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Multiphysics Sensor Based on the Nonreciprocal
Evanescent Wave in the Magnetized Plasma

Cylindrical Photonic Crystals
Jia-Tao Zhang, Si-Si Rao, and Hai-Feng Zhang

Abstract—In this paper, a multiphysics quantity sensor is
proposed based on a magnetized plasma cylindrical photonic
crystals structure which is using the nonreciprocal evanes-
cent wave principle. The sensor primarily consists of mag-
netized plasma and two isotropic dielectrics with a periodic
asymmetric structure. Due to the introduction of evanescent
waves, a sharp peak in the transmittance spectrum can be
calculated by the transmission matrix method, relying on
which physical quantities such as plasma density, incidence
angle, magnetic induction strength, etc. can be attained, and
the refractive index can also be derived after the addition of
dielectrics in the structure. After adjustment, the sensitivity
and quality factor values of these physicalquantities at the for-
ward and backward propagation of electromagnetic waves are
1.027 × 102 (2πc/d)−1·m3, 0.945 × 102 (2πc/d)−1·m3, 1926.66,
1772.05, 0.00355 (2πc/d)·degree−1, 0.01029 (2πc/d)·degree−1,
378.03, 1163.76, 1.455 × 1011T−1, 1.014 × 1011T−1, 2235.02,
3686.81,0.21309 (2πc/d)·RIU−1, 0.09713 (2πc/d)·RIU−1, 352.66,
720.31, respectively, where c is the speed of light in vacuum,
and d is the thickness of one period structure of the proposed
cylindrical photonic crystals.

Index Terms— Cylindrical photonic crystals, magnetized plasma, nonreciprocity, evanescent wave, multiphysics
sensor.

I. INTRODUCTION

THE superiority of the sensor [1]–[3] is mainly measured
by the sensitivity (S), quality factor (Q), the figure of

merit (FOM), and other indicators. The design of sensors
with higher sensitivity, Q, and FOM has been the relentless
pursuit of researchers. Among them, it has been put forward
that photonic crystals (PCs) [4]–[6] could serve as the core
structure of optical sensors for several years. Owing to the
variety of excellent optical properties of PCs and the benefits
of the simple structure together with the flexible design and
the small size, they have launched a considerable impact on
traditional sensors. On the one hand, the one-dimensional (1D)
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plane PC, as a relatively simple and classical idealized model,
is widely used in the design of various types of sensors and has
a well-established technology. On the other hand, in pursuit of
higher practicality and convenience, PCs sensors have the use
of spherical photonic crystals (SPCs) [7]–[9] structures as the
ultimate goal. However, the lack of theoretical formulations for
the optical transport properties in SPCs has made this research
very scarce and demanding. As a trade-off, the cylindrical
photonic crystals (CPCs) [10]–[15] model, which is both
practical and well-formulated theoretically, serves as a good
transition between the two phases. There is a growing trend
for a number of teams to shift their research focus to CPCs.
Applying the principle of the transfer matrix method (TMM)
[16], the formula applicable to the CPCs [17] can be obtained
by expanding it on the column coordinate system.

Magnetized plasma [18], [19] is a typical kind of anisotropic
dielectric whose dielectric constant can be controlled by the
external magnetic field strength, plasma density, collision
frequency, and other factors. In this work, the cylindrical mag-
netized plasma PCs (CMPPCs) [20] are designed with a peri-
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TABLE I
COMPARISON OF METRICS BETWEEN DIFFERENT SENSORS∗

odic structure consisting of magnetized plasma and generally
isotropic dielectrics, and the characteristics of columnar wave
transmitting under TM polarization are discussed. At the
same time, the proposed structure has significant nonreciprocal
properties [21]–[23] due to the use of asymmetric arrays
and the magneto-optical effects produced by the introduced
magnetized plasma, which makes it possible for a sensor to
perform measurements on two scales, simultaneously.

