = 0, Γ2 =
2π × 6.07 MHz, Γ3 = 2π × 0.66 MHz, Γ4 = 2π × 10 kHz.

To obtain the Doppler averaged absorption we rewrite the
susceptibility of the atom in Eq. 8 into the combination of the
real part and the imaginary part, χ = χ′+iχ″, and average χ′ and χ″ of
the atomic velocity distribution that is found in a vapor cell at room
temperature, Troom≈298 K. the atomic medium of moving atoms
room temperature is considered to follow the classical Maxwell-
Boltzmann velocity distribution function given by Eq. 9:

f v( ) �
������

m

2πKBT

√
exp − mv2

2KBT
( ), (9)

where m is the mass of the atom, KB is the Boltzmann constant, v is
the velocity of atom. Since the Doppler effect is caused by
contributions from different velocity groups of atoms, the
observation frequencies of the three laser beams (probe, dressed

FIGURE 1
(A) Schematic energy-level diagram for four-level ladder-type systemof the 85Rb atoms, the state configuration as: 5S1/2(F=3)→5P3/2(F’=4)→4D3/2→nP1/2.
Γi is the spontaneous decay rate of level |i>. (B)Optical cavity coupling scheme in three-photon system. The 780-nm probe laser counter propagates with
the 703-nm couple beam, The 1,529-nm dressing laser propagates in the same direction as the 703-nm beam, applying low-frequency field Es(t) through
electrode plate. CM, cavity mirror; M, mirror; PD, photodiode detector; PBS, polarization beam splitter.
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and coupling beams) will be different for different atomic velocity
groups. The frequency detuning of Δp, Δd and Δc needs to be replaced
by the corresponding Doppler shift terms Δp→Δp + kpv, Δd→Δd - kdv
and Δc→Δc - kcv, where kp, kd and kc represents the wave vector
associatedwith the probe, dressed and coupling field, and “+” represents
the same propagation direction as the probe field (corresponding to
Figure 1B). Finally, Eq. 8 is modified by the following:

Im χD[ ] � ∫+∞

−∞
χ′f v( )dv,

Re χD[ ] � ∫+∞

−∞
χ″f v( )dv,

(10)

where the subscript D on χ presents a Doppler averaged value.
The cavity transmission function S(ωp) for the probe field

in CETPS system can be derived from Eq. 7 and
|âoutp (ωp)|2 � κ|âp(ωp)|2:

S ωp( ) � âoutp

∣∣∣∣∣ ∣∣∣∣∣2
âinp
∣∣∣∣∣ ∣∣∣∣∣2 � κ2

κ − i Δ + ωpl

2L
χ( )∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣2
, (11)

In Figure 1B, the probe laser is input from CM1 into the optical
cavity with intensity Iin, is reflected back and forthmultiple times by the
three cavity mirrors CM1, CM2, and CM3 and circulates in the cavity,
and is finally output from CM3 with intensity Iout. The cavity output
field amplitudes from all round trips are summed, the corresponding
transmission of the CETPS has the following form [36]:

S ωp( ) � Iout
Iin

� T2

1 − Rτ( )2 + 4Rτ sin2 Φ ωp( )( ][ , (12)

where T and R are the cavity transmissivity and reflectivity of the
input cavity mirror CM1 and the output cavity mirror
CM3 respectively. T is related to the round-trip time through the
cavity mirror and κ, T = 2Lκ/c, c is the speed of light, and T2+ R2 = 1.
Φ(ωp) is the intracavity round-trip phase shift, and

Φ ωp( ) � L

c
Δ + ωpl

2L
χ′( ), (13)

Furthermore, the absorption coefficient τ of the intracavity
medium is defined:

τ � exp −ωpl

c
χ″[ ], (14)

It can be seen that under the condition of high reflectivity (R ≈ 1)
and small round-trip phase shift, the expansion of both absorption
and sinusoidal terms in Eq. 12 has the same form as Eq. 11. We use
Eq. 12 to analyze our data.

A more detailed analysis of the transmission spectrum S(ωp) in
CETPS is necessary to fully understand the effects of an external low-
frequency electric field. According to the Stark theory, an external field
causes a frequency shift in the spectral signal of S(ωp). Within a certain
range of field strength, the frequency shift Δstark depends on the field
strength amplitude and the atom’s Rydberg state [17, 37], that is,

Δstark � −1
2
αE2, (15)

Where E represents the electric field strength, α represents the
polarizability of the atom in a Rydberg state.

