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Abstract — In this paper, the Newtonian equation of
motion describing the movement of electrons when elec-
tromagnetic waves propagate in a magnetized plasma
is combined with the traditional auxiliary differential
equation finite difference time domain (ADE-FDTD)
method. The FDTD iterative formulas of transverse
magnetic (TM) wave and transverse electric (TE) wave
of the electromagnetic wave obliquely incident on the
magnetized time-varying plasma plate are derived. The
biggest difference between this method and the ordinary
ADE-FDTD algorithm is the addition of the logarith-
mic derivative of the time-varying plasma electron den-
sity to calculate the current density, which is called the
Newton-ADE-FDTD method. Through Example 1, the
reflection coefficient of electromagnetic wave incident
on the magnetization time-varying plasma plate was cal-
culated, and the correctness of the improved algorithm
was verified. At the same time, the Newton-ADE-FDTD
algorithm is used to calculate the reflection coefficient
of electromagnetic waves incident on the magnetized
plasma-dielectric photonic crystal. The results show
that different incident angles have a greater impact on
the reflection coefficients of left-handed circularly polar-
ized wave (LCP) and right-handed circularly polarized
wave (RCP).

Keywords — Magnetized plasma, finite difference
time domain (FDTD), electromagnetic wave, oblique
incidence.

L. INTRODUCTION

The finite difference time domain (FDTD) [143]
plays an important role in computational electromagnet-
ics. FDTD can be used for modeling dispersive media,
such as soil modeling in ground penetrating radar [4, 5]].
At present, many researchers apply FDTD method to
deal with the propagation of electromagnetic waves in
plasma [6-9]. For example, literature [[10] uses FDTD
method to deal with the propagation of electromagnetic
waves in cold plasma.
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When the plasma medium is in a constant magnetic
field, it will exhibit electrical anisotropy, which is called
magnetized plasma [[11H14]. The constant direction of
the magnetic field and the phase direction of the electro-
magnetic wave can be any angle. The theory of magnetic
plasma can be used to study the propagation of plane
waves of arbitrary polarization in magnetized plasma.
In an anisotropic magnetic plasma medium, the polar-
ization state of electromagnetic waves will constantly
change. When the phase propagation direction is the
direction of the constant magnetic field, two polarized
waves will be excited in the magnetic plasma medium,
namely the left-handed circularly polarized waves (LCP)
and the right-handed circularly polarized waves (RCP).

In recent decades, researchers have proposed a vari-
ety of FDTD methods for processing magnetized plasma
media. Among them, the current density convolution
finite difference time domain (JEC-FDTD) method pro-
posed by Chen in 1998 [15] has been used to deal
with complex plasma, dispersion media including mag-
netized plasma. The auxiliary differential equation
finite difference time domain method (ADE-FDTD) [[16]
directly performs difference iteration by setting the ADE,
which improves the calculation efficiency, and its accu-
racy is the same as that of the JEC-FDTD method.
In addition, there are many methods to deal with the
electromagnetic problem of plasma dispersion medium,
including piecewise linear recursive convolution finite
difference time domain (PLRC-FDTD) [17], moving
operator finite difference time domain (SO-FDTD) [18-
20], Runge-Kutta exponential finite difference time
domain (PKETD-FDTD), and so on.

In some cases, the electron density of the time-
varying magnetization plasma is not fixed but changes
with time. When electromagnetic waves pass through the
plasma, the time-varying characteristics of the plasma
should be considered. The electron density move-
ment of the electromagnetic wave propagating in the
magnetization time-varying plasma can be described by
the Newtonian equation of motion. Therefore, in this
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article, when the electromagnetic wave is incident on
the magnetized time-varying plasma plate obliquely, the
basic Newtonian equation of motion is combined with
the ADE-FDTD algorithm to derive the Newton-ADE-
FDTD iterative formula for transverse electric (TE) wave
and transverse magnetic (TM) wave. The reflection
coefficients of TE wave and TM wave were calculated,
respectively, and compared with the analytical solution
and the traditional ADE-FDTD algorithm, which veri-
fied the effectiveness of the algorithm. At the same time,
the reflection coefficients of electromagnetic waves at 0°,
30°, 45°, and 60° incident on the magnetized plasma
dielectric photonic crystal are calculated.

II. METHOD
Newton’s equation of motion describing electron
motion when electromagnetic wave propagates in mag-
netized plasma can be expressed as
du,

me ar = —EE—mEVUg“’eue X B7 (1)

where u, is electron velocity, e is electron charge, E
is electric field intensity, me is electron mass, v is
plasma collision frequency, and B is magnetic induction
intensity.

