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Abstract: The behavior of multilevel atomic ensembles (e.g., alkali-metal atoms) can be influenced
significantly by the intensity of a driving field (or controlling/coupling field). The phase coherence
between two transition pathways driven by a probe light and a driving field can lead to the effect
known as electromagnetically induced transparency (EIT). In EIT, the probe light can pass through a
three-level alkali-metal atomic vapor without absorption or reflection when two coherent resonances
(transition pathways driven by the driving and probe fields) are present and the linewidths of the
transparency windows are sufficiently narrow. The optical characteristics of atomic systems can
also be affected by the Doppler broadening of the absorption profile in a spectroscope. Our analysis
indicates that both broadenings (related to the transitions excited by the driving and probe fields)
can be expanded, leading to an increase in the transmittance and reflectance broadenings when a
coupling field with adaptive strength is applied; the corresponding temperature would, thus, be
implemented and readable. We show that the most suitable preparation for temperature sensing via
an EIT vapor is to provide 80 times the spontaneous decay rate (SDR) of the excited atomic levels.
This configuration results in reflectance and transmittance values that range between zero and one
and cover a temperature range of 0 K to 600 K. As an example, we demonstrate the integration of
specialized coating technologies with EIT ensembles for temperature sensing in the range of dozens
of kelvins at and above room temperature. A key advantage of this temperature-sensing system is
its ability to use adaptive resonant visible light as the probe field. This novel approach may find
applications in providing unprecedented levels of precision and control in temperature sensing
for coating processes and in the design of other photonic or optical devices. It can also be used to
determine the temperature-dependent behavior of the specific heat of alkali-metal solids and gases
(including the latent heats of vaporization or sublimation of alkali-metal solids) through the reflection
and transmission spectra of the vaporized EIT atomic vapors.

Keywords: electromagnetically induced transparency (EIT); temperature sensing; spontaneous decay
rate (SDR); three-level atomic systems; atomic vapor cell; Doppler broadening

1. Introduction

Temperature sensors are devices that are used to measure the temperature of a gas,
material, or environment based on different physical principles. Some notable develop-
ments and applications of temperature sensors have recently been achieved [1–6]. For
example, in textile-integrated thermocouples [1], two conductors with different Seebeck
coefficients can be used to generate a voltage signal proportional to the temperature differ-
ence between a hot and a cold junction. The conductors are embedded in various textile
substrates, such as cotton, cellulose, polymers, carbon, or optical fibers, to form flexible
and wearable temperature sensors. In nanocomposite-based capacitive gas sensors [2],
nanocomposite materials composed of pyrrole-bromo aluminum phthalocyanine can be
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used as a sensing layer, and interdigitated electrodes are used as the capacitive elements.
The capacitance of the sensor changes when exposed to different gases or vapors due to
the variation in the dielectric constant of the sensing layer. These sensors can detect H2S
gas at room temperature (approximately 25 ◦C) with a fast response and good stability.
In fabric nanocomposite resistance temperature detectors (RTDs) [3], a nanocomposite
material made of electrospun nylon-6 functionalized with multiwalled carbon nanotubes
(MWCNTs) and polypyrrole (PPy) can be used as a sensing layer, with silver electrodes
as the resistive elements. The resistance of the sensor increases linearly with temperature,
acting like an RTD. In all-printed composite thermistors [4], a composite material consisting
of carbon black and polyvinylidene fluoride (PVDF) acts as the sensing layer and silver
electrodes serve as the resistive elements, where the resistance of the sensor decreases
exponentially with temperature, acting like a thermistor. In distantly scanning infrared sen-
sors [5], thin films of materials such as silicon nitride (SiN), deposited via plasma-enhanced
chemical vapor deposition (PECVD) onto a substrate, are used as the sensing elements. This
sensor possesses the ability to swiftly scan and identify the infrared radiation discharged by
each object at adaptive distances, contingent upon their individual temperatures, and can
transmute the information into corresponding electrical signals in sequence. It can be used
to measure the temperature of a human body through the infrared radiation emitted by
the skin. In the distributed in-tube condensation of low-global-warming-potential (GWP)
refrigerant fiber-optic sensors [6], fiber-optic cables act as sensing elements and measure
the backscattered light signals along the length of the cables. These sensors can be used
to measure the temperature profile along a tube during the condensation of a low-GWP
refrigerant. Fiber-optic sensors can typically measure temperatures over a wide range, from
cryogenic temperatures to several hundred degrees Celsius.