When the sine law of the measured electric field changes,
meaning that the electric field is represented by the equation
Es(t) = A·sin(2πft), the frequency shift of the spectrum will be
observed to change periodically with the field strength between
0~αA2/2, and the change frequency is equal to 2 times the frequency
of the electric field. The response of the spectrum to the electric field
Eact (ti) at different moments is expressed as Δstark (ti). This
oscillation phenomenon, caused by the accumulation of time, is
described by the response of the spectral signal at Nmoments in one
cycle, and the relationship between the spectrum and the low
frequency electric field is obtained:

Sstark Δ( ) � f∑N
i�1
S Δ − Δstark ti( )[ ] � f∫1/f

0
S Δ − Δstark t( )[ ]dt, (16)

The three-photon excitation scheme does not fully address the
issue of shielding. The electric field that actually enters the vapor cell
is Eact(t) = ηEs(t), where η is determined by the frequency of the
sinusoidal electric field. This is explained in Ref. [20]:

η f( ) � 0.6f���������
f2 + 1.312

√ + 0.4f���������
f2 + 8.962

√ , (17)

The combinatorics Eqs 10, 13, 14, 16 obtain Eq. 18:

Sstark Δ( ) � ∫1/f

0

T2

1 + R2τ2 Δde( ) − 2Rτ Δde[ ] cos ωplχ′ Δde( )/2c[ ] dt,
(18)

where the detuning Δde � Δ − Δstark(t), and Δstark(t) = 1/2αE2
act(t)

is obtained by Eqs 15, 17.

3 Result analysis

3.1 Analysis of spectral resolution in various
measurement schemes

In this section, we examine the impact of the Rabi frequency of
the coupled field on the transmission spectrum in the CETPS
measurement scheme. This will be compared to the results
obtained from conventional two-photon and three-photon
measurement schemes.

In the absence of any external field and with the probe field and
dressed field set to zero detuning (Δp = Δd = Δθ = 0), Set the probe field
and coupling field Rabi frequency to Ωp/2π = 10MHz and Ωd/2π =
25MHz for the two-photon and three-photon systems respectively, and
set the coupling coefficient to g

��
N

√
= 30MHz for CETPS. The Rabi

frequency for the coupling fieldΩc/2π, can be adjusted within the range
of 1~5MHz. The transmission spectrum of the probe laser is simulated
with varying detuning of the coupling laser, Δc, as shown in Figure 2.
Where (a)~(c) represent the results of two-photon, conventional three-
photon, and CETPS measurement systems, respectively.

In Figure 2A, the EIT peak of the two-photon system increases
as Ωc/2π increase, with a typical spectral linewidth of
approximately 3.5 MHz.

In the three-photon scheme shown in Figure 2B, as Ωc increases,
EIT is converted to electromagnetically induced absorption (EIA). This
is due to a new nonlinear effect caused by the addition of the strong
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dressed field. When Ωc is small (1–3MHz), there is a destructive
interference between the atom and the laser field, resulting in most of
the atoms being in the dark state. This inhibits the absorption of
photons and produces EIT. However, asΩc (3.5–5MHz) increases, the
atomic coherence changes from destructive interference to long
interference, leading to enhanced absorption and the production of EIA.

When Ωc ≪ Ωp, the EIA phenomenon can also be observed in the
two-photon experimental system. This is because the strong detection
field’s saturation effect reduces the induced transparency, resulting in
EIA [38, 39]. In the two-photon system, we further decreaseΩc/2π and
set the parameters (Ωp, Ωc)/2π= (10, 0.1) MHz to simulate the

interaction between the strong probe field and the weak coupling
field. As shown in Figure 2A (blue curve), the spectrum shifts from
a transmission peak to an absorption peak, with the appearance of an
AT double peak and an absorption peak between them, indicating the
presence of EIA. It is important to note that the numerical solution of
the spectral function accurately simulates the formation of EIA or the
transition from EIT to EIA when analyzing the optical response of the
system under the influence of a strong probe field and coupling field.

Adding an optical cavity to the three-photon system to form the
CETPS transmission spectrum as shown in Figure 2C, set the far
detuning point as the relative zero point, and set the coupling coefficient
g

��
N

√
= 30MHz, the intracavity dark-state polariton generated by the

strong collective coupling coherence between the probe field and the
cavity mode causes the atomic absorption at the resonance to be
strongly suppressed. The dispersion near the central peak at the
resonance is steep, and the slope of dispersion is approximately
inversely proportional to the frequency-locking coefficient ζ~∂χ′/∂ωp.
The slope of dispersion increases with the increase of ζ, and the EIT
transmission window will become narrower. Therefore, by using

��
N

√
enhancement to the coupling, further reducing the cavitymode volume,
or some combination of the two, a strong coupling regime with
collective Rydberg interaction can be achieved, and the linewidth of
the Rydberg EIT spectrum can be greatly by increasing the degree of
narrowing, the spectral amplitude can also be further improved.