Additionally, the existence of evanescent waves [24]–[26]
in the PCs, which cannot propagate in monolayer dielectrics,
is a very substantial phenomenon. When the electromagnetic
waves propagate from an optically dense medium to an
optically sparse medium, total reflection occurs whenever the
incidence angle is greater than the critical angle. Periodic
CMPPCs act here as the equivalent of a resonant cavity, where
the electromagnetic waves of a specific frequency incident at
a specific angle can be made to pass nearly loss-free, i.e.,
exhibiting one or several sharp fronts in the transmission
spectrum by adjusting parameters of the structure. Therefore,
a sensor based on the evanescent wave principle will have a
particularly high Q, this work is further designed based on the
same. The evanescent wave principle can also be used in the
design of optical switches, optical isolators, comb filters, and
other devices.

In this work, we use the structure of nonreciprocal CMPPCs
and apply the principle of evanescent waves to design a sensor.
The superposition of multiple theories allows this sensor to
have a larger linear range and a higher Q with multiple
physical measurements. Very little work has been done in this
area in existing studies. Table.I lists the metrics of the sensors
designed by other researchers compared with this work.

II. THEORETICAL MODEL

As shown in Fig.1, the structure of CMPPCs designed
in this paper consists of magnetized plasma and two other
isotropic dielectrics A, B. The thickness and refractive index
of A and B are denoted by dA, dB, n A, nB . Prisms made

Fig. 1. The structure diagrams of the designed CMPPCs, (a) stereogram,
(b) top view, and (c) cross-sectional view.

of the two dielectrics make up the innermost and outermost
layers, respectively. To compose the structure of the (APB)N ,
the magnetized plasma layers are added between the two
dielectrics with a thickness of dp, and the thickness of one
period is d = dA + dB + dp . It is worth mentioning that
the structures (A)PB and AP(B), which consist of a prism
and two other dielectric layers, are also considered as one
period in this paper, and N represents the number of periods
of the whole structure. To ensure that the external magnetic
field remains orthogonal to the wave vector, assume that the
applied magnetic field is along the φ-axis and is fixed as B0.
The electromagnetic wave is incident vertically at angle θ from
the prism.

When a magnetic field is added, the dielectric constant
of the magnetized plasma exhibits anisotropy and has the
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following form in the columnar coordinate system [17]:

εp =
⎡
⎣ ε1 jε2 0

− jε2 ε1 0
0 0 ε3

⎤
⎦ (1)

where

ε1 = 1 − ω2
p (ω + jνc)

ω
[
(ω + jνc)

2 − ω2
c

] (2)

ε2 = −ω2
pωc

ω
[
(ω + jνc)

2 − ω2
c

] (3)

ε3 = 1 − ω2
p

ω (ω + jνc)
(4)

plasma frequency ωp = √
e2ne/ε0m, cyclotron frequency of

electron ωc = eB0/m, and ω is the angular frequency of the
incident wave, ξc is the collision frequency, ne is the plasma
density, B0 is the magnetic induction strength, the quantity and
quality of the electron are represented by e and m, respectively.

Firstly, starting with the set of Maxwell’s equations for
the TM wave incidence case, i.e., E = e jωt (Eρ, Eφ, 0) and
H = e jωt (0, 0, Hz):

∇ × E = − jωμ0H (5)

∇ × H = jωε0εpE (6)

Neglecting the variation in the z-direction and removing the
component that is constant to zero, the result of the above
equation expanded in the column coordinate system can be
expressed as

1

ρ

[
∂

(
ρEφ

)
∂ρ

− ∂ Eρ

∂φ

]
= − jωμ0 Hz (7)

1

ρ
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)
(8)

∂ Hz
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= − jωε0

(
ε1 Eφ + jε2 Eρ

)
(9)

After eliminating Eρ and Eφ with Hz, Eqs.(4)-(6) can be
combined as
1

ρ

1

ωε0(ε
2
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[ jε1

∂

∂ρ
ρ
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+ jε1

1

ρ

∂

∂φ

∂ Hz

∂φ
] = − jωμ0 Hz (10)

Eq.(7) can be solved by the separation of variables method as

Hz (ρ, φ) = V (ρ) � (φ) = [AJm (kρ) + BYm (kρ)] e jωφ (11)