In this paper, we suggest a different temperature-sensing scheme using an electromag-
netically induced transparency atomic vapor (e.g., a three-level alkali-metal atomic gaseous
medium). In the literature on quantum optics [7–12], the effect of phase coherence in atomic-
level transitions shows that some novel phenomena, such as electromagnetically induced
transparency (EIT) and atomic coherent population trapping (CPT), can be used to flexibly
control electromagnetic wave propagation through multilevel atomic media [7–12]. The
width of EIT resonance has been studied in alkali-metal atomic media such as rubidium va-
por [13], and experiments have been performed to slow down and shape single-photon light
pulses and generate pulses suitable for quantum key distribution applications [14], which
can be used to test some approaches for single-photon storage. The phenomena of Doppler
broadening in the optical transitions of atomic vapors, encompassing both ballistic and dif-
fusive atomic movements within a confined interaction region, as well as collision-induced
depopulation and decoherence, have been comprehensively elucidated [15]. Resonance
transmission in a three-level Lambda-type system of rubidium’s D1 line can be controlled
by adjusting the linewidth of the pumping (coupling) laser field [16]. The steady-state EIT
and sub-Doppler linewidth in Doppler-broadened Lambda-type 87Rb formed on the D2
line transition have been experimentally determined [17]. A narrow dip in the absorption
spectrum undergoes substantial narrowing compared with an atom at rest when particle
motion influences two-photon resonances and ensures further extension beyond the residual
Doppler shift [18]. The intensity of the generated coherent radiation from a laser without
inversion for the Vee and Lambda configurations in a Doppler-broadened medium has been
numerically calculated for a wide range of experimental parameters [19–22]. The depen-
dence of the transmission linewidth on the driving-field intensity has been characterized
and regarded as a “degree of optical pumping” [23]. It has been demonstrated that the
reflection and transmission of electromagnetic pulses through dielectrics doped with three-
level atomic systems [24,25] or quantum-dot-molecule films [26] can be varied by changing
the thickness of the slab or the intensity of the coupling field. Some information on the three
energy levels of typical neutral atoms [27–30] for producing the EIT effect can be found in
Appendix A. The theoretical foundation of the principles used in the temperature sensing
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in this work includes the quantum optical method [7] for the atomic-level density matrix,
thermodynamics and statistical principles [31], and optical media electromagnetics [32].

According to the Standard Guide for Painting Inspectors (Metal Substrates), ASTM
Designation D 3276-86 [33], for the coating process, it is very important to control and
measure the temperature to achieve the desired outcome. The maximum surface tempera-
ture for coating applications is typically 125 ◦F (50 ◦C) unless specified otherwise. If the
surface is very hot, the coating solvents may evaporate quickly, hindering application and
potentially resulting in blistering or porous films. Conversely, lower ambient temperatures
can lead some paints to thicken, which can increase the drying time and result in running
or sagging. The lowest temperature typically used is 50 ◦F (10 ◦C). These temperature
parameters are crucial for ensuring the effectiveness and durability of the coating.

2. Materials and Methods

In our scenario, a small amount of alkali-metal solid is present in a glass cell (also
referred to as an “atomic vapor cell”). When the temperature increases, the solid in the cell
sublimes to a gaseous state; i.e., a three-level EIT atomic vapor is enclosed in the glass cell.
The saturated vapor concentration of the alkali-metal atoms in the glass cell is a function of
temperature. Because the optical properties of the alkali-metal atomic vapor are determined
by the saturated vapor concentration and the external control-field intensity, reflection
and transmission (for the incident probe light) by the atomic vapor in the glass cell can be
manipulated by changing the temperature and the adjustable external control field.

In the absence of a driving laser beam, the vapor behaves like a typical gas [7]. The ve-
locity of the atomic ensembles follows a normal distribution, and the absorbance linewidth
is rendered. When a driving laser beam is applied, the atoms move faster, their kinetic
energy increases, and the temperature of the vapor rises. This results in a transparency dip
at the center of the absorbance profile. Various types of broadening become pronounced. By
measuring any type of broadening in the spectral lines and inspecting the reflectance and
the transmittance of the probe field crossing the EIT vapor slab, the temperature function
of the atomic vapor can be determined.

2.1. The Relative Dielectric Constant of a Typical EIT Vapor

Here, we first consider the optical or electromagnetic response of an EIT atomic
vapor [7]. Let us consider a three-level Lambda-type atomic or ensemble system, with two
lower levels, |1〉, |2〉, and one upper level, |3〉 (see Figure 1a for a schematic diagram). This
atomic ensemble system is driven by a probe light and a control field, which excite the
|1〉 − |3〉 and |2〉 − |3〉 transitions, respectively. Because the atomic levels |1〉 and |2〉 have
the same parity, and the upper level, |3〉, has an opposite parity to levels |1〉 and |2〉, an
electric-dipole-allowed transition can occur between levels |1〉 and |3〉 and can also occur
between levels |2〉 and |3〉, but it cannot occur between levels |1〉 and |2〉, because the two
levels |1〉 and |2〉 (having the same parity) belong to the states that have the same principal
quantum number, and their energy levels (energy eigenvalues) are almost degenerate. In
general, such a three-level system can be demonstrated or found in alkali-metal atoms
(e.g., Li, Na, K, and Rb). By using the quantum-mechanical density matrix approach, the
complex microscopic electric susceptibility (caused by the |1〉 − |3〉 transition driven by the
probe field) of an alkali-metal atomic vapor is given by [7]