The curve corresponding toΩc/2π = 1MHz is plotted in Figure 2D,
with the relative zero-point set at a position far from the resonance. In
comparison to the transmission spectrum of the three-photon system,
the signal amplitude in CETPS is enhanced by more than 4 times, and
the maximum slope is increased by more than one order of magnitude.
This improvement is also significant when compared to the amplitude
and slope of the cavity-enhanced two-photon spectrum observed in
previous experiments [40, 41]. This enhancement is crucial for
accurately measuring weak electric field.

3.2 Analysis of horn peaks and extraction of
features under the influence of an
electric field

Research has demonstrated that using either a two-photon or
three-photon measurement scheme, as the electric field intensity

FIGURE 2
Transmission spectrum plotted as a function of Δc/2π for (A) two-photon, (B) three-photon, (C) CETPS, and (D) comparison. The different traces
represent different Ωc/2π (MHz), as labeled in the legend. The parameters used in the calculation are: in the two-photon system, Ωp/2π = 10 MHz, the
atomic densityN = 4 × 109cm−3, μ12 = 1.9ea0, the illustration shows the configuration of (Ωp,Ωc)/2π = (10,0.1) MHz, Then addΩd/2π = 25 MHz [34] to form
a three-photon system and CETPS are formed by adding g

��
N

√ � 30 MHz, l = 5 cm, L = 50 cm, r = 0.96 and T2 + R2 = 1.

FIGURE 3
Comparison of theory and experiment. (A) Theoretical model of
CETPS: (g

��
N

√
, Ωd, Ωc)/2π = (30, 25,1) MHz, the other parameters are

shown in this figure, field intensity frequency 3 kHz, amplitude range
0–50 V/m. (B) Experiment of two-photon scheme, the
illustration is a vapor cell with a length of 5 cm and a diameter of 2 cm,
and the parallel plates spacing d = 0.6 cm.
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increases, the transmission spectrum shows a gradual increase in
pulse width, a decrease in peak intensity, and a distortion of the peak
shape (known as “horn” peak) from a narrow, single peak. This can
be seen in Figures 3A, B, which display the spectra obtained from
CETPS simulation and two-photon (using a built-in electrode plate)
measurement, respectively. The Rydberg state selected was 53S1/2
(the corresponding atomic polarizability α = 79.98 MHz·cm2/V2),

with an electric field frequency of 3 kHz and an intensity range of
0–50 V/m.

Comparing Figures 3A, B, it is evident that the results obtained
from the two measurement schemes demonstrate an increase in
frequency shift with an increase in field strength. Additionally, the
distortion of the spectrum also increases gradually. However, upon
comparison, it can be observed that the spectral distortion obtained
from the two-photon measurement scheme embedded in the inner
plate is more severe. As the field strength increases, the peak of the
peak splits into multiple smaller peaks, posing a challenge for accurately
extracting the frequency shift of the peak position. In contrast, the peak
obtained from the proposed CETPS scheme is narrower and only splits
into two peaks at the top.

The mathematical model presented in the second part of this paper
can be used to explain the formation and characteristics of double peaks.
The results are depicted in Figure 4, where the amplitude of the
sinusoidal electric field is A = 50 V/m and the frequency are f =
3 kHz. The electric field is segmented in the time domain, and the
characteristics of CETPS spectrum change caused by electric field at
different times are obtained. In Figure 4A, the transmission spectrum is
displayed as a function of time (vertical axis) and detuning (horizontal
axis), and the color bar represents the amplitude of the transmission
spectrum. Figure 4B shows the stark frequency shift Δstark

corresponding to the sinusoidal electric field at different times. The
longitudinal axis represents time, and the transverse axis represents
Δstark obtained by the field strength at a specified time after being
calibrated by the shielding coefficient. Additionally, the total response of
CETPS to the changing electric field accumulated in a period is also
plotted. The horizontal axis is the coupling detuning Δc/2π, and the
vertical axis is the transmission of the signal after experiencing the
periodic changing electric field, as shown in Figure 4C. The “horn” peak
is the result of sinusoidal signal sampling near the extreme value. The
linear “distortion” position caused by this low-frequency field

FIGURE 4
CETPS curve characteristics under electric field action of f =
3 kHz, A = 50 V/m. (A) Transmission at different times, (B) Δstark caused
by electric field, (C) total response of CETPS to the accumulated
changing electric field in a period.

FIGURE 5
Two-dimensional heat map to study the influence of different intensities g

��
N

√
, Ωd, Ωc on the spectral amplitude and line width of the CETPS

spectrum. (A,E), (B,F), (C,G), (D,H) correspond to the coupling coefficients of 5 MHz, 10 MHz, 30 MHz, and 50 MHz respectively. Color bars represent
spectral amplitude and linewidth.
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corresponds to the maximum offset caused by the field intensity
amplitude. Accurately modeling and reproducing these linear
“distortions” can provide an intuitive low-frequency weak field
measurement diagnostic scheme for the experiment.