When the incident wave is incident at angle θ, k =
ω

√
μ0ε0εT M cos θ and εT M = ε2

1−ε2
2

ε1
, Jm and Ym are the

Bessel and Neumann functions with azimuthal mode m,
respectively. Substituting this solution into Eq.(6) yields the
result

1

jωε0

∂V

∂ρ
e jωφ = − jωε0

(
ε1 Eφ + jε2 Eρ

)
(12)

Defining

− 1

jωε0

∂V

∂ρ
e jωφ = U (ρ) e jωφ (13)

Then the form of U(ρ) can be easily calculated as

U (ρ) = j p AJ �
m (kρ) + j pBY �

m (kρ) (14)

where p =
√

μ0
ε0εT M

cos θ . Clearly, the relationship between U
and V corresponding to different radii ρ in the same dielectric
layer can be related by a second order transfer matrix Mn in
the following form[

V (ρn)
U (ρn)

]
= Mn

[
V (ρn0)
U (ρn0)

]
(15)

Let mi 11, mi12, mi 21 and mi 22 be the four elements of Mni,
respectively, which can be specifically expressed as [17]

mi11 = π

2
knρi0

[
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m (knρi0) Jm (knρi )

−J �
m (knρi0) Ym (knρi )

]
(16a)

mi12 = − j
π

2

kn

pn
ρi0 [Ym (knρi ) Jm (knρi0)

−Jm (knρi ) Ym (knρi0)] (16b)

mi21 = − j
π

2
kn pnρi0
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m (knρi )
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(16c)

mi22 = π

2
knρi0

[
Y �

m (knρi ) Jm (knρi0)

−J �
m (knρi ) Ym (knρi0)

]
(16d)

where subscript n is A, B or TM, i = 1, 2, 3 . . . Representing
the number of layers, εA,B = n2

A,B . According to the principle
of TMM, the transmission matrix of the column wave at the
forward incidence is

M f orward = MT M1MB2MA3MT M4MB5

· · ·MA(3N−3)MT M(3N−2) (17)

Similarly, the transmission matrix at the backward incidence
can be calculated by the following equation

Mbackard = MT M(3N−2)MA(3N−3)

· · ·MB5MT M4MA3MB2MT M1 (18)

The transmission and reflection coefficients are expressed
as (19) and (20), shown at the bottom of the next page,
where M’1, M’2, M’3 and M’4 are elements of the inverse
matrix of Mforward or Mbackward, the subscripts i and f refer
to the incident surface and the exit surface, respectively.
H 1

m and H 2
m are the first and the second Hankel functions.

And

C1,2
ml = H

�1,2
m (klρl)

H 1,2
m (klρl) (l=i, f )

(21)

The reflectance R and transmittance T can be indicated by rd

and td as

R = |rd |2 (22)

T = |td |2 (23)
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Fig. 2. The transmission spectra with period number N between
2 and 4 and incidence angle θ of 30 degrees, (a) N = 2, (b) N = 3, and
(c) N = 4.

III. ANALYSIS AND DISCUSSION

Adopting the structure of Fig.1, the initial parameters are
n A = 2.8, nB = 2.1, dA = 0.24d , dB = 0.32d , dp = 0.44d
and d is set to the normalized length. As for the magnetized
plasma, define ω0 = 2πc/d as the normalized frequency,
plasma frequency ωp = ω0, cyclotron frequency of electron
ωc = 1.2ωp, collision frequency ξc = 0.00001ωp. The
transmission spectra obtained for the number of periods N
from 2 to 4 are given in Fig.2 at a 30 degrees incidence
angle. Apparently, the number of transmission peaks depends
on the number of periods N for regular variation, which can
be summarized as N-1 according to Fig.2. The difference
�ωN (N = 2, 3, 4) between the forward and backward corre-
sponding transmittable frequency points are 0.0056 (2πc/d),
0.0049 (2πc/d), and 0.0054 (2πc/d) respectively. The free
spectral range (FSR) in the case of the forward (the subscript
is expressed as FSRf) and backward (the subscript is expressed
as FSRb) propagation for N = 3 is �ωF S R f = 0.01027
(2πc/d) and �ωF S Rb = 0.00852 (2πc/d), which are calcu-
lated as �ωF S R f 1 = 0.00651 (2πc/d), �ωF S R f 2 = 0.0541
(2πc/d) for the forward transmission and �ωF S Rb1 = 0.00659
(2πc/d), �ωF S Rb2 = 0.00551 (2πc/d) for the backward

Fig. 3. The transmission spectra at different plasma frequencies (a) the
forward propagation, and (b) the backward propagation.

transmission at the case of 4 periods. To avoid crosstalk
of multiple channels and to facilitate measurement, only the
structure with a period number of 2 is used in the later work.

