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Abstract

The first theoretical treatment of the electromagnetic properties of one-dimensional plasma spherical
photonic crystals (1D PSPCs) in the non-magnetized state is carried out to obtain the expressions for
the electric and magnetic fields. The utilization of the transfer matrix method provides a new idea for
the exploration of the 1D PSPCs, based on which the expressions for the absorptance of the 1D PSPCs
are derived. A structure of quasi-periodic 1D PSPCs 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 are meticulously
analyzed. It is figured 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 1D PSPCs make 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
the field of optics [3, 4], electromagnetics [5] and device design such as sensors [6] and optical multiplexers [7].
The theoretical study of PCs also continues to advance, and Pendry et al developed the transfer matrix method
(TMM) [8, 9], which finitely differentiates Maxwell’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 the way of solving the transmission properties of PCs. Guided by the correct theory, the studies of PCs
have achieved world-renowned accomplishments.

PCs have multiple morphologies, 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 1D PPCs,
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 is momentous for fiber preparation [14] and sensor development [15]. The predominant
optical properties of the 1D CPCs have provided new ideas for the development of PCs, and researchers shifted
their attention to spheres possessing better geometric symmetry and engaged in working 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 decomposition method of the spherical wave function for scattered
electromagnetic fields under general dielectric surfaces [16]. In 2016, Wendel and his colleagues solved the

©2023 IOP Publishing Ltd
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Figure 1. The schematic diagram of the structure of 1D PSPCs employing the Thue-Morse sequence.

propagation of arbitrary incident waves by eliminating the prefactor of the radial spherical Bessel functions [17].
The 1D SPCs have enormous potential for applications in nano [18], electronic communication [19], chemical
[20], and sensor [21] fields up till the present moment.

Plasma possesses unique magneto-optical effects and absorption properties, which in combination with PCs
can be utilized to design tunable and reconfigurable microwave devices with substantial value. The concept of
the 1D magnetized plasma photonic crystals (MPPCs) was first proposed by Hojo and Mase, who gave a
dispersion relation equation for the 1D MPPCs and analyzed it theoretically [22]. In 2010, Qi et al explored the
electromagnetic properties of 1D MPPCs via the TMM and profoundly discussed the effects of the plasma
parameters on transmission properties, filling a gap in the theory of 1D MPPCs [23]. Simultaneously, as the
research on PCs continues to intensify, quasi-periodic PCs with different optical properties from those of
periodically aligned PCs are widely 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 1D CPCs and
investigated their nonreciprocal features [30]. This leads us to wonder whether 1D plasma spherical photonic
crystals (PSPCs) with the most splendid geometrical shape can exhibit excellent electromagnetic properties in
quasi-periodic arrangements, but there are infrequent studies and applications for 1D PSPCs 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 1D PSPCs without the
influences of the magnetic field. Meanwhile, after adequately comparing the quasi-periodic sequences such as
periodic arrangement, Pell sequence [31], and Fibonacci sequence [32], the 1D quasi-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 1D PSPCs are discussed in detail. This
eradicates obstacles to the design of spherical multifunctional absorbers and antenna protection devices. In
particular, 1D PSPCs are still in the theoretical stage, and the specific implementation is currently under further
exploration.

2. Simulation model and formulation

The structure of the 1D PSPCs is depicted in figure 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].

My = My \My_1(k > 1) (D
M., is the complement part of M;_,, and
M, = {IHHI}, M, — {HIIH)} Q)

Thereinto, the H layer consists of the general dielectric Q, the general dielectric T, and plasma layer P and the
Ilayer is composed of dielectric Q and plasma layer P. The detailed arrangement of the I and H layers is shown in
figure 1. Normalize d so that d = 1, the initial radius r, is d, the thickness dq of the general dielectric Q1is 0.24, the
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Figure 2. The main view of the 1D PSPCs with the Thue-Morse sequence applied and incidence angle marked.

thickness dy of the general dielectric T is 0.25d, and the thickness dp of the plasma P 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. The refractive index of the
general dielectric Q is nq = 2.8, the refractive index of the general dielectric T is ny = 1, and the effective
magnetic permeability of the plasma layer P will be described in detail below.