The electron density of plasma sometimes exhibits
time-varying properties. Current density J in magnetized
time-varying plasma can be expressed as

J = —eNe(t)u,, 2)
where Ne(t) is the time-varying plasma electron density.
According to Equation (2)), u, can be expressed as

J

e = eNe(t)’ )

The electron cyclotron frequency of magnetized
plasma is

eB
w,=—. “
me
Magnetic induction intensity can be expressed as
[0)
) Wiy (5)
e
Substitute Equation (3) and () into Equation (I));
then
d J
eNe(r) mev]J J wpme
———— =—¢E+ — X .
dt eNe(t) Ne(t) e
(6)

The updating equation of current density is obtained
by sorting out Equation (6]
aJ 1 JdNe(r) 2
- = — g, (1) E+w,xJ. (7
ot (Ne(t) e V) I e (E+ @, > ()
Definition L(z) is the derivative of plasma electron
density, namely

L(1) = In(Ne(r)). ®)
I ONe() _ dln(Ne(r)) _ Lot
Ne(t) ot ot A ®
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Combined with Equation (@), the updating
Equation (/) of current density can be written as
oJ o
ot ( At
where & is the vacuum permittivity, and ®,(z) is the

time-varying plasma frequency, which can be expressed
as

— v> J+ew)(NE+w, xJ, (10)

2N,
o, (1) = 680;(;). (11

It can be seen from Equation (I0) that after com-
bining Newton’s motion equation, the derivative of log-
arithm of electron density of time-varying plasma is
added in the calculation of current density. The equa-
tion is applied to ADE-FDTD algorithm of electromag-
netic wave incident on magnetized time-varying plasma
plate below, and the Newton-ADE-FDTD iterative for-
mula can be obtained.

A. Newton-ADE-FDTD iteration of TE wave

When the incident wave is TE wave, it is known
from literature [21]] that the one-dimensional Maxwell
correction equation in the magnetized time-varying
plasma with oblique incident electromagnetic wave is

JE JH
JE 1 JH
9t gcos2 6 (32 J) ' )
dJ
E+VJZSOCOI%E+(D;;XJ, (14)

where ug is the permeability in vacuum and 6 is the
oblique incidence angle of electromagnetic waves,

| Ex | Hy | U
e lg ) e[ o5

Formula (T4) is replaced by the iterative formula
(T0) of current density obtained after simultaneous New-
ton equations of motion. The governing equation of
electromagnetic wave propagation in magnetized time-
varying plasma can be expressed as Formulae (T0), (12),
and (T3). ADE-FDTD is used for difference discretiza-
tion; then

n+1/2 1 n—1/2 1

Hy" " (k+ 3) Hy 7 (kt3) |

n+1/2 B n—1/2 upAz

HTY2 (k4 1) | H 2 (k+1) ‘

E!(k+1)—E? (k)

L= (B (k+ 1)~ E} (K))
(15)
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Formula 22) is replaced by the iterative formula
(10) of current density obtained after the simultaneous
Newton equation of motion. Then the one-dimensional
Maxwell correction equation in the magnetized time-
varying plasma with oblique incident electromagnetic
wave can be written as

JH JE

TZ - gognra. (23)
JE sin? 6 JH
5= ( - ) o (4)

dJ 1 JNe(r)

ot (Ne(t) ot
where &, is the relative permittivity of the n layer, and
o (w) is the conductivity

—)J+e0;(t)E+a, xJ, (25)
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Substitute Equation (26) into Equation (23); then
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Substituting Equation (26) into the above equation, then
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Meanwhile, the method in [21] is used to process
the above formula, and the FDTD discrete formula of
the magnetic field part is
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ADE-FDTD method was used to discretize the cur-
rent density, and the following results were obtained:

ADE-FDTD method was used to discretize the cur-
rent density, and the following results were obtained:
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Equation (33)—@9) are FDTD iterative expres-
sions of TM wave of electromagnetic wave inci-
dent diagonally to magnetized time-varying plasma
plate.



III. NUMERICAL RESULTS

A. Example 1

In order to verify the correctness of the algorithm
in this paper, an improved algorithm is used to calculate
the reflection coefficient of TE wave and TM wave inci-
dent on the magnetization time-varying plasma layer at a
certain angle. The incident angles are 0°, 30°, 45°, and
60°, respectively, and the thickness of magnetized time-
varying plasma plate is d =1.5 cm. In this example, the
number of spatial grids is 800, the plasma occupies 200
grids, the spatial step dx = 75 x 107° m, the time step
dr =1.25 x 10~'3 s, and the modified Mur absorption
boundary is adopted at both ends.

The incident wave adopts Gaussian pulse, and the

expression is
2
£(0)=exp (—4”(’_“)> (40)

2
wherein pulsewidth 7 is 150 time steps, 11 = 0.8 x 7.