Next, we discuss the role of magnetized plasma parameters
in regulating the position of the transmission frequency point,
after parameter optimization, the refractive index of dielectric
B (nB) is 1.778, and other variables are the same as the
initial data. Keeping the cyclotron frequency of electron ωc,
collision frequency ξc of the magnetized plasma constant to
the multiplicity of the plasma frequency ωp , i.e., ωc = 1.2ωp

and ξc = 0.00001ωp, ωp are taken as ω0, 1.2ω0, 1.4ω0, 1.6ω0,
1.8ω0, 2ω0, and the transmission spectra of the forward and
backward transmission are shown in Fig.3. With the gradual
increase of ωp , the angular frequency corresponding to the
transmission peak also increases significantly, from 0.51182
(2πc/d) at ωp = ω0 to 0.54771 (2πc/d), 0.57739 (2πc/d),
0.60275 (2πc/d), 0.62487 (2πc/d), 0.64444 (2πc/d) for the
forward incidence, and from 0.53088 (2πc/d) to 0.55725
(2πc/d), 0.58019 (2πc/d), 0.60075 (2πc/d), 0.61945 (2πc/d),

rd = (M �
2 + j p0C2

m0 M �
1) − j p f C2

m f (M �
4 + j p0C2

m0 M �
2)

−( j p0C1
m0 M �

1 + M �
3) + j p f C2

m f ( j p0C1
m0 M �

2 + M �
4)

(19)
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√

εi/μi

π Kρi H 2
m(kiρi )H 1
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Fig. 4. The transmission spectra at different cyclotron frequency of
electron (a) the forward propagation, and (b) the backward propagation.

0.63657 (2πc/d) for the backward incidence. In both forward
and backward transmission, the transmission peak attained at
ωp equal to 1 has the maximum Q, 2235.00 and 5104.58 were
achieved, respectively.

Similarly, Fig.4 demonstrates the transmission spectra when
the plasma frequency ωp is fixed at 1.2ω0 and the cyclotron
frequency of electron ωc increases regularly from 0.4ωp to
1.2ωp. Unlike the results in Fig.3, the angular frequency of
the transmission peak tends to decrease as ωc increases. For
the case of the forward propagation, the transmission peaks in
Fig.4 are located at ω = 0.58748 (2πc/d), 0.56917 (2πc/d),
0.54955 (2πc/d), 0.53021 (2πc/d), 0.51182 (2πc/d) and at
ω = 0.58826 (2πc/d), 0.57369 (2πc/d), 0.55856 (2πc/d),
0.54414 (2πc/d), 0.53088 (2πc/d) for the backward incidence.
In addition, the transmission peak with ωc = 1.2ωp has the
highest transmittance (0.999006 and 0.999362 for the forward
and backward incidence, respectively) and the narrowest half-
height width compared to the others, which is to say that it has
the highest Q (The results are the same as in the analysis of
Fig.3), which will also contribute to the design of the sensor.

To demonstrate the existence of evanescent waves, the
distributions of magnetic field intensity in the z-direction for
TM waves incident at the frequency corresponding to the trans-
mission peak at ωp = ω0, ωc = 1.2ωp(ω = 0.5118 (2πc/d))
are illustrated in Fig.5. For the case of the forward propagation,
the evanescent wave is generated when the electromagnetic

Fig. 5. The magnetic field intensity distribution in the z-direction when
the electromagnetic wave is incident at the frequency corresponding to
the transmission peak at ωp = ω0, ωc = 1.2ωp (ω = 0.5118 (2πc/d)).