Referring to the definition of TE and TM modes in the cylindrical plane coordinate system, it is
undemanding to be conscious that the electric field E takes the form of E = (0, Ey, 0) and the magnetic field H
takes the form of H = (H,, 0, H,) in the TE waves. Homoplastically, in the TM waves, the electric field Eis
denoted as E = (E,, 0, E,) and the magnetic field H (see figure 2) is denoted as H = (0, Hy, 0). Dueto the
special geometric properties of the spherical surface, the definition of the incidence angle of 1D PSPCs is quite
distinguishable from that of 1D CPCs and 1D PPCs. Starting from the intersection of the 1D PSPCs and the
spherical wave, tangents are made to the 1D PSPCs 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 angle 3
to the plane. Under TE polarization, the wave vector k is always perpendicular to the magnetic field H. Under
TM polarization, the electric field E is always perpendicular to the wave vector k.

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

OH

V x B = —pu, = 3
X Ho ot 3)
V x H= 806—E +] 4
ot
d] 2
Dy ) = ewlE 5
" vJ = eow) (5)

where J is a vector quantity, called polarization current density, which can be decomposed along the three
directions r, 0, and v. v, is the collision frequency and wj, is the plasma frequency. w, is the cyclotron frequency of
the plasma, denoted as eBy/meq.

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

OE
V x H = gye,— 6
5, (©)
here,
2
w
&‘:1—717 7
r w(w + i) 2

Under the TM waves, the electric and magnetic fields are represented as:

E= eiiwt(En 0, Eg) (8
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H = eiiUﬂ(O) H€> 0) (9)

Decomposing equations (3) and (4) in r, 6, and 1) directions and incorporating the transmission properties of
spherical waves, the derivative of 1) can be omitted.

1. —i(ng) = iweo(a Er + i5,E,) (10a)
r’sinf| Oy

1| 0 . .

—[—(ng)] = wey(—i5E, + E,) (10b)

rlor

where ¢, denotes the dielectric constant of the incident layer and ¢, represents the dielectric constant of the
emitted layer.
Synthesizing the above equations, the following results can be generated.
1 0( ,0H 1 9%H,

+ k*Hp = 0 11
r2or\ Or r2sin? d¢? ’ ()

In addition, here k = w cos 3./ €oerar > Erpm = (67 — £3)/q and Bis the incident angle. In the following,
define Hy(x, ¢) = V (x)¥(p),where x =kr. Readily-easily know the angular part of Hf satisfies the following
equation.

d*v
i ® (12)
With the intention of constructing the spherical Bessel equation and obtain the solutions for the magnetic and
electric fields, in the first place let,
m? = 1(l 4+ 1)sin*0 (13)

Then combining equations (9), (10) and (1 1), the spherical Bessel equation for the magnetic field Hf can be
accessed.

2 2
x2%+xi—z+[xz(l+%) ]V(x)_o (14)

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 form of a linear combination of j,(x) and #;(x), so that V(x) is:

V(x) = Ajj(x) + Bny(x) (15)

Both j;(x) and r;(x) are solutions of the spherical Bessel equation of semi-odd order, and the expressions are

shown below.
. T
60 = 210

ni(x) = \/gm%(x) (16)

U(x) = #i(ng) = #(Ha + x@) = ;[Aj,(x) + Bmy(x) + xAj/(x) + xBn'(x)] (17)
iwer Ox r Ox iwer

For simplicity, U(x) is indicated as:

In the meantime, j';(x) and n’;(x) are the first order derivatives of the Bessel functions, and the
corresponding equations are written as:

N L
J1x) = lel%(x) N7 2],+%(x)
1 _3
i) = [ TENL () = 2 N () (18)

In the following, the TMM is utilized to derive the expressions for the transmission properties of the 1D

PSPCs. In similarity to the 1D planar non-magnetized plasma PCs, the vector ( l‘;((g ) is defined. Owing to the

characteristics of the periodic arrangement of PCs, we are inspired to employ TMM to relate the corresponding

vectors of different radii.
V)Y V(xo)) (M M \(V(xo)
(U(x))M(U(Xo)) (M21 Mzz)(U(Xo)) 1)
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The focus of the work now switches to solving for the elements in the matrix M. With the aim of making the
calculation straightforward, the special values are taken and brought in.

