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Abstract
Thefirst theoretical treatment of the electromagnetic properties of one-dimensional plasma spherical
photonic crystals (1DPSPCs) in the non-magnetized state is carried out to obtain the expressions for
the electric andmagneticfields. The utilization of the transfermatrixmethod provides a new idea for
the exploration of the 1DPSPCs, based onwhich the expressions for the absorptance of the 1DPSPCs
are derived. A structure of quasi-periodic 1DPSPCs arranged according to the Thue-Morse sequence
is proposed to acquire the ultra-wide absorption bands (ABs) at large incidence angles by adding an air
layer and setting the plasma frequency in a gradient. And the factors affecting the ABs aremeticulously
analyzed. It isfigured out that the primary factors affecting ABs are topology and plasma frequency,
both of which have vigoroso influences on the bandwidths and positions of ABs.However, the initial
radius and the collision frequency prevailingly affect the amplitude of the absorptance. The
unexceptionable geometric properties of the 1DPSPCsmake them sensitive to parameter changes and
can be applied in the field of absorbers and radomes, which have great application prospects and
development space.

1. Introduction

Since the concept of photonic crystals (PCs)was introduced by two pioneers, Yablonovitch and John [1, 2], PCs
are favored by domestic and foreign researchers for their good optical properties and are of tremendous value in
thefield of optics [3, 4], electromagnetics [5] and device design such as sensors [6] and opticalmultiplexers [7].
The theoretical study of PCs also continues to advance, and Pendry et al developed the transfermatrixmethod
(TMM) [8, 9], which finitely differentiatesMaxwell’s equations in real space, allowing the distribution of the
incident field to be found on the premise that the distribution of the incident field in the initial layer is known,
enriching theway of solving the transmission properties of PCs. Guided by the correct theory, the studies of PCs
have achievedworld-renowned accomplishments.

PCs havemultiplemorphologies, and Li et al have systematically investigated the transmission properties of
the one-dimensional (1D) planar photonic crystals (PPCs) employing TMM [10]. Inspired by the 1DPPCs,
investigations of the 1D cylindrical photonic crystals (CPCs) have been on the agenda.Hu and other scientists
have pioneered and consummated the theory of transmission properties and dispersion relationships of the 1D
CPCs [11–13], which ismomentous forfiber preparation [14] and sensor development [15]. The predominant
optical properties of the 1DCPCs have provided new ideas for the development of PCs, and researchers shifted
their attention to spheres possessing better geometric symmetry and engaged inworking on the study of the 1D
spherical photonic crystals (SPCs). Santiago et al carried out an in-depth analysis concerning the rationale of the
spherical wave function and refined the decompositionmethod of the spherical wave function for scattered
electromagnetic fields under general dielectric surfaces [16]. In 2016,Wendel and his colleagues solved the
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propagation of arbitrary incident waves by eliminating the prefactor of the radial spherical Bessel functions [17].
The 1DSPCs have enormous potential for applications in nano [18], electronic communication [19], chemical
[20], and sensor [21]fields up till the presentmoment.

Plasma possesses uniquemagneto-optical effects and absorption properties, which in combinationwith PCs
can be utilized to design tunable and reconfigurablemicrowave devices with substantial value. The concept of
the 1Dmagnetized plasma photonic crystals (MPPCs)wasfirst proposed byHojo andMase, who gave a
dispersion relation equation for the 1DMPPCs and analyzed it theoretically [22]. In 2010,Qi et al explored the
electromagnetic properties of 1DMPPCs via the TMMandprofoundly discussed the effects of the plasma
parameters on transmission properties, filling a gap in the theory of 1DMPPCs [23]. Simultaneously, as the
research on PCs continues to intensify, quasi-periodic PCswith different optical properties from those of
periodically aligned PCs arewidely applied by researchers, providing new directions for the development of
thermal emitter devices [24], inverters [25], polarization selectors [26] and absorbers [27–29]. Intending to
further improve the performance of PCs,Wang et al employed the Thue-Morse sequence in the 1DCPCs and
investigated their nonreciprocal features [30]. This leads us towonder whether 1Dplasma spherical photonic
crystals (PSPCs)with themost splendid geometrical shape can exhibit excellent electromagnetic properties in
quasi-periodic arrangements, but there are infrequent studies and applications for 1DPSPCs in the current time
frame, and there is a prodigious theoretical gap.