χ = Naβ = Na

i
|℘13|2

ε0}

[ γ2
2 + i

(
∆p − ∆c

)](
Γ3
2 + i∆p

)[ γ2
2 + i

(
∆p − ∆c

)]
+ |Ωc|2

4

 (1)

where Na denotes the atomic concentration (number density per unit volume), ℘13 is the
electrical dipole moment between states |1〉 and |3〉, Γ3 is the spontaneous decay rate (SDR),
γ2 is the collisional dephasing rate (CDR), Ωc is the Rabi frequency of the control field, }
is the Planck constant, and ε0 is the absolute dielectric constant of a vacuum. Here, Ωc is
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defined as Ωc = ℘32Ec/}, where Ec is the control-field envelope (slowly varying amplitude
of its electric field). The two frequency detunings (related to the transitions |1〉 − |3〉 and
|2〉 − |3〉) are defined as ∆p = ω31 − ωp and ∆c = ω32 − ωc, with ωp and ωc being the
angular frequencies of the probe field and the control field, respectively.
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Figure 1. The fundamental mechanism of temperature sensing using a three-level atomic system.
(a) Schematic diagram of a three-level Lambda-type atomic system; (b) 1.2-wavelength-thick EIT
atomic vapor slab sandwiched by two glass walls, with dielectric constant ε2 = ε4 = 4 and thickness
d2 = d4 = λp/2 (all three layers embedded in vacuum). The alkali-metal solid is placed into a glass
cell or plated on the inner walls of a glass cell. When the temperature increases, the alkali-metal
solid sublimes into atomic vapor, increasing the three-level atomic number density of the vapor. This
modifies the optical characteristics of the three-level atomic vapor in response to the probe light that
drives the |1〉 − |3〉 transition.

Now, let us consider the Doppler effect. The frequency shifts for the three transition
frequencies can be expressed as follows:

ωD
31 = ω31

(
1± v

c

)
, ωD

21 = ω21

(
1± v

c

)
, ωD

32 = ω32

(
1± v

c

)
. (2)

In this expression, + and − denote that the probe and control lights are propagating
toward and away from the moving atomic ensembles, respectively. In this study, we assume
that their traveling directions are all in counter-propagation. Three new Doppler-dependent
detuning quantities can then be obtained as follows:

∆′p = ∆p +
(ω31

c

)
v, ∆′c = ∆c +

(ω32

c

)
v, ∆′p − ∆′c =

(
∆p − ∆c

)
+
(ω21

c

)
v. (3)

Let the spontaneous decay rate of level |3〉 Γ3 = 2 × 107 s−1, the dephasing rate
γ2 = Γ3

200 , and the electric dipole moment |℘13| = 10−29 C ·m . Some dimensionless

quantities (related to frequency detuning and Rabi frequency) are defined as x =
∆p
Γ3

,

y = ∆c
Γ3

, and z = |Ωc|
Γ3

. We substitute Equation (3) into Equation (1), and the Doppler-
modified susceptibility (caused by the |1〉 − |3〉 transition driven by the probe field [7]) can
be expressed as

χ = Naβ = Na

i
|℘13|2

ε0}

[
Γ3
400 + i

(
∆′p − ∆′c

)](
Γ3
2 + i∆′p

)[
Γ3
400 + i

(
∆′p − ∆′c

)]
+ 1

4 |Ωc|2

 (4)
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This can be rewritten as

χ = Naβ = Na

 |℘13|2

ε0}Γ3

[
i 1

400 −
(

∆′p−∆′c
Γ3

)]
(

1
2 + i ∆′p

Γ3

)[
1

400 + i
(

∆′p−∆′c
Γ3

)]
+ 1

4
|Ωc|2

Γ2
3

. (5)

Thus, the Doppler-modified susceptibility is given by

χ = Na
|℘13|2

ε0}Γ3


[

i 1
400 −

(
∆p−∆c

Γ3
+

ω21
c v
Γ3

)]
(

1
2 + i

(
∆p+

ω31
c v

Γ3

))[
1

400 + i
(

∆p−∆c
Γ3

+
ω21

c v
Γ3

)]
+ 1

4
|Ωc|2

Γ2
3

. (6)

The new complex bulk susceptibility of the three-level atomic vapor [7] can thus be
rewritten as

χnew =
[
K0N′a(T)

]
{
−[(x− y) + k21v] + i 1

400

}
{

1
2 + i[x + k31v]

}{
1

400 + i[(x− y) + k21v]
}
+ 1

4 z2

, (7)

where the parameters are given by K0 = |℘13|2
ε0}Γ3

, N′a(T) = N0
T0
T exp

[
− l

kB

(
1
T −

1
T0

)]
(in

Atom
m3 ) [31], T0 = 300 K, N0 = 1 × 1022 m−3, l = 10−21 J, kB = 1.38 × 10−23 J/K,

k31 = ω31
cΓ3

, k32 = ω32
cΓ3

, k21 = ω21
cΓ3

.
There are some examples of three-level Lambda configurations of EIT atomic en-

sembles with different Doppler-shift parameters k31, k21, and k32. Readers can refer to
Appendix A.