Vixg) =1
U(xg) =0 (20)
Next,
i) [ ) ”l(xo)]
M, = +
" i) — meie | T
mi(x) " jl(xO)]
+ 21
1o (o) — (k0 )ji (o) [] o+ =
My = - 1 { . / jl(x) . n)(xo) + M]
iwer | j(xo)ni(xo) — n1(x0)j1(x0) Xo
11(x) . jl(xo)]
+
1(x0)j1 (<o) — (%0 )y (o) [] -
: / X (x) y ”l/(xo) + ”l(xo) ]
Ji(xo)ni(xe) — m(x0)j1(x0) X0
xnl(x) y J1(x0) ]
+ 22
10 (o) — MH(x0)],(X0) [] ot } @
Similarly, assigning values to V (x) and U (x),
V(Xo) =0
U(xo) = 1 (23)
M, and M, are further written as:
_ Ji) [zws x )]
- —n
2 (x0)jl (o) — nl(x0)j,(x0) .
1 (x) [ iwe ] "
G i) — mGoiGe | & MY -
1 7, (x) [w}a ]
M =
2 wer {nz(xo )j1(x0) — ni(x0)j;(x0) (G
n;(x) iwe
[ 1 (x 0)]
Ji(xo) nl(x0) — mi(x0)j1(x0)
L e ]
e jiGeo) — Gy | & 1Y
xm’(x) [ we . ] ’5
Ji(xo) (o) — m(x0)j1(x0) 3o } 22

At this point, the matrix is derived. For wave propagation, the field can be expressed as a sum of two waves in
opposite directions, which can be considered as a superposition of incident and outgoing waves. These two
waves are usually represented by two Hankel functions:

hV (x) = ji(x) + im(x)
h? (x) = ji(x) — im(x) (26)

Taking into account the relationship between the electric and magnetic fields, the following defining
equation can be adopted to demonstrate the propagation of electromagnetic waves.

RUC)
h? (x)
(1) (x)

h (1) (x)

C?(x) =
Cl(l) x)=1+x——= (27)

In 1D PSPCs, the evanescent spherical wave is incident at ry and exits at r. The reflection coefficient r;and
transmission coefficient ¢, can be described by the elements in the transmission matrix M.
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Figure 3. The absorption spectra of 1D PSPCs with Thue-Mores sequences in 3 variation with dq = 0.2d, dr = 0.25d, dp = 0.55d,
wp1 = 0.2wpand v, = 0.05wy, in My and wy,; = 0.3wpand v, = 0.05w,,; in M,.

141 td
P | GV | =M GP @) (28)
- + — 7] ; 7]
1WEQ Ty 1WEW Ty WEfFTf

For the Thue-Morse sequence constructed in figure 1, M matrix is defined as:

M = M;MuMuM;MgMM;My 29)
Further, it can be written as:
M = MpMqMpMMoMpMrMoMpMoMpMyMoMpMoMpMoMpMyMq (30)
Ml — M, My, 31)
M’y M’y

Substituting equations (21), (22), (24), and (25) into equations (28) and (29), the reflection coefficient r;and
transmission coefficient t; can be expressed in terms of the elements in the transfer matrix M. The specific
expression is written as:

CV (x0) — C? (x0)

. ¢ ) o ) ¢ ) >
. X0 X X0 X
iweoty| My ———= — My + — . ! M, — Mzz.l—f
1wepty WerTyf 1WeY Wesry
C? (xy)
= My + Mp——22 (33)
Iwafrf
Ultimately get,
T = |t4]°R = | (34)
A=1-T-R (35)

