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1. Introduction 

With the rapid development of laser technology, 

the length of plasma filaments formed in the 

atmosphere by ultra-short pulse high-intensity lasers 

can reach hundreds of meters or tens of kilometers. [1-

6] 

J.Papeer et al. experimentally demonstrated that 

the plasma filament of a high-density plasma channel 

generated in the wake of an intense femtosecond pulse 

propagating in air is sustained for more than 30ns with 

a free electron density above 1015cm-3.[7]  

Currently, much research on EM wave 

propagation in such plasma filaments is underway in 

depth. Yang Liu et al. demonstrated that the doublet-

line containing plasma filaments produced by intense 

femtosecond laser pulses can provide efficient 

transport of the HPM energy. The attenuation of the 

HPM in the double line is 0.39dB/m, which is lower 

than that in the free space.[8] Yu Ren et al. confirmed 

the microwave guided along double parallel lines of 

the plasma filament at a distance of about 8cm in the 

air, and revealed that its structure can support 

microwave radiation.[9] Through experiments to 

verify the guiding performance of EM waves in 

rectangular waveguide, Li Cheng et al. found that the 

femtosecond laser plasma filament can guide the EM 

wave with a better performance relative to freely 

propagating the signal.[10~13] 

As the above examples, the study of EM wave 
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propagation in plasma filaments without magnetic 

field has been carried out to some extent, but the 

study of propagation characteristics in the presence 

of magnetic field has been scarce. The authors 

simulated a microwave waveguide formed with a 

high electron number density (1021-1022m-3) under 

femtosecond multi-terawatt laser systems as three-

layer circular plasma channel and studied the 

propagation characteristics of EM waves in the 

presence of a magnetic field. Simulating the 

propagation of plane EM wave in a circular structure 

by considering even the effect of a magnetic field 

may be effective in revealing the characteristics of 

the filament in more detail. 

In dispersion and anisotropic media such as 

magnetized plasma, it is difficult to analyze by the 

conventional FDTD method. Many methods such as 

recursive convolution (RC) method [14], auxiliary 

differential equation (ADE) method [15], Z 

transformation method [16], current density 

convolution method [17], and piecewise linear 

current density RC algorithm [18] were used to 

simulate the propagation characteristics of EM 

waves in such a complex dispersion medium. The 

current density convolution finite difference time 

domain (JEC-FDTD) method has high computing 

efficiency and calculation accuracy compared to 

these methods. [19-21]  Therefore, we chose the 

JEC-FDTD method, which is one of the effective 

ways to minimize errors in calculation and to save 

computer memory space. In this paper, the 

transmission characteristics of EM waves were 

studied according to the electron number density 

( 𝑁𝑒 =1021~1022m-3), the external magnetic field 

strength (𝐵=0~4T), and the layer-to-layer distance 

(𝑑 =1.5~4.5mm) in the magnetized filament array 

with a circular structure. 

2. Formulations and Physical model 

Consider an isotropic magnetized plasma with 

collisions. The Maxwell’s equations and constitutive 

relation are given by
   

 

∇ × 𝑯 = 𝜀0
𝜕𝑬

𝜕𝑡
+ 𝑱                                     (1) 

    ∇ × 𝑬 = −𝜇0
𝜕𝑯

𝜕𝑡
                                        (2) 

d𝑱

dt
+ 𝜈𝑱 = 𝜀0𝜔𝑝

2𝑬 + 𝝎𝑏 × 𝑱                                 (3) 

 

where 𝑬, 𝑯, 𝑱, 𝜈  and 𝜔𝑝  are the electric field, the magnetic intensity, the polarization current density, the 

electron collision frequency, and the plasma frequency, respectively. 

 The electron cyclotron frequency is 𝝎𝑏 = 𝑞𝑒𝑩/𝑚𝑒 , where 𝑚𝑒  is the electron mass and 𝑞𝑒  is the electron 

charge.   