In this paper, the TMM is used to obtain the expressions for the absorptance of 1DPSPCswithout the
influences of themagnetic field.Meanwhile, after adequately comparing the quasi-periodic sequences such as
periodic arrangement, Pell sequence [31], and Fibonacci sequence [32], the 1Dquasi-periodic PSPCs based on
the Thue-Morse sequence are constructed, and the effects of plasma frequency, collision frequency, initial
radius, incident angle and arrangement on the absorptance of the 1DPSPCs are discussed in detail. This
eradicates obstacles to the design of sphericalmultifunctional absorbers and antenna protection devices. In
particular, 1DPSPCs are still in the theoretical stage, and the specific implementation is currently under further
exploration.

2. Simulationmodel and formulation

The structure of the 1DPSPCs is depicted infigure 1, which adopts the Thue-Morse sequence. According to the
basic knowledge of Thue-Morse sequence, the structure should be arranged in the following form [30].

¯ ( ) ( )= - -M M M k 1 1k k k1 1 

¯ -Mk 1 is the complement part of ¯ -M ,k 1 and

{ } ¯ { } ( )= =M IHHI M HIIH, 20 0

Thereinto, theH layer consists of the general dielectricQ, the general dielectric T, and plasma layer P and the
I layer is composed of dielectricQ and plasma layer P. The detailed arrangement of the I andH layers is shown in
figure 1.Normalize d so that d= 1, the initial radius r0 is d, the thickness dQof the general dielectric Q is 0.2d, the

Figure 1.The schematic diagramof the structure of 1DPSPCs employing the Thue-Morse sequence.
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thickness dT of the general dielectric T is 0.25d, and the thickness dP of the plasmaP is 0.55d. Also, to improve the
stability of the absorption band, an air layer with a thickness of 0.4d is added after M .0 The refractive index of the
general dielectricQ is nQ= 2.8, the refractive index of the general dielectric T is nT= 1, and the effective
magnetic permeability of the plasma layer Pwill be described in detail below.

Referring to the definition of TE andTMmodes in the cylindrical plane coordinate system, it is
undemanding to be conscious that the electric field E takes the formof ( )= qE E0, , 0 and themagnetic fieldH
takes the formof ( )= jH H H, 0,r in the TEwaves.Homoplastically, in the TMwaves, the electric field E is
denoted as ( )= jE E E, 0,r and themagnetic fieldH (see figure 2) is denoted as ( )= qH H0, , 0 .Due to the
special geometric properties of the spherical surface, the definition of the incidence angle of 1DPSPCs is quite
distinguishable from that of 1DCPCs and 1DPPCs. Starting from the intersection of the 1DPSPCs and the
spherical wave, tangents aremade to the 1DPSPCs and the spherical waves, respectively, and the angle between
the two tangents is the angle of incidence. The electromagnetic wave is incident from the yoz plane at an angleβ
to the plane. Under TE polarization, thewave vector k is always perpendicular to themagnetic fieldH. Under
TMpolarization, the electric field E is always perpendicular to thewave vector k.