Collision frequency of magnetized time-varying
plasma v = 20 GHz, plasma electron cyclotron frequency
wp = 100 GHz, and its electron density changes expo-
nentially as follows:

Nemax (t <tp)
Ne(t) = . (41)
Nemax x exp(—=2) (t >19)
In the above formula, Nemax is the maximum electron
density, and the value is 5 X 108 m—3; to is the time
when the electron density decreases from the maximum
value; k is the variable that controls the rate of change
with time. In this example, ¢y =200 x dz.

The reflection coefficients of RCP wave and LCP
wave of TE wave and TM wave are calculated by using
Example 1 and compared with the analytical solution and
the traditional ADE-FDTD algorithm, and the correct-
ness of the algorithm is verified.

Figure [T] shows the reflection coefficients of RCP
wave when TE waves are incident on the magnetized
plasma plate at 0°, 30°, 45°, and 60°. Compare the
results obtained by the Newton-ADE-FDTD algorithm
with the traditional ADE-FDTD algorithm and analyti-
cal solution. It can be seen that the calculation of the
reflection coefficient of the RCP wave when the TE
wave is obliquely incident on the magnetized plasma
plate is consistent with the analytical solution, and
the accuracy is basically consistent with the traditional
ADE-FDTD algorithm. Verify the correctness of the
algorithm.

Figure 2] shows the reflection coefficient of the LCP
wave when the TE wave is incident on the magnetized
plasma plate at 0°, 30°, 45°, and 60°. It can be seen that
the algorithm is consistent with the analytical solution
when calculating the reflection coefficient of the LCP
wave incident on the magnetized plasma plate, and the

LIU, YANG, CHEN, BO: NEWTON-ADE-FDTD METHOD FOR OBLIQUE INCIDENT MAGNETIZED TIME-VARYING PLASMA

7

-20

o
2
o
9]
S
8
4
g a0
o 7 Newton-ADE-FDTD(0%) v &
= % Newton-ADE-FDTD(30°) \v4 #7 i 3 .‘ 1
2 +  Newton-ADE-FDTD(45°) y Nt
é 2 A Newton-ADE-FDTD(60°) v Y )i
£ . ADE-FDTD(0°) [ i ¥
3 ‘ | :
8 O ADE-FDTD(30) v
s O ADE-FDTD(45%) ‘ﬂ
S s | * ADEFOTOE) |
= analytic(0°)
; — — analytic(30°)
2
F — . — . analytic(45°)
0 analytic(60°) ) ) ) )
0 1 2 3 4 5 6 7 8
fIGHz 10

-10

-20

-30

' %7 Y g
Newton-ADE-FDTD(0?) v A/ i
7

= V1%
40 | ¥ Newton-ADE-FDTD(0%) Y AT Y
+  Newton-ADE-FDTD(45°) v N % !
A Newton-ADE-FDTD(60°) &V % ) 'I!
. ADE-FDTD(0) ‘N \l ¢
50| o ADE-FDTD(E0Y) ! 1]
O ADE-FDTD(45%) lV d'J t
% ADE-FDTD(60°) <

-60 analytic(0°)
— — analytic(30°)
— . — . analytic(45°)
20 analytic(60°) ) ) ) )

0 1 2 3 4 5 6 7 8

The reflection coefficient of TE waves(LCP)/dB

Fig. 2. TE wave reflection coefficient (LCP).

accuracy is basically the same as that of the traditional
ADE-FDTD algorithm, that is, the correctness of the
algorithm is verified. In summary, it can be seen that
the Newton-ADE-FDTD algorithm is correct and effec-
tive in calculating the reflection coefficient of the vary-
ing plasma plate when the magnetization of the obliquely
incident TE wave is magnetized.

Figure 3] shows the reflection coefficient of the RCP
wave when the TM wave is incident on the magnetized
plasma plate at 0°, 30°, 45°, and 60°. It can be seen that
when the TM wave is obliquely incident on the magne-
tized plasma plate, the calculation of the reflection coef-
ficient of the RCP wave is consistent with the analytical
solution, and the accuracy is basically the same as that
of the traditional ADE-FDTD algorithm. Verify the cor-
rectness of the algorithm.