3. Analysis and discussion

The 1D PSPCs with the Thue-Morse sequence is first analyzed. In the initial state (see figure 3), define
normalized frequency wy = 2m¢/d and w. = 0. At the same time make ry =d =1, dq = 0.2d, dr = 0.25d and dp
=0.55d. The plasma frequency is related to the imaginary part of the plasma, and to enhance the absorption
bandwidth, wy,; = 0.2wy in My and wy,, = 0.3wy in M, are defined. The value of v, is related to wy, the initial case
ordered v¢; = 0.05w,; in My layer and v, = 0.05wy,, in M. If 3= 0, four absorption bands can be clearly
observed at the center frequencies of about 1.62wy, 1.67wy, 1.7 1wy, and 1.77w, with absorption bandwidths
(ABs) 0f 0.008wy, 0.017wy, 0.014wy, and 0.017wy, respectively. We also take notice that an ultra-wide AB appears
between 3= 50°~60°, and AB reaches a maximum of 0.154w, with distinguished absorption characteristics.
The absorption spectra of the 1D PSPCs arranged with the Thue-Morse and Fibonacci sequences are
presented in figure 4. Set wy = 27¢/d, w. =0, ro=d =1, dq = 0.2d, dy = 0.25d and dp = 0.55d. The plasma
frequency is related to the imaginary part of the plasma, and to enhance the absorption bandwidth, wy; = 0.2wq
and v¢; = 0.05wy; in My and wy, = 0.3wg and ve, = 0.05wy, in My are defined. The dashed line marks the part of

6
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Figure 4. The influences of different arrangements on the absorption spectra, (a) Thue-Morse sequence and (b) Fibonacci sequence.
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Figure 5. The structure of the 1D PSPCs arranged with the Fibonacci sequence.

the absorptance greater than 0.9. What is proposed above is the structure of 1D PSPCs (shown in figure 5)
adapting 2-level Fibonacci sequence, with the specific arrangement (QPTQPQPTQPTQPTQPQPT) and ry
=d=1,dq=0.2d,dr = 0.25d and dp = 0.55d. The matrix Mg is written as:

Mg = MoMpMMoMpMrMpMrMoMpMrMqMpMoMpMry (36)

And 3, TE and TM waves are defined homoplastically to those in the Thue-Morse alignment.

From figure 4(b), it can be observed that the center frequency points of 1.66w, 1.72wy, 1.77wy, and 1.89wq
emerge as ABs, but the bandwidth is diminutive, with a maximum of 0.018wy. Analogous to the 1D PSPCs of the
Thue-Morse arrangement, they possess wide ABs 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. The Thue-Morse
sequence is generated through a series of element iterations in an akin way to the Fibonacci sequence. Hence, the PC
structure constituted by the Thue-Morse sequence can be considered as a model linking the Fibonacci quasi-
periodic PC structure to the periodic PC structure. Although the construction methods 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 from the Fibonacci structure, revealing characteristics similar to
Bloch waves and more localized. That is the reason why each absorption index of the Thue-Morse structure in
figure 4 (a) is more preeminent than that of the Fibonacci structure in figure 4(b) [33]. Homogeneously, as seen in
table 1, when 3= 0, both sequences are capable of forming four ABs, but the bandwidths of the ABs are small, with
amaximum value of only 0.018w,. When the angle is adjusted to 3 = 60°, the situation changes dramatically, and
only one AB can be observed for both sequences. The bandwidth of the ABs in the Thue-Morse sequence reaches
0.154wg, much larger than the 0.04w in the Fibonacci sequence. Based on the above analysis, we can be convinced
that favorable topological structures are indispensable conditions for the formation of wide ABs.

The effects of the change in v, and v, on the absorption spectraat 3= 0, ro=d =1, dq = 0.2d, dr = 0.25d, dp
=0.55d, w1 = 0.2wp and wy,, = 0.3wy are plotted in figure 6. In particular, it is supplemented that the identical

7



10P Publishing

Phys. Scr. 98 (2023) 055601 T Zhuetal

100 Absorptanf:o
9.0 ‘ 0.90

8.0 - 0.80

7.0 | - 0.70

Y 60F - 0.60
Qi 50 F i 0.50
j 4.0 F - 040
3.0 F - 0.30
2.0k 0.20
Lok 0.10

0.1 L 0.00

1.6 1.65 170 175 180 1.8 190

o/,

Figure 6. The absorption spectra of the 1D PSPCs arranged in Thue-Morse sequence under v,; and v, variations (v, = 0.05w;,; and
Vo2 = 0.05wy2).