In this paper, we assume that the atomic ensemble has a mass of 10 amu (atomic
mass unit); k31, k32, and k21 are 1.1 s/m, 1.1 s/m, and 1.1 × 10−6 s/m, respectively;
x = 1, y = 0, z = [0, 10, 50, 60, 70, 80, 90, 100] (eight cases); T = [1 K− 600 K], and thus,
K0= 5.3578× 10−21 ( m3

Atom ).

The expression for the susceptibility Ex[χ] =
√

m
2πkBT

+∞∫
−∞

χnew exp
[
− mv2

2kBT

]
dv for EIT

ensembles has been numerically integrated using the trapezoidal rule in the scope of
temperature (see Figure 2a).

Applying the Clausius–Mossotti relation [32], we obtain the final dimensionless com-
plex relative dielectric constant as follows:

ε3 = ε3(T) = 1 +
N′a(T)β′(T)

1− N′a(T)β′(T)
3

= 1 + χ′(T) + iχ′′ (T). (8)

2.2. FWHM of Transparency Windows

The full width at half maximum (FWHM) of Doppler broadening in the atomic velocity
domain for a typical gas absorption profile is equal to a specific value (2

√
(kBT ln 2)/m).

This value can be broadened by an increase in the square root of the temperature and
a decrease in the square root of the mass of each atom. However, for an EIT vapor,
when a monochromatic weak probe laser beam is tuned to a two-level atomic transition
resonance, the levels |1〉, |3〉 under consideration would be strongly mixed with another
coupling or driving laser field (the Rabi frequency Ωc plays the role of the superposition
coefficient in this coupling). This leads to splitting due to the AC Stark effect and results
in an Autler–Townes doublet for a three-level Lambda-type system [7]. A much smaller
transparency linewidth with a deep dip is rendered, which is almost Doppler-free when
the driving laser beam and the probe laser beam have nearly the same wavelength and
propagate collinearly through the vapor [17–20]. The coherent resonance results in only a
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very small anti-absorbed variation (transparency linewidth) appearing in the middle of the
absorption profile.
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Figure 2. Theoretical curves for temperature sensing. (a) Variation in three-level atomic vapor sus-
ceptibility of EIT ensemble versus kelvin temperature (K) under various conditions; (b) comparison
between the full width at half maximum (FWHM) with Doppler broadening (in atomic velocity
domain) and EIT transparency windows’ FWHM without Doppler broadening (in Γ3) versus kelvin
temperature (K).

The expected linear susceptibility has been acquired as a single-peak Lorentzian profile
by timing Maxwell’s velocity distribution profile and shown as an analytical error function
in some studies [15–17]. Instead of using this expression, we calculate the expected value via
trapezoidal numerical integration. The Doppler-free FWHM of the transparency window
can be found by using some simple algebra. As mentioned in the last section, the imaginary
part Im[χ] of the three-level atomic vapor susceptibility (caused by the |1〉 − |3〉 transition
driven by the probe light) can be extracted through the factor F of the susceptibility

F =

[ γ2
2 + i

(
∆p − ∆c

)](
Γ3
2 + i∆p

)[ γ2
2 + i

(
∆p − ∆c

)]
+ |Ωc|2

4

. (9)

When the frequency detuning ∆p = ∆c = 0 and the control-field Rabi frequency
square |Ωc|2 is much less than γ2

2 ·
Γ3
2 or |Ωc| = 0, we can have the imaginary part

Im[χ] ∝

[ γ2
2
](

Γ3
2

)[ γ2
2
]
+ |Ωc|2

4

=
2
Γ3
≈ max(A), (10)

where A is the absorption of the slab. When the frequency detuning ∆p = ∆c = 0 and |Ωc|2
4

is much larger than
(

Γ3
2

)( γ2
2
)

, the imaginary part of the susceptibility is

Im[χ] ∝
2γ2

|Ωc|2
≈ 0. (11)

Now, let us formulate the real FWHM of the absorption dip profile. For the sake
of simplicity, we assume x =

∆p
Γ3
6= 0, y = ∆c

Γ3
= 0, keep Ωc as a normal notation, and
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choose the dephasing rate γ2 as a negligibly small constant ( γ2 = Γ3
200 → 0). Then, the

susceptibility can be expressed as a proportional form of the following expression:

iF → i 1
Γ3
·

i
∆p
Γ3(

1
2+i

∆p
Γ3

)(
i

∆p
Γ3

)
+ |Ωc |2

4Γ2
3

= 1
Γ3
· −x
( 1

2+ix)(ix)+ z2
4

= 1
Γ3
· −x

z2
4 −x2+ i

2 x
= 1

Γ3
·
−x
(

z2
4 −x2− i

2 x
)

(
z2
4 −x2

)2
+ x2

4

.