The set ofMaxwell’s equations applicable to the non-magnetized plasma is as follows [32]:

( )m ´ = -
¶
¶t

E
H

30

( )e ´ =
¶
¶

+
t

H
E

J 40

( )e w E+ =
d

dt
v

J
J 5c p0

2

where J is a vector quantity, called polarization current density, which can be decomposed along the three
directions r, θ, andψ. vc is the collision frequency andωp is the plasma frequency.ωc is the cyclotron frequency of
the plasma, denoted as qeB me .0/

By taking into account the relationship between J andE, in the non-magnetized plasma layer, equation (2)
can be rewritten as [32]:

( )e e ´ =
¶
¶t

H
E

6p0

here,

( )
( )e

w

w w
= -

+ iv
1 7p

p

c

2

Under the TMwaves, the electric andmagnetic fields are represented as:

( ) ( )= w
j

-E e E E, 0, 8i t
r

Figure 2.Themain view of the 1DPSPCswith the Thue-Morse sequence applied and incidence anglemarked.
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( ) ( )= w
q

-H e H0, , 0 9i t

Decomposing equations (3) and (4) in r, θ, andψdirections and incorporating the transmission properties of
spherical waves, the derivative ofψ can be omitted.

⎡
⎣⎢

⎤
⎦⎥

( ) ( ) ( )
q j

we e e-
¶
¶

= +q j
r

rH i E i E a
1

sin
10r2 0 1 2

⎡
⎣

⎤
⎦

( ) ( ) ( )we e e
¶
¶

= - +q j
r r

rH i i E E b
1

10r0 2 1

where ε1 denotes the dielectric constant of the incident layer and ε2 represents the dielectric constant of the
emitted layer.

Synthesizing the above equations, the following results can be generated.

⎛
⎝

⎞
⎠

( )
q j
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In addition, here w b m e e=k cos ,TM0 0 ( )e e e e= -TM 1
2

2
2

1/ andβ is the incident angle. In the following,
define ( ) ( ) ( )j j= YqH x V x, ,where x= kr. Readily-easily know the angular part ofHθ satisfies the following
equation.

( )
j

j
Y

+ =
d

d
m 0 12

2

2
2

With the intention of constructing the spherical Bessel equation and obtain the solutions for themagnetic and
electric fields, in thefirst place let,

( ) ( )q= +m l l 1 sin 132 2

Then combining equations (9), (10) and (11), the spherical Bessel equation for themagnetic fieldHθ can be
accessed.

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
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( ) ( )+ + - + =x
d V
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x
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2
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2

2
2

2

In accordance with the knowledge of the spherical Bessel equation, it is well known that the solution of the
Bessel equation of semi-odd order is of the formof a linear combination of ( )j xl and ( )n x ,l so thatV(x) is:

( ) ( ) ( ) ( )= +V x Aj x Bn x 15l l

Both ( )j xl and ( )n xl are solutions of the spherical Bessel equation of semi-odd order, and the expressions are
shownbelow.

( ) ( )

( ) ( ) ( )

p

p

=

=

+

+

j x
x

J x

n x
x

N x

2

2
16

l l

l l

1
2

1
2

For simplicity,U(x) is indicated as:
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In themeantime, ( )¢j xl and ( )¢n xl are the first order derivatives of the Bessel functions, and the
corresponding equations are written as:
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In the following, the TMM is utilized to derive the expressions for the transmission properties of the 1D

PSPCs. In similarity to the 1Dplanar non-magnetized plasma PCs, the vector ( )( )
( )

V x

U x
is defined.Owing to the

characteristics of the periodic arrangement of PCs, we are inspired to employ TMMto relate the corresponding
vectors of different radii.
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The focus of thework now switches to solving for the elements in thematrixM.With the aimofmaking the
calculation straightforward, the special values are taken and brought in.
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Similarly, assigning values to ( )V x and ( )U x ,
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M12 andM22 are further written as:
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At this point, thematrix is derived. Forwave propagation, thefield can be expressed as a sumof twowaves in
opposite directions, which can be considered as a superposition of incident and outgoingwaves. These two
waves are usually represented by twoHankel functions:
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Taking into account the relationship between the electric andmagnetic fields, the following defining
equation can be adopted to demonstrate the propagation of electromagnetic waves.
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In 1DPSPCs, the evanescent spherical wave is incident at r0 and exits at rf. The reflection coefficient rd and
transmission coefficient td can be described by the elements in the transmissionmatrixM.
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For the Thue-Morse sequence constructed infigure 1,Mmatrix is defined as:

( )=M M M M M M M M M 29I H H I H I I H

Further, it can bewritten as:
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Substituting equations (21), (22), (24), and (25) into equations (28) and (29), the reflection coefficient rd and
transmission coefficient td can be expressed in terms of the elements in the transfermatrixM. The specific
expression is written as:
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3. Analysis and discussion

The 1DPSPCswith the Thue-Morse sequence isfirst analyzed. In the initial state (see figure 3), define
normalized frequencyω0= 2πc/d andωc= 0. At the same timemake r0= d= 1, dQ= 0.2d, dT= 0.25d and dP
= 0.55d.The plasma frequency is related to the imaginary part of the plasma, and to enhance the absorption
bandwidth,ωp1= 0.2ω0 in M0 andωp2= 0.3ω0 in M̄0 are defined. The value of vc is related toωp, the initial case
ordered vc1= 0.05ωp1 in M0 layer and vc2= 0.05ωp2 in M̄ .0 Ifβ= 0, four absorption bands can be clearly
observed at the center frequencies of about 1.62ω0, 1.67ω0, 1.71ω0, and 1.77ω0 with absorption bandwidths
(ABs) of 0.008ω0, 0.017ω0, 0.014ω0, and 0.017ω0, respectively.We also take notice that an ultra-wide AB appears
betweenβ= 50°∼60°, andAB reaches amaximumof 0.154ω0 with distinguished absorption characteristics.

The absorption spectra of the 1DPSPCs arrangedwith the Thue-Morse and Fibonacci sequences are
presented infigure 4. Setω0= 2πc/d,ωc= 0, r0= d= 1, dQ= 0.2d, dT= 0.25d and dP= 0.55d.The plasma
frequency is related to the imaginary part of the plasma, and to enhance the absorption bandwidth,ωp1= 0.2ω0

and vc1= 0.05ωp1 in M0 andωp2= 0.3ω0 and vc2= 0.05ωp2 in M̄0 are defined. The dashed linemarks the part of

Figure 3.The absorption spectra of 1DPSPCswith Thue-Mores sequences inβ variationwith dQ= 0.2d, dT= 0.25d, dP= 0.55d,
ωp1= 0.2ω0 and vc1= 0.05ωp1 in M0 andωp2= 0.3ω0 and vc2= 0.05ωp2 in M̄ .0
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the absorptance greater than 0.9.What is proposed above is the structure of 1DPSPCs (shown infigure 5)
adapting 2-level Fibonacci sequence, with the specific arrangement (QPTQPQPTQPTQPTQPQPT) and r0
= d= 1, dQ= 0.2d, dT= 0.25d and dP= 0.55d. ThematrixMF is written as:

( )=M M M M M M M M M M M M M M M M M 36F Q P T Q P T P T Q P T Q P Q P T

Andβ, TE andTMwaves are defined homoplastically to those in the Thue-Morse alignment.
Fromfigure 4(b), it can beobserved that the center frequency points of 1.66ω0, 1.72ω0, 1.77ω0, and 1.89ω0

emerge asABs, but the bandwidth is diminutive,with amaximumof0.018ω0. Analogous to the 1DPSPCsof the
Thue-Morse arrangement, theypossesswideABs at large angles, but the angular range is small, approximately 5°.
The discrepancies in the absorption spectra are pertinent to the features of the sequence structure. TheThue-Morse
sequence is generated through a series of element iterations in an akinway to the Fibonacci sequence.Hence, the PC
structure constituted by theThue-Morse sequence canbe considered as amodel linking the Fibonacci quasi-
periodic PC structure to the periodicPC structure. Although the constructionmethods are semblable, the
divergences in topology give rise to the differences in the electronic eigenstates. The electron eigenstates of the
Thue-Morse sequence are exceeding disparate fromthe Fibonacci structure, revealing characteristics similar to
Blochwaves andmore localized. That is the reasonwhy each absorption index of theThue-Morse structure in
figure 4 (a) ismore preeminent than that of the Fibonacci structure infigure 4(b) [33]. Homogeneously, as seen in
table 1, whenβ= 0, both sequences are capable of forming fourABs, but the bandwidths of theABs are small, with
amaximumvalue of only 0.018ω0.When the angle is adjusted toβ= 60°, the situation changes dramatically, and
onlyoneABcanbeobserved for both sequences. The bandwidth of theABs in theThue-Morse sequence reaches
0.154ω0,much larger than the 0.04ω0 in the Fibonacci sequence. Based on the above analysis, we canbe convinced
that favorable topological structures are indispensable conditions for the formationofwideABs.