Table 1. Comparison of ABs of the 1D PSPCs with the Thue-Morse and Fibonacci sequences.

Thue-morse sequence Fibonacci sequence
Structure
Angel Positions Bandwidths Positions Bandwidths
1.618wy ~ 1626w, 0.008wp 1.657wp ~ 1.668w, 0.011wp
B=0 1.662wo ~ 1678wy 0.016wy 1709w, ~ 1.727w, 0.018wy
1.703wq ~ 1.717wyq 0.014wq 1.767wy ~ 1.782wy 0.015wq
1.757wo ~ 1.774wy 0.017wq 1.889wp ~ 1.897wy 0.008wy
B=60° Position Bandwidth Position Bandwidth
1.712wq ~ 1.876wy 0.154wq 1.710wq ~ 1.750wq 0.040w,

magnification of expansion is adopted here for both v,; and v, to obtain a more pronounced phenomenon. When
Ve = 0.05wy,; and v, = 0.05wy,, the ABs appear in the frequency range near 1.62w;, 1.66wy, 1.72wy and 1.77w,.
When vy and v, continue to increase to 10 times the initial state, that is, v.; = 0.5w,; and v, = 0.5w,», it can be
readily easily noticed that the positions and bandwidths of ABs barely change. It shows that modifying v, does not
cause conspicuous improvement in the absorption indexes, but only makes a slight increase in the amplitude of the
absorption in the low absorptance regions, with little impact on the high absorptance.

Figure 7 draws the influences of altering r, on the absorption spectra for the case of 3= 60° with d = 1, dq
=0.2d, dy = 0.25d, dp = 0.55d, wp,; = 0.2wy, Ve = 0.05wy; wpr = 0.3wy, and v, = 0.05wy,. When ry = d, the
frequency range of AB reaches its maximum value of 0.15wy. Further increasing , to 54, the original one AB at
= d splits into two, and the bandwidths decrease dramatically. When 1 is greater than 5d, a small portion of
electromagnetic waves cannot be absorbed by the 1D PSPCs, and the absorpance is only about 0.8. When ro = 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 alarge degree of bending. And r, continues to
expand, the dielectric thicknesses have not transformed, so the plane taken in the case of large r, will be more
analogous to the plane. The whittling of geometric superiority harms the absorption. Concurrently, if 1 is small,
the percentage of air in the spherical shell is at an extremely low level by comparison with the whole, so the small
1o satisfies the requirement for 1D PSPCs to absorb electromagnetic waves and avoid their dissipation in the air.
Therefore, it can be inferred that the appropriate r, is the key to forming distinguished ABs.

Comparing with 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 appears mainly in the part with small .

The plasma frequency is one of the dominating indicators of plasma and is extraordinary closely bound up
with the absorption indexes of 1D PSPCs. The air layer is used as a dividing line in the constructed structure, and
the magnitude of the plasma frequency is set to wy,; in the M, layer and wy,, in the M layer. w,,; is first analyzed in
conjunction with figure 9 for the change in wy,;.

The spectra of absorptance variation of wy,; from 0.2wy to 1.2wg at §=60°, 1y =d = 1, dq = 0.2d, d7 = 0.25d, dp
=0.55d, V1 = 0.05wp,; and v, = 0.05w,; are illustrated in figure 9. If w,; is between 0.2wq ~ 0.8y, the 1D PSPCs
generate an AB with a bandwidth of about 0.15wy. The enlargement in w;,; only causes the AB to move toward the

8
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Figure 11. The absorption spectra for the 1D PSPCs adopting Thue-Morse alignment with different w,;, (a) wp; = 0.2wg and
Wz = 0.3wy, (b) wp1 = 0.6wp and wy,, = 0.3wp, (€) wp1=wp and wp; = 0.3wy, and (d) wp; = 1.2wp and wp, = 0.3wp.

high frequencies, and there is no significant improvement in bandwidth. This is because the plasma frequency

boost is essentially a modification of the imaginary part of the plasma, which in turn is a function of frequency, and
therefore the ABs move toward the high-frequency region. After w,; amplifies to 0.8wy, the primordial AB breaks
up into two ABs. In the meantime, A new narrow AB arises in the frequency range of 1.65wg ~ 1.70wy.