It is assumed that the 𝑦 axis is in the direction of external magnetic field, then the 𝑥 components of (3) becomes 

 
d𝐽𝑥

dt
+ 𝜈𝐽𝑥 = 𝜀0𝜔𝑝

2𝐸𝑥 + 𝜔𝑏𝐽𝑧                                (4) 

For a time-harmonic dependence, Eq. (4) can be written as  

𝐽𝑥(𝜔) = 𝜀0
𝜔𝑝

2

𝑗𝜔+𝜈
𝐸𝑥(𝜔) +

𝜔𝑏

𝑗𝜔+𝜈
𝐽𝑧(𝜔)                            (5) 

Taking the inverse Fourier transform (5), we get  

𝐽𝑥(𝑡) = ∫ 𝜀0𝜔𝑝
2𝑒−𝜈(𝑡−𝜏)𝐸𝑥(𝜏)

𝑡

0
𝑑𝜏 + ∫ 𝜔𝑏𝑒−𝜈(𝑡−𝜏)𝐽𝑧(𝜏)

𝑡

0
𝑑𝜏                    (6) 

 

If the electric field intensity 𝑬  is defined at integer time steps, the magnetic field intensity 𝑯  and the 

polarization current density 𝑱 are defined at half integer time steps, respectively, i.e. 𝐸𝑛, 𝐻𝑛+1/2, and 𝐽𝑛+1/2. [22, 

23] 

Using the Yee’s notation, 𝑡 = (𝑛 + 1/2)∆𝑡 and 𝑡 = (𝑛 − 1/2)∆𝑡 in (6), we have  
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𝐽𝑥
𝑛+1/2

= 𝑒−𝜈(𝑛+
1

2
)∆𝑡

∫ 𝑒𝜈𝜏[
(𝑛+

1

2
)∆𝑡

0
𝜀0𝜔𝑝

2𝐸(𝜏) + 𝜔𝑏𝐽𝑧(𝜏)]𝑑𝜏                  (7) 

𝐽𝑥
𝑛−1/2

= 𝑒−𝜈(𝑛−
1

2
)∆𝑡

∫ 𝑒𝜈𝜏[
(𝑛−

1

2
)∆𝑡

0
𝜀0𝜔𝑝

2𝐸(𝜏) + 𝜔𝑏𝐽𝑧(𝜏)]𝑑𝜏                  (8) 

Substituting (8) into (7), we get 

𝐽𝑥
𝑛+1/2

= 𝑒−𝜈∆𝑡𝐽𝑥
𝑛−1/2

+ 𝑒−𝜈(𝑛+
1

2
)∆𝑡

∫ 𝑒𝜈𝜏
(𝑛+

1

2
)∆𝑡

(𝑛−
1

2
)∆𝑡

[𝜀0𝜔𝑝
2𝐸(𝜏) + 𝜔𝑏𝐽𝑧(𝜏)]𝑑𝜏           (9) 

From here, the iterative equation of polarization current density of two-order precision is expressed as 

𝐽𝑥
𝑛+1/2

= 𝑒−𝜈∆𝑡𝐽𝑥
𝑛−1/2

+ ∆𝑡𝑒−𝜈∆𝑡/2[𝜀0𝜔𝑝
2𝐸𝑥

𝑛 + 𝜔𝑏𝐽𝑧

𝑛+
1

2]                  (10) 

Solving (10) for the 𝑥 component gives the general form of the FDTD update equation for 𝐽𝑥. 