Figure [] shows the reflection coefficient of the LCP
wave when the TM wave is incident on the magnetized

14



7 Newton-ADEFDTD(0")
40 | H Newton-ADEFDTD(30%)
+  Newton-ADE-FDTD(45%)
> Newton-ADE-FDTD(60°)
ADE-FDTD(0°)

O ADE-FDTD(30°) \
O ADE-FDTD(45°) QE%
*

The reflection coefficient of TM waves(RCP)/dB

% 8
ADE-FDTD(60°) \ L
60 analytic(0°) & é‘ ﬂ?_
— — analytic(30°) 2!
— - — . analytic(45°) ?
........ ic(60°, |
= analytic(60°) ) ) ) ) &
0 1 2 3 4 5 6 7 8

Fig. 3. TM wave reflection coefficient (RCP).

plasma plate at 0°, 30°, 45°, and 60°. It can be seen
that the algorithm is consistent with the analytical solu-
tion when calculating the reflection coefficient of the
LCP wave incident on the magnetized plasma plate, and
the accuracy is basically the same as that of the tra-
ditional ADE-FDTD algorithm, which verifies the cor-
rectness of the algorithm. In summary, it can be seen
that the Newton-ADE-FDTD algorithm is correct and
effective in calculating the reflection coefficient when the
TM wave is incident on the magnetization time-varying
plasma plate obliquely.

B. Example 2

The Newton-ADE-FDTD algorithm is used to cal-
culate the electromagnetic wave incident to magne-
tized plasma-dielectric photonic crystal. The magne-
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Fig. 4. TM wave reflection coefficient (LCP).
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Fig. 5. Reflection coefficient of TE wave in plasma pho-
tonic crystal with oblique incident electromagnetic wave
(RCP).

tized plasma plate has six layers, the dielectric constant
of the dielectric plate is 6, and the number of layers is
5. The magnetized plasma and the dielectric plate are
connected alternately to form plasma-dielectric photonic
crystals. In this example, the spatial step dx = 75 X
10~° m, the time step dr =1.25 x 10~ 13 s, and the mod-
ified Mur absorption boundary is adopted at both ends.
The incident wave parameters are consistent with Exam-
ple 1, which is a Gaussian pulse, and the expression is
shown in Equation #0). Collision frequency of mag-
netized time-varying plasma v=20GHz, plasma elec-
tron cyclotron frequency @, = 100 GHz, and its electron
density changes sinusoidal, as shown in the following
ormula:

Ne(t) = Neavg (1 +Ane (sin (27 for))) . (42)

Neavg is the average electron density, with a value
of 3 x 10'3;Ay, is the change amplitude of electron den-
sity, with a value of 0.3; 4, is the change rate of electron
density, with a value of 80 MHz.

The incident angles of the electromagnetic wave are
0°, 30°, 45°, and 60°. Then the reflection coefficients of
the dextrally polarized wave and the left-handed polar-
ized wave of TE wave and TM wave are calculated,
respectively. The result is shown in the figure below.

Figures [3] and [6] respectively, for TE wave oblique
incidence to the plasma dielectric photonic crystal board
RCP and LCP reflection coefficient, can be seen from the
diagram, whether it is right-hand or left-hand polariza-
tion wave, along with the oblique incident electromag-
netic wave to the increase of the angle of the photonic
crystals, the band gap of the reflection coefficient corre-
sponding to the right, and the band gap bandwidth has
been increased.
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Fig. 7. Reflection coefficient of TM wave in plasma pho-
tonic crystal with oblique incident electromagnetic wave
(RCP).

Figures [7] and [§] respectively, show the reflection
coefficients of RCP and LCP waves of TM wave inci-
dent at an oblique angle of plasma dielectric photonic
crystal plate. It can be seen from the figure that with the
increase of the angle of electromagnetic wave incident at
an oblique angle of photonic crystal, the reflection coef-
ficient of band gap moves to the right and the band gap
bandwidth increases, which is consistent with the con-
clusion of TE wave.

IV. CONCLUSION
In this paper, the basic Newtonian equation of
motion is combined with the ADE-FDTD algorithm to
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derive the Newton-ADE-FDTD iterative formula for the
TE wave and TM wave of the magnetized time-varying
plasma plate with electromagnetic waves incident at a
certain angle and calculate the TE wave. The reflec-
tion coefficient of TM wave is compared with the ana-
lytical solution and the traditional ADE-FDTD algo-
rithm. Verify the effectiveness of the algorithm. Com-
pared with the traditional ADE-FDTD method, the for-
mula of the improved algorithm is simple to derive,
and the current density updating equation of magnetized
time-varying plasma is derived completely according to
the basic Newtonian equation of motion. For the cur-
rent density updating equation of the traditional ADE-
FDTD algorithm, the current density updating equation
of Newton-ADE-FDTD algorithm is more detailed. At
the same time, the algorithm is used to calculate the
reflection coefficient of electromagnetic waves incident
on the magnetized plasma dielectric photonic crystal at
0°, 30°, 45°, and 60°. It is found that when the incident
angle increases, the band gap will move to the right, and
the band gap bandwidth will increase accordingly.
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