(12)

Thus, the main structure of the three-level atomic vapor susceptibility (caused by the
|1〉 − |3〉 transition driven by the probe light) can be written as

χ = Re[χ] + i× Im[χ] ∝
1
Γ3
·

(
x3 − x z2

4

)
+i x2

2(
z2

4 − x2
)2

+ x2

4

. (13)

To find the FWHM point, we require the imaginary part of the susceptibility to be
equal to 1

Γ3
(i.e.,

(
2

Γ3
− 0
)

/2 = 1
Γ3

), i.e.,

Im[χ] ∝
1
Γ3
·

x2

2(
z2

4 − x2
)2

+ x2

4

=
1
Γ3

. (14)

Then, we can obtain the equation(
z2

4
− x2

)2

+
x2

4
=

x2

2
. (15)

Rearranging the equation, we obtain a quadratic equation of x, i.e.,

x4 −
(

z2

2
+

1
4

)
x2 +

z4

16
= 0⇒ x2 =

z2

2 + 1
4 ±

√
1

16 + z2

4

2
. (16)

Solving the quadratic equation of x, we obtain the roots

x = ±

√
2z2 + 1±

√
4z2 + 1

8
. (17)

There are four roots:

x4,1 = ±

√
2z2 + 1 +

√
4z2 + 1

8
,x3,2 = ±

√
2z2 + 1−

√
4z2 + 1

8
. (18)

We ignore the left-most root, x1, and the right-most root, x4, of Equation (18), and then
the static FWHM of the transparency windows (without the Doppler effect) can be adopted
with the value of the difference between the third and second roots of Equation (18), i.e.,

∆x = x3 − x2 =

√
2z2 + 1−

√
4z2 + 1

2
. (19)

This means that the FWHM of the EIT transparency window in Γ3 is a function of either
z = |Ωc|/Γ3 or of the temperature according to T = (}|Ωc|)/kB = (}Γ3/kB)z. We combine
the FWHM curve of the atomic root-mean-square velocity with Doppler broadening and
the FWHM curve of the EIT transparency window without Doppler broadening, both of
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which increase with temperature. The relevant comparison of the two curves is shown
in Figure 2b.

When a stronger driving field (with the Rabi frequency Ωc) that drives the |2〉 − |3〉
transition is applied, the velocity of the moving atoms may be greater (with an increase
in the root-mean-square speed according to vrms =

√
(2kBT)/m), and they may have

an elevated temperature (i.e., T ∝ (}|Ωc|)/kB). In other words, when the direction of
the driving light (Ωc) propagates toward the moving atoms (i.e., approaching them), the
Doppler effect can broaden the FWHM of the transparency window of the probe light
(see Figure 3a–h).

2.3. Reflectance, Transmittance, and Absorption

We will discuss the problem of light reflection, transmission, and absorption in
a system consisting of a vapor slab with thickness d3 and an intense control field ap-
plied, as schematically shown in Figure 1b. The transfer matrix of the j-th layer can be
expressed as [21,22]

Qj
(
ωp, dj

)
=

 cos
(

kj
zdj

)
i · sin

(
kj

zdj

)
/rj

i · rj sin
(

kj
zdj

)
cos
(

kj
zdj

) , (j = 2, 3, 4) (20)

where kj
z =

√
k2

pε j is the z component of the wave number in the j-th layer; rj = kj
z/kp; dj is

the thickness of the j-th layer; kp is the wave number of the probe field (kp = ωp/c); and c
is the speed of light in a vacuum. The total transfer matrix for the considered glass cavity
system is given by

P
(
ωp
)
= Q2

(
ωp, ε2, d2

)
Q3
(
ωp, ε3, d3

)
Q4
(
ωp, ε4, d4

)
. (21)

In our scheme for temperature sensing with a three-level atomic vapor, the alkali-
metal solid is placed into a glass cell (or plated on the inner wall of the glass cell). As the
temperature rises, the alkali-metal solid sublimes into atomic vapor, thus increasing the
atomic number density of the gas in the cell. This modifies the dielectric coefficient and
susceptibility and, thus, changes the optical properties of the atomic vapor (in response
to the probe light that drives the |1〉 − |3〉 transition). We assume that the glass walls on
both sides of the atomic vapor cell have a relative dielectric constant εr equal to 4 and a
thickness equal to half of the probe light wavelength (λp/2), such that Q2