Figure 10 shows the absorption spectra of wy, varying from 0.2w, to 1.2wj for the premise of = 60°, ro =
d=1,dy=0.2d, dr = 0.25d, dp = 0.55d, v; = 0.05w,,; and v, = 0.05wp,. It can be conveniently observed that in
the case of wy, between 0.2wq ~ 0.3wy, the 1D PSPCs possess a whole ultra-wide AB. Continuing to dilate wy,, a
trend similar to that of w;,, emerges, where the bandwidth of the ultra-wide AB becomes narrower and splits into
two ABs. Until wy,, increases to 0.7wy, there is no AB in the absorption spectra. similarly, in the case of wy, located in
the interval 0.9wq ~ 1.2wy interval a new AB is formed, occupying the region with the frequency of 1.65wg ~ 1.75wy.
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Figure 12. The absorption spectra of the 1D PSPCs at different w,,, using Thue-Morse alignment, (a) wy; = 0.2wp and wy, = 0.3wp, (b)
wWp1 = 0.2wp and wy,, = 0.6wy, (¢) wp1 = 0.2wp and wy, = 0.9wp, and (a) wp; = 0.2wp and wy, = 1.2wy.

The effects of 5 on the absorption spectra are taken into account below. Figure 11(b) shows the distribution
of ABs around 1.64wq, 1.71wy, and 1.78wy for wy,; = 0.6wy, where the maximum bandwidth is 0.054wy.
Compared with figure 11(a), in the small 3 case, the enlargement of w,,; brings an enhancement in the
bandwidth of ABs, but the angular stability is reduced and the range in which ABs appear is narrowed. When wy,;
= wy, two ABs are observed to be generated at 1.76w, and 1.86w, for the case of 3= 0. If wy,; = 1.2wy, only one
AB appears for = 0 with a central frequency of 1.77w. Itis not toilless to infer that a further expansion in wy,

makes the 1D PSPCs.

Modifying w,, also plays a momentous role in absorption. When 3= 0, according to the results in
figure 12(b), we can understand that there are ABs at frequencies 1.64wy, 1.68wy, 1.75wy, and 1.84wy,
respectively. Compared with figure 12(a), the number of ABs elevates, but the AB at large 3 vanishes. Further

extending wyy,, it is found that the absorption characteristics recede at small 3. Both the bandwidth and number
of ABs decrease, and also the angular stability lowers, and the ultra-wide ABs occurring between /3 = 50°~60° at
Wpa = 0.3wy disappear. Setting w,, with a gradient effectively enriches the plasma material so that the absorptance
can remain high atlarge 3. The frequency region corresponding to the ABs can be modulated by adjusting w,
according to the actual physical scenarios.

4, Conclusion

In this work, firstly, the electric field expressions and magnetic field expressions in 1D PSPCs are obtained from
the set of Maxwell’s equations adopting the solution method of the spherical Bessel equations. The expressions
and TMM are bonded to obtain the expressions for the absorptance in the 1D PSPCs under non-magnetization
conditions. Meanwhile, based on the theoretical treatment of the 1D PSPCs, a quasi-periodic 1D PSPCs
structure with a Thue-Morse arrangement is designed. And w, with gradient is set with the purpose of enriching
the plasma material and obtaining a wide AB atalarge (. A detailed discussion is then conducted on the factors
that have an impact on ABs. Different topologies have a substantial impact on the distribution of ABs, and the
dominating difference lies in the range of 3 covered by wide ABs and the locations and bandwidths of ABs in the
case of small 8. The changes in ryand v, are different from those of the structure. An expansion in ry causes a
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decrease in the amplitude of the absorptance, and enlargement in v, causes an increase in the amplitude in the
frequency region other than ABs. But both have almost no effect on ABs in terms of frequency. w, is an
extraordinarily crucial indicator in plasma. Through analysis, it is revealed that w), is authoritative in the
frequency distribution and angular stability of ABs, and proper w,, is indispensable to the formation of ultra-
wide ABs. 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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