Fig. 6. (a) The transmission spectra of the forward and backward propa-
gation at different magnetic induction strengths, and (b) the transmission
spectra after linear fitting.

wave enters the magnetized plasma layer from prism A and
passes through it due to its sufficiently thin thickness, and at
the border of dielectric A and dielectric B with the magnetized
plasma, total reflection occurs. As can be summarized in Fig.5,
the electromagnetic field is intensely confined in dielectric
A and dielectric B, which is working as a resonant cavity.
The transmission peaks in the transmission spectrum are thus
generated. In contrast, for the backward propagation case, the
magnetic field’s amplitude magnitude does not vary greatly
across the structure, making it impossible to determine whether
the magnetic field is contained.
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Fig. 7. (a) The transmission spectra of the forward and backward
propagation at different plasma densities, and (b) the transmission
spectra after linear fitting.

The sensor structure designed in this work allows for
measurements of plasma density, magnetic induction strength,
incidence angle and refractive index, etc. Since any tiny
change in these external conditions will shift the position
of the transmission peak within a certain range. Utilizing
TMM, we discuss the measurement index of each physical
quantity in this paper. The effective refractive index of the
magnetized plasma may be changed by the intensity of the
applied magnetic field, which also influences the position of
the transmission peak, because ωc is a function of the magnetic
induction strength, which is the essential basis for the given
sensor to measure the magnetic induction intensity. Fig.6(a)
illustrates the transmission spectrum of the sensor at different
magnetic induction strengths B . At the plasma frequency
ωp = ω0, it can be observed that the linearity is high in the
range of B = 0.342×10−12 ∼ 1.252×10−12(2πc/d)·T for the
forward propagation, which is B = 0.455 × 10−12 ∼ 1.138 ×
10−12(2πc/d)·T for backward propagation. The equations for
the forward and backward propagation after linear fitting are
ω = −0.0828B + 0.61492 and ω = −0.05772B + 0.60254.
The R-square, which is used to indicate linearity, is as high as
0.99447 and 0.99262, respectively, confirming the reliability
of the linear fit. In addition, for the forward propagation,
Sf = 1.454 × 1010T−1, Qf reaches 2235.02, and FOMf =
6.351×1013 ((2πc/d)·T)−1, the subscript f means the forward
while the subscript b in the following indicates the backward.
For the backward case, Sb = 1.014×1010T−1, Qb = 3686.81,
and FOMb = 7.040 × 1013 ((2πc/d)·T)−1. These are high
enough metrics for sensors.

In the same way as the magnetic induction intensity, the
dependence of transmission peak frequency on the plasma den-
sity can be reflected by the plasma frequency, at the electron

Fig. 8. (a) The transmission spectra of the forward and backward
propagation at different refractive indices, and (b) the transmission
spectra after linear fitting.

cyclotron frequency ωc = 1.2ωp, the relationship between
plasma density and structural transmittance is depicted in
Fig.7. For sensing plasma density, the differentiation of the
forward and backward propagation is relatively minor, the
linear intervals are in the range of ne6.293 × 10−4 ∼
1.259 × 10−3(2πc/d)2·m−3 and ne = 5.034 × 10−4 ∼
1.259 × 10−3 (2πc/d)2·m−3, the linear fitting equations for
the corresponding intervals are respectively ω = 0.03231ne+
0.31816 and ω = 0.02947ne+0.32232 with R-square equal
to 0.98676 and 0.98879. Although the R-square values of
both linear fitted equations are below 0.99, they are still
within the acceptable range. Sf and Sb, as the forward and
backward sensitivities, are equal to 1.027×102 (2πc/d)−1·m3

and 0.945 × 102 (2πc/d)−1·m3, with Qf = 1936.99, Qb =
1772.05 and FOMf = 3.189 × 105 (2πc/d)−2·m3, FOMb =
2.684 × 105 (2πc/d)−2·m3. From the fitted curves in Fig.7(b),
it appears that the nonreciprocity of the forward and backward
transport is not evident in the sensing of the plasma density.
The linear range of the backward transmission is greater than
the forward transmission, while the sensitivity value is slightly
inferior.