The effects of the change in vc1 and vc2 on the absorption spectra atβ= 0, r0= d= 1, dQ= 0.2d, dT= 0.25d, dP
= 0.55d,ωp1= 0.2ω0 andωp2= 0.3ω0 are plotted infigure 6. In particular, it is supplemented that the identical

Figure 4.The influences of different arrangements on the absorption spectra, (a)Thue-Morse sequence and (b) Fibonacci sequence.

Figure 5.The structure of the 1DPSPCs arrangedwith the Fibonacci sequence.
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magnificationof expansion is adoptedhere for both vc1 and vc2 to obtain amore pronounced phenomenon.When
vc1= 0.05ωp1 and vc2= 0.05ωp2, theABs appear in the frequency range near 1.62ω0, 1.66ω0, 1.72ω0 and1.77ω0.
When vc1 and vc2 continue to increase to 10 times the initial state, that is, vc1= 0.5ωp1 and vc2= 0.5ωp2, it can be
readily easily noticed that the positions andbandwidths ofABs barely change. It shows thatmodifying vc does not
cause conspicuous improvement in the absorption indexes, but onlymakes a slight increase in the amplitude of the
absorption in the low absorptance regions,with little impact on thehigh absorptance.

Figure 7 draws the influences of altering r0 on the absorption spectra for the case ofβ= 60°with d= 1, dQ
= 0.2d, dT= 0.25d, dP= 0.55d,ωp1= 0.2ω0, vc1= 0.05ωp1ωp2= 0.3ω0, and vc2= 0.05ωp2.When r0= d, the
frequency range of AB reaches itsmaximumvalue of 0.15ω0. Further increasing r0 to 5d, the original oneAB at r0
= d splits into two, and the bandwidths decrease dramatically.When r0 is greater than 5d, a small portion of
electromagnetic waves cannot be absorbed by the 1DPSPCs, and the absorpance is only about 0.8.When r0= d,
due to the small initial radius, the dielectrics are arranged based on the Thue-Morse sequence to intercept any
micro plane, which is supposed to be a curved surface with a large degree of bending. And r0 continues to
expand, the dielectric thicknesses have not transformed, so the plane taken in the case of large r0 will bemore
analogous to the plane. Thewhittling of geometric superiority harms the absorption. Concurrently, if r0 is small,
the percentage of air in the spherical shell is at an extremely low level by comparisonwith thewhole, so the small
r0 satisfies the requirement for 1DPSPCs to absorb electromagnetic waves and avoid their dissipation in the air.
Therefore, it can be inferred that the appropriate r0 is the key to forming distinguished ABs.

Comparingwith figure 7, it can be found in figure 8 that when the incident angle varies, the frequency
distribution of the absorbance over 0.9 part changes, but it still appearsmainly in the part with small r0.

The plasma frequency is one of the dominating indicators of plasma and is extraordinary closely bound up
with the absorption indexes of 1DPSPCs. The air layer is used as a dividing line in the constructed structure, and
themagnitude of the plasma frequency is set toωp1 in theM0 layer andωp2 in the M̄0 layer.ωp1 is first analyzed in
conjunctionwith figure 9 for the change inωp1.