3.3 Effects of Ωd, Ωc and g
��
N

√
in the CETPS

CETPS provides a way to reduce the shielding effect in low-
frequency field measurements, resulting in enhanced sensitivity and
narrower linewidth. However, the intricate interactions among
three-photons and optical cavity present a significant challenge.
Variations in Rabi frequencies and cavity-atom coupling coefficients
can have a significant influence on the transmission spectrum.

In Figure 5, we analyze the response of CETPS to various
configurations of dressed, coupling Rabi frequency and atom-cavity
coupling coefficient in order to determine the optimal working region.
For a series of coupling coefficients g

��
N

√
(the four groups of g

��
N

√
set

are 5, 10, 30, and 50MHz respectively), the relationship between signal
amplitude, line width, and the two variables Ωd, Ωc is plotted in two-
dimensional heat map. The variables are within the ranges of (0, 5), and
(10, 50). Signal amplitude and linewidth are determined from the
transmission intensity and full width at half maximum of the cavity
transmission spectrum, respectively.

In Figures 5A–D, with the slow increase of g
��
N

√
, the amplitude of

the transmission spectrum goes through the process of decreasing from
small to large, the maximum amplitude appears near g

��
N

√
≈12.5 MHz

(not shown in the picture).When the g
��
N

√
is constant, the amplitude of

the transmission spectrum increases with the increase of Ωd. However,
when the value of Ω2

c is close to 4γ12γ14, Ωc≈0.49MHz, the amplitude
undergoes a sharp change process, which is because the strong
coherence causes the population to be pumped into the dark state
composed of the ground state and the Rydberg state.

In Figures 5E–H, the transmission spectrum linewidth also shows a
similar change process of first decreasing and then increasing as g

��
N

√
increases, and the linewidth increases with the increase of Ωd and Ωc,
which is a result of power broadening of the resonance. However, when
Ωd is small, the effect of Ωc on the line width is not obvious.

The analysis above indicates that coordinating multiple parameters
is necessary for transmitting signals to maintain maximum amplitude
andminimal linewidth to achieve optimal sensitivity and obtain the best
working area of CETPS. Our simulation results show that whenΩd and
Ωc change within the set parameter range, the maximum value of the
transmission spectrum amplitude always appears in the range of
g

��
N

√
= (10–20) MHz. Although the amplitude can reach 0.95a.u.,

at this time the line width is larger (>1MHz). Therefore, in order to
obtain a smaller line width, it is necessary to set a largerΩd and a smaller
Ωc to reduce the impact of power broadening. It should be noted thatΩd

is limited by the output power of the laser in the experiment, which
generally does not exceed 2π× 67MHz [34]. These findingswill serve as
a valuable reference for optimizing our future experiment designs.

4 Conclusion

Using the electromagnetically induced transparency effect of
Rydberg atoms to measure low-frequency weak fields has always
been a challenge. In this paper, an approach has been proposed by

combining optical cavity with three photons to prepare Rydberg atoms.
This approach not only reduces the shielding effect caused by low-
frequency electric fields but also improves the resolution of EIT
spectrum. It allows for quantum precision measurement of low-
frequency weak fields. To prove this, we established a theoretical
model of CETPS under the action of low-frequency weak fields. In
this model, the continuous electric field in a period is considered as a

combination of N discrete electric fields: ∑N
i�1Es(ti), and obtained the

expression SStark(Δ) of the spectral signal of the system. Further analysis
of the transmission spectrum of the system revealed that the
conventional three-photon system experiences a transition process
from EIT to EIA as Ωc changes. However, the strong collective
coupling coherence of the atom-cavity coupled system increases the
signal amplitude bymore than 4 times and themaximum slope bymore
than one order of magnitude. Our analysis model can improve the
measurement sensitivity of low-frequency weak fields by more than one
order of magnitude. It accurately reproduces the spectral variation
under the action of low-frequency electric fields in the experiment.
The spectral frequency broadening and the “horn” peak are the
response results of the transmission signal accumulated in a period
of the electric field. It provides an intuitive diagnosis scheme for the
spectral line distortion that may be caused by the low-frequency
weak field in the experiment. Furthermore, we analyzed the
influence of the Rabi frequency of the two laser fields and the
atomic-cavity coupling coefficient on the transmission peak in the
cavity to determine the optimal operating region of CETPS. We plan
to conduct further experimental research on CETPS’s measurement
of low-frequency weak fields in the near future.
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