(
ωp, ε2, d2

)
=

Q4
(
ωp, ε4, d4

)
=

[
1 0
0 1

]
, which is an all-transmission characteristic. The probe light

travels in the z-direction from medium 1 (left-side half-space), impinges normally on the
first left vertical side boundary of the glass cell, passes through the slab (atomic vapor
cell), crosses the last right vertical side boundary of the glass cell, and finally transmits
into medium 5 (right-side half-space). We assume that media 1 and 5 are in a vacuum,
media 2 and 4 have a relative permittivity of ε2 = ε4 = 4, medium 3 has ε3 = εEIT, and all
five regions are nonmagnetic (i.e., µj = 1, j = 1, 2, 3, 4, 5). The reflection coefficient at the
left-side interface of the vapor slab is given by [15–17]

r
(
kp
)

=
r1(P22−P11)−(r2

1P12−P21)
r1(P22+P11)−(r2

1P12+P21)

=
− i

2

(
1√
ε3
−√ε3

)
sin(kp

√
ε3d3)

cos(kp
√

ε3d3)− i
2

(
1√
ε3
+
√

ε3

)
sin(kp

√
ε3d3)

,
(22)

and the transmission coefficient at the right side of the vapor slab is

t
(
kp
)

= 2r1
r1(P22+P11)−(r2

1P12+P21)
= 1

cos(kp
√

ε3d3)− i
2

(
1√
ε3
+
√

ε3

)
sin(kp

√
ε3d3)

. (23)
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Figure 3. The variation in reflectance and transmittance broadening in temperature-sensing scope
under the same prerequisite conditions x = ∆p/Γ3 = 1, and y = ∆c/Γ3 = 0 but several different
z = |Ωc|/Γ3: (a) z = 0, (b) z = 10, (c) z = 50, (d) z = 60, (e) z = 70, (f) z = 80, (g) z = 90, and
(h) z = 100. The blue line in (a–h) represents the normal variation in transmittance due to temperature
changes, while the red dashed line denotes the variation in reflectance due to temperature changes.
One of the insets in each figure is a legend that describes the meaning of the two lines. The other
inset describes the largest value of reflectance Rmax and the minimum value of transmittance Tdip for
each corresponding temperature in detail and accuracy.
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Therefore, the reflectance on the left side, transmittance on the right side, and absorp-
tion in the region of the three-level atomic vapor slab (glass cell) can then be expressed,
respectively, as

R =
∣∣r(kp

)∣∣2, Ttran =
∣∣t(kp

)∣∣2, and A = 1− R− Ttran. (24)