The spectra of absorptance variationofωp1 from0.2ω0 to 1.2ω0 atβ= 60°, r0=d= 1, dQ= 0.2d, dT= 0.25d, dP
= 0.55d, vc1= 0.05ωp1 and vc2= 0.05ωp2 are illustrated infigure 9. Ifωp1 is between 0.2ω0∼ 0.8ω0, the 1DPSPCs
generate anABwith a bandwidth of about 0.15ω0. The enlargement inωp1 only causes theAB tomove toward the

Table 1.Comparison of ABs of the 1DPSPCswith the Thue-Morse and Fibonacci sequences.

Structure
Thue-morse sequence Fibonacci sequence

Angel Positions Bandwidths Positions Bandwidths

1.618ω0∼ 1.626ω0 0.008ω0 1.657ω0∼ 1.668ω0 0.011ω0

β= 0 1.662ω0∼ 1.678ω0 0.016ω0 1.709ω0∼ 1.727ω0 0.018ω0

1.703ω0∼ 1.717ω0 0.014ω0 1.767ω0∼ 1.782ω0 0.015ω0

1.757ω0∼ 1.774ω0 0.017ω0 1.889ω0∼ 1.897ω0 0.008ω0

β= 60° Position Bandwidth Position Bandwidth

1.712ω0∼ 1.876ω0 0.154ω0 1.710ω0∼ 1.750ω0 0.040ω0

Figure 6.The absorption spectra of the 1DPSPCs arranged in Thue-Morse sequence under vc1 and vc2 variations (v01= 0.05ωp1 and
v02= 0.05ωp2).
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Figure 7.The absorptance of the 1DPSPCswhile using the Thue-Morse sequence under r0 adjustment andβ= 60°, d= 1, dQ= 0.2d,
dT= 0.25d, dP= 0.55d,ωp1= 0.2ω0, vc1= 0.05ωp1,ωp2= 0.3ω0 and vc2= 0.05ωp2.

Figure 8.The absorptance of the 1DPSPCswhile using the Thue-Morse sequence under r0 adjustment andβ= 0, d= 1, dQ= 0.2d,
dT= 0.25d, dP= 0.55d,ωp1= 0.2ω0, vc1= 0.05ωp1,ωp2= 0.3ω0 and vc2= 0.05ωp2.

Figure 9.The effects of alteringωp1 on theABs of 1DPSPCs aligned as the Thue-Morse sequences withβ= 60°, r0= d= 1, dQ= 0.2d,
dT= 0.25d, dP= 0.55d,ωp1= 0.2ω0, vc1= 0.05ωp1 and vc2= 0.05ωp2.
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high frequencies, and there is no significant improvement inbandwidth. This is because the plasma frequency
boost is essentially amodificationof the imaginary part of the plasma,which in turn is a functionof frequency, and
therefore theABsmove toward the high-frequency region.Afterωp1 amplifies to 0.8ω0, theprimordial ABbreaks
up into twoABs. In themeantime,AnewnarrowABarises in the frequency rangeof 1.65ω0∼ 1.70ω0.

Figure 10 shows the absorption spectra ofωp2 varying from0.2ω0 to 1.2ω0 for the premise ofβ= 60°, r0=
d= 1, dQ= 0.2d, dT= 0.25d, dP= 0.55d, vc1= 0.05ωp1 and vc2= 0.05ωp2. It can be conveniently observed that in
the case ofωp2 between 0.2ω0∼ 0.3ω0, the 1DPSPCspossess awhole ultra-wideAB.Continuing to dilateωp2, a
trend similar to that ofωp2 emerges,where the bandwidth of theultra-wideABbecomesnarrower and splits into
twoABs.Untilωp2 increases to 0.7ω0, there is noAB in the absorption spectra. similarly, in the case ofωp2 located in
the interval 0.9ω0∼ 1.2ω0 interval a newAB is formed, occupying the regionwith the frequency of 1.65ω0∼1.75ω0.

Figure 10.The effects of varyingωp2 on the 1DPSPCsABswith Thue-Morse arrangement atβ= 60°, r0= d= 1, dQ= 0.2d,
dT= 0.25d, dP= 0.55d,ωp2= 0.3ω0, vc1= 0.05ωp1 and vc2= 0.05ωp2.