Assuming that the dielectric to be measured is denoted
by M, the structure of (A)PBMAP(B) can be formed after its
insertion into the original structure, and the different refractive
indices of the dielectric to be measured will also have an
impact on the transmission spectrum. Based on this, plots
of the refractive index measurement results are provided in
Fig.8. When the thickness of the dielectric to be measured
is set at 0.3d , the linear interval of refractive index for the
forward propagation is between 1.2 and 1.7 RIU, and the fitted
equation is ω = −0.21309n+0.79261, which has an R-square
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Fig. 9. (a) The transmission spectra of the forward and backward
propagation at different incidence angles, and (b) the transmission
spectra after linear fitting.

of 0.99071. The linear interval of the backward propagation
is extended from 1.4 to 2.2 RIU, the relationship equation is
ω = −0.09713n+0.5896, R-square equals 0.98626. Compared
with the Sf of 0.21309 (2πc/d)·RIU−1 for the forward propa-
gation, the Sb for backward propagation is merely 0.09713
(2πc/d)·RIU−1. Qf and Qb are 720.31 and 352.66, which
are relatively poor indicators for the sensor. To FOMf and
FOMb with values of 168.17 RIU−1 and 148.62 RIU−1. The
measurement of the refractive index of the dielectric to be
measured is subject to further optimization.

In addition, both the initial (A)PBAP(B) structure and the
(A)PBMAP(B) structure with dielectric M inserted in the
middle can measure the incidence angle, and Fig.9 displays
diagrams of the results based on the (A)PBMAP(B) structure,
where the refractive index of dielectric M is fixed at 1.7 and
other conditions remain the same. When the incident angle is
less than the critical angle of total reflection, the passband of
the transmission spectrum is wide and the evanescent wave
is almost non-existent. With the expansion of the angle, the
passband becomes progressively narrower and the Q of the
transmission peak increases significantly. In the linear interval
of 20 to 26 degrees of the forward propagation, the fitted
equation is ω = 0.00355θ + 0.33395 with an R-square of
0.9855. These data are 27 to 36 degrees for the backward
propagation, ω = 0.01029θ + 0.14198, R2 = 0.99251. For
the forward propagation, Sf = 0.00355 (2πc/d)·degree−1,
Qf = 378.03 and FOMf = 3.10 degree−1, which are Sb =
0.01029 (2πc/d)·degree−1, Qf = 1163.76 and FOMf =
25.85 degree−1 for the backward propagation.

It is worth noting that with the addition of the dielectric M to
be measured, the symmetry of the structure is further broken,

and the nonreciprocal properties are more pronounced in the
sensing for refractive index and angle of incidence compared
to the structure without M. The fitted curve’s sensitivity,
R-squared, and Q, on the other hand, worsened. In the actual
design, there is a trade-off between adding an additional layer
of media to the structure or not.

IV. CONCLUSION

In summary, in this work, a structure based on MCPCs,
which can be used to measure several physical quantities such
as the plasma density, refractive index magnetic, induction
intensity, incidence angle, etc, is designed. The principle of
evanescent waves is applied, and the nonreciprocal proper-
ties of the structure are further investigated. The Sf of the
four physical quantities measured by the transmission matrix
method is calculated as magnetic induction strength: 1.455 ×
1011T−1, plasma density: 1.027×102 (2πc/d)−1·m3, refractive
index: 0.21309 (2πc/d)·RIU−1 and incidence angle: 0.00355
(2πc/d)·degree−1 for the forward propagation of electromag-
netic waves. Qf are 2235.03, 1926.66, 352.66, 378.03, respec-
tively. For the backward propagation, Sb and Qb are 1.014 ×
1011 T−1, 0.945×102 (2πc/d)−1·m3, 0.09713 (2πc/d)·RIU−1,
0.01029 (2πc/d)·degree−1 and 3686.81, 1772.05, 720.31,
1163.76, respectively. This work promotes the application of
magnetized plasma in the CPCs and provides new ideas for
the design of CPCs-based sensors, which can be of application
value with further parameter optimization.
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