3. Results

For a neutral atomic ensemble vapor slab, the broadening of the transparency window
increases with the intensity of the driving field (with the Rabi frequency Ωc) that drives the
|2〉 − |3〉 transition. This process also results in an elevation in temperature. As the intensity
of the driving field increases, the transparency window versus temperature accordingly
widens (see Figure 2b). This means that the distance between the Autler–Townes doublet
in the double optical resonance can be observed as temperature broadening (and thus the
FWHM of the absorption). The variations in the reflectance broadening and transmittance
broadening have been calculated for several tens of times the magnitude of Ωc of the
strong driving fields as a function of temperature and are shown in Figure 3a–h. For
temperature-sensing applications, proper preparation involves driving-field strengths of
50, 60, 70, and 80 times the spontaneous decay rate (SDR), i.e., z = |Ωc|/Γ3 = 50–80. At
these driving-field strengths (Ωc), the system exhibits both reflectance and transmittance
values ranging from 0 to 1, corresponding to temperatures of 100 K, 200 K, 300 K, and 600 K,
respectively. The entire temperature sensor can be equipped with a sensitive photodiode
to detect small variations in the weak probe light. These micro-level signals can then
be amplified with an electronic differential amplifier and clearly displayed. This allows
for more precise measurements and a better understanding of the effect of the driving
field on the transparency window. By carefully manipulating parameters such as the
thickness of the EIT vapor slab or glass wall, the concentration of the ensembles, and the
sensitivity of the electronic devices, temperature-sensing systems may be optimized for
various applications. For instance, altering the thickness of the EIT vapor slab or glass wall,
adjusting the concentration of ensembles, increasing the sensitivity of electronic devices,
or specifying other combinations of these conditions could yield different temperature-
sensing data that could be useful in photonic device design and industrial applications.
In principle, susceptibility is a critical material parameter that governs the behavior of
an EIT material. Understanding this parameter can help clarify the underlying physical
mechanisms and pave the way for new sectionalized temperature detection of the EIT
vapor slab. The transmittance and reflectance of the probe light (driving the atomic |1〉 − |3〉
transition) over a vapor slab are influenced by both Doppler broadening and transparency
windows broadening, which have been numerically calculated by using simple algebraic
methods. Under the same prerequisite conditions of x = ∆p/Γ3 = 1 and y = ∆c/Γ3 = 0
with different driving fields z = Ωc/Γ3 = 0, 10 (exciting the |2〉 − |3〉 transition), the
transmittance can drop abruptly from 1 to 0, while the reflectance abruptly increases from
0 to 1 at temperatures 12 K and 15 K, respectively (clearly, this has simply a toy-model
meaning because the theoretical equations for the atomic systems presented in this paper
would be invalid at such ultra-low temperature). This configuration results in a very
low resolution for discriminating differences in transmittance and reflection data (see
Figure 3a,b). If, however, the driving field (exciting the |2〉 − |3〉 transition) is adjusted
to be z = Ωc/Γ3 = 50, 60, 70, the transmittance curve can vary abruptly from 1 to 0,
and the reflectance curve can vary abruptly from 0 to 1 simultaneously at temperatures
of 100 K, 200 K, and 300 K, respectively (see Figure 3c–e). While the driving field is
tuned to be z = Ωc/Γ3 = 80, the excellent resolution (transmittance and reflectance are
distributed between zero and one) can be achieved, covering the entire temperature range
from T = 0 K to 600 K (see Figure 3f). If the applied driving field becomes more intense,
e.g., z = Ωc/Γ3 = 90, 100, the transmittance and reflectance range would become smaller
such that the resolution falls to an undistinguishable level (see Figure 3g,h).
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However, there are some limitations and challenges that need to be addressed for
this method to be widely applicable. First, we need to ensure that the vapor slab is
maintained at a stable temperature and pressure to avoid fluctuations in the atomic
density and velocity distribution. Second, we need to consider the effects of Doppler
broadening, power broadening, collisional broadening, and Zeeman splitting on the
spectral features and line shapes. Third, we need to account for nonlinear effects,
such as saturation, self-phase modulation, four-wave mixing, and electromagnetically
induced absorption, that may occur at high driving-field intensities. Fourth, we need to
calibrate the temperature sensor with a standard reference thermometer and evaluate
its accuracy, precision, sensitivity, stability, repeatability, and reproducibility. Fifth,
we need to compare our method with other existing methods, such as thermocouples,
thermistors, pyrometers, bolometers, and optical fibers. Finally, we need to explore other
possible applications of this method, such as optical switching, modulation, filtering,
amplification, lasing, and quantum information processing.

4. Discussion

The optimal temperature for applying coatings is contingent upon the specific type of
coating being used. Generally, coatings should be applied in favorable weather conditions,
when the air and surface temperatures are between 50 ◦F (10 ◦C) and 125 ◦F (50 ◦C) [33], for
most paints. In Table 1, it is shown that under the conditions x = ∆p/Γ3 = 1, y = ∆c/Γ3 = 0,
and z = Ωc/Γ3 = 0, 50, the reflectance data are very close to 1, and the transmittance data
are very small, i.e., approaching 0 (e.g., at an order of magnitude of 10−7 and 10−9). Such data
do not have practical significance: i.e., they are understood only in the sense of a model. With
these very small ranges, discriminating the corresponding temperature is difficult. When
the conditions x = ∆p/Γ3 = 1, y = ∆c/Γ3 = 0, and z = |Ωc|/Γ3 = 80 are met, both the
reflectance and transmittance can be easily distinguished, with values of 0.565782 and
0.557437, respectively, covering operating temperatures of 283 K to 323 K. In contrast, when
the set of conditions x = ∆p/Γ3 = 1, y = ∆c/Γ3 = 0, and z = |Ωc|/Γ3 = 100 are met, the
reflectance and transmittance are difficult to distinguish at each corresponding temperature,
with values of 0.02948 and 0.03206, respectively, leading to difficulties in resolving the
operating temperature between 283 K and 323 K.

Table 1. Reflectance and transmittance data of EIT vapor for proper coating temperature.

Temp.

Condition x = 1,
y = 0,
z = 10.

x = 1,
y = 0,
z = 50.

x = 1,
y = 0,
z = 80.

x = 1,
y = 0,
z = 100.

T (K) T (◦C) Refl. Trans.
(×10−9) Refl. Trans.

(×10−7) Refl. Trans. Refl. Trans.