Figure 11.The absorption spectra for the 1DPSPCs adopting Thue-Morse alignment with differentωp1, (a)ωp1= 0.2ω0 and
ωp2= 0.3ω0, (b)ωp1= 0.6ω0 andωp2= 0.3ω0, (c)ωp1=ω0 andωp2= 0.3ω0, and (d)ωp1= 1.2ω0 andωp2= 0.3ω0.
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The effects ofβ on the absorption spectra are taken into account below. Figure 11(b) shows the distribution
of ABs around 1.64ω0, 1.71ω0, and 1.78ω0 forωp1= 0.6ω0, where themaximumbandwidth is 0.054ω0.
Comparedwithfigure 11(a), in the smallβ case, the enlargement ofωp1 brings an enhancement in the
bandwidth of ABs, but the angular stability is reduced and the range inwhichABs appear is narrowed.Whenωp1

=ω0, twoABs are observed to be generated at 1.76ω0 and 1.86ω0 for the case ofβ= 0. Ifωp1= 1.2ω0, only one
AB appears forβ= 0with a central frequency of 1.77ω0. It is not toilless to infer that a further expansion inωp1

makes the 1DPSPCs.
Modifyingωp2 also plays amomentous role in absorption.Whenβ= 0, according to the results in

figure 12(b), we can understand that there are ABs at frequencies 1.64ω0, 1.68ω0, 1.75ω0, and 1.84ω0,
respectively. Comparedwithfigure 12(a), the number of ABs elevates, but the AB at largeβ vanishes. Further
extendingωp2, it is found that the absorption characteristics recede at smallβ. Both the bandwidth and number
of ABs decrease, and also the angular stability lowers, and the ultra-wide ABs occurring betweenβ= 50°∼60° at
ωp2= 0.3ω0 disappear. Settingωpwith a gradient effectively enriches the plasmamaterial so that the absorptance
can remain high at largeβ. The frequency region corresponding to the ABs can bemodulated by adjustingωp

according to the actual physical scenarios.

4. Conclusion

In this work, firstly, the electricfield expressions andmagnetic field expressions in 1DPSPCs are obtained from
the set ofMaxwell’s equations adopting the solutionmethod of the spherical Bessel equations. The expressions
andTMMare bonded to obtain the expressions for the absorptance in the 1DPSPCs under non-magnetization
conditions.Meanwhile, based on the theoretical treatment of the 1DPSPCs, a quasi-periodic 1DPSPCs
structure with a Thue-Morse arrangement is designed. Andωpwith gradient is set with the purpose of enriching
the plasmamaterial and obtaining awide AB at a largeβ. A detailed discussion is then conducted on the factors
that have an impact onABs.Different topologies have a substantial impact on the distribution of ABs, and the
dominating difference lies in the range ofβ covered bywide ABs and the locations and bandwidths of ABs in the
case of smallβ.The changes in r0 and vc are different from those of the structure. An expansion in r0 causes a

Figure 12.The absorption spectra of the 1DPSPCs at differentωp2 using Thue-Morse alignment, (a)ωp1= 0.2ω0 andωp2= 0.3ω0, (b)
ωp1= 0.2ω0 andωp2= 0.6ω0, (c)ωp1= 0.2ω0 andωp2= 0.9ω0, and (a)ωp1= 0.2ω0 andωp2= 1.2ω0.
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decrease in the amplitude of the absorptance, and enlargement in vc causes an increase in the amplitude in the
frequency region other thanABs. But both have almost no effect onABs in terms of frequency.ωp is an
extraordinarily crucial indicator in plasma. Through analysis, it is revealed thatωp is authoritative in the
frequency distribution and angular stability of ABs, and properωp is indispensable to the formation of ultra-
wideABs. The structure has important implications for the absorbers and also provides new research and
development train of thought for the design of antenna protection devices, which have colossal potential.
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