283 10 0.999482 6.266 0.996913 7.735 0.002866 0.922671 0.017826 0.964154
288 15 0.999474 6.372 0.996955 7.237 0.023542 0.897178 0.020719 0.960617
293 20 0.999466 6.481 0.996995 6.794 0.067918 0.849543 0.02835 0.957449
298 25 0.999459 6.592 0.997033 6.397 0.134662 0.781554 0.027216 0.953753
303 30 0.999451 6.706 0.997069 6.041 0.218222 0.698869 0.020811 0.949835
308 35 0.999443 6.823 0.997103 5.720 0.310514 0.609308 0.034628 0.945704
313 40 0.999435 6.943 0.997135 5.431 0.403412 0.520487 0.038658 0.941369
318 45 0.999427 7.066 0.997165 5.169 0.490679 0.438072 0.042889 0.936839
323 50 0.999419 7.192 0.997194 4.931 0.568649 0.365234 0.047311 0.932129

Range 0.000063 0.9266 0.000282 2.803 0.565782 0.557437 0.029485 0.032026

Coatings on biological microelectromechanical systems (bioMEMSs) have a broad
range of applications [34], with biomimetic micro- and nanotechnology experiencing sub-
stantial growth in recent years, leading to substantial advancements in the pharmaceutical
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and biomedical fields. This has resulted in the development of new and improved devices,
materials, tools, and operating-temperature-measuring (controlling) issues in various ap-
plications. In addition to temperature detection, the present mechanism can be used to
measure electric and magnetic field strengths in some microelectromechanical systems.
Static electric and magnetic fields can cause an energy eigenvalue shift in atomic energy
levels (the Stark and Zeemann effects), which leads to changes in frequency detuning in
the atomic polarizability and dielectric permittivity of an atomic vapor. Therefore, if a
micron-scale atomic vapor cell can be embedded into a microelectromechanical system, the
optical response of the vapor cell to an external control field and a probe light can be used
to detect the electric and magnetic fields within the microelectromechanical system.

Figure 4 presents a schematic representation of the proposed experimental setup for a
temperature-sensing device. This device is constructed with an electromagnetically induced
transparency vapor slab, with a thickness of 1.2 λp (wavelength of probe field), positioned
between two glass walls, each with a thickness of 0.5 λp.
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Figure 4. A scheme of temperature-sensing system via EIT vapor. In this setup, the strong driving
(coupling) field is drawn as a wide red color beam, and the weak probe field is drawn as a normal
blue color beam. CL represents a convex lens, BS denotes a beam splitter, PD is a kind of sensitive
photodiode, and MR denotes a perfect reflecting mirror. MRR denotes a perfect mirror for reflected
light, and MRT denotes a perfect mirror for transmitted light. OP Amps 1 and 2 are two accurate
instrumental differential operational amplifiers, which can detect a very small electrical voltage
(micro-voltage level).

5. Conclusions

The integration of special coating technologies with electromagnetically induced
transparency (EIT) ensembles, embedded as randomly distributed inclusions or bubbles
within a coating layer (e.g., GaAs and InGaAs), offers a wide-range visible probe light,
with the potential for unprecedented levels of precision and control in temperature-sensing
and coating processes. When the driving field strength is exactly 80 times that of the SDR,
the EIT vapor system achieves reflectance and transmittance values ranging from 0 to 1,
providing a direct indication of the corresponding temperature between 0 K and 600 K.
To meet specific temperature range requirements, an EIT vapor slab temperature-sensing
system could be designed by adjusting the adaptive intensity of the driving (coupling) field.
In other words, we could unlock new possibilities for flexible-temperature-range-sensing
systems by adaptively controlling the driving field in the EIT vapor.

Notably, this paper only describes a theoretical study based on atomic gas medium
optics, where all the physical parameters need to be determined specifically through a
physical model that includes atomic-level transition dynamics, the gaseous atom Doppler
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effect, atomic gas optical properties, alkali-metal solid sublimation, and a saturated vapor
density analysis. The method presented in this paper is suggested from a purely theoretical
perspective. Because the temperature range of atomic vapor is wide (i.e., several hundred
degrees kelvin), the dependence of the latent heat (related to alkali-metal solid sublimation)
and saturated vapor density on the temperature cannot be expressed using simple functions,
i.e., they need to be determined through experiments. Practical temperature-sensing
mechanisms need to be determined using semi-empirical and semi-theoretical methods.
In turn, the ideas, theory, and method presented in this paper may also be employed for
determining the temperature-dependent behavior of the phase-transition latent heat and
saturated vapor densities of alkali-metal elements.

In future applications, a temperature detector could be used to monitor changes in
the EIT vapor slab. This would provide valuable information about the system’s behavior
and could lead to further advancements in our understanding of EIT optical phenomena in
practical environments. Overall, the study of the effect of temperature on reflectance and
transmittance in multilevel atomic vapor slabs is an area that deserves further attention
because of its potential applications in photonic device design.
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Appendix A

Three levels of some typical neutral atoms [27–30].

Doppler-Shift Ratio
(Unit: s/m)

Lithium [27] Sodium [28] Lead [29] Strontium [30]
Atom in This Study

m = 10 AMU

k31 1.1457 0.9508 1.1085 0.9317 1.1

k21 0.8547 0.8087 0.3345 0.381 1.1× 10−6

k32 0.291 0.1421 0.774 0.5507 1.1
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