𝐽𝑥 |
𝑛 +

1

2

𝑖 +
1

2
, 𝑗, 𝑘

= 𝑒−𝜈∆𝑡𝐽𝑥 |
𝑛 −

1

2

𝑖 +
1

2
, 𝑗, 𝑘

+ ∆𝑡𝑒−
𝜈∆𝑡

2 [𝜀0𝜔𝑝
2𝐸𝑥 |

𝑛

𝑖 +
1

2
, 𝑗, 𝑘 + 𝜔𝑏𝐽𝑧 |

𝑛 +
1

2

𝑖, 𝑗, 𝑘 +
1

2

]        (11) 

And from (1) and (2), for the 𝑥 components of 𝑬 and 𝑯 can be expressed as [24, 25] 

   𝐻𝑥 |
𝑛 + 1/2

𝑖, 𝑗 + 1/2, 𝑘 + 1/2
= 𝐻𝑥 |

𝑛 − 1/2
𝑖, 𝑗 + 1/2, 𝑘 + 1/2

+
∆𝑡

𝜇0
[

𝐸𝑦|
𝑛

𝑖,𝑗+1/2,𝑘+1−𝐸𝑦|
𝑛

𝑖,𝑗+1/2,𝑘

∆𝑧
−

𝐸𝑧|
𝑛

𝑖,𝑗+1/2,𝑘+1/2−𝐸𝑧|
𝑛

𝑖,𝑗,𝑘+1/2

∆𝑦
]        (12) 

𝐸𝑥 |
𝑛 + 1

𝑖 + 1/2, 𝑗, 𝑘
= 𝐸𝑥 |

𝑛
𝑖 + 1/2, 𝑗, 𝑘 +

∆𝑡

𝜖0
[

𝐻𝑧|
𝑛+1/2

𝑖+1/2,𝑗+1/2,𝑘
−𝐻𝑧|

𝑛+1/2
𝑖+1/2,𝑗−1/2,𝑘

∆𝑦
−

𝐻𝑦|
𝑛+1/2

𝑖+1/2,𝑗,𝑘+1/2
−𝐻𝑦|

𝑛+1/2
𝑖+1/2,𝑗,𝑘−1/2

∆𝑧
] − 𝐽𝑥 |

𝑛 + 1/2
𝑖 + 1/2, 𝑗, 𝑘

                                                                         (13) 

 

We can get the other components of 𝑱, 𝑯 and 𝑬 

similarly to Eq. (11)~(13). 

The direction of the magnetic field was set 

perpendicular to the plasma channel (the direction of 

propagation of EM waves). A linearly polarized plane 

wave propagating in a direction parallel to the 

direction of the magnetic field will be decomposed to 

a right-hand (RH) and a left-hand (LH) circularly 

polarized wave with different phase velocities. 

The calculations results in both cases showed little 

difference in transmittance due to the relatively high 

electron number density of filaments. Hence, we 

consider only the RH circularly polarized wave.  

It is assumed that these filaments in each layer are 

cylindrical and isotropic and the radius of the plasma 

channel is 𝑅=3cm. And the number of layers in the 

channel is set at 3.  

The number of filaments in each layer is 𝑁=32 

and the filament diameter is 3mm by 𝑟 = 𝜋𝑅/2𝑁 . 

Therefore, the corresponding array pitch is also about 

3mm. Each filament axis is parallel to the 𝑧 axis and 

these filaments are alternately arranged along the 𝑦 

axis. In the JEC-FDTD simulation, the time step and 

the cell size are set as Δ𝑡=0.080ps and Δ𝑥=Δy=40μm, 

taking into account the accuracy of calculation and the 

filament diameter. Each simulation is executed in 

about 2200-2400 time steps over a relatively long 

period of time. In order to ensure that the phases of the 

electric field reaching the outermost layer are the same, 

the initial phase values of the EM waves are set 

differently according to each frequency. The collision 

frequency is set to 1012GHz, and the electron 

temperature is in the range of 0.2~ 0.4eV depending 

on the collision frequency and electron number density.  

These values are similar to those of the filaments 

that can actually be made by a femtosecond laser [25, 

26]. 

The electric field intensity 𝐸  is recorded at a 

point 14mm from the center of the channel. Here, it 
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is assumed that the plasma is kept constant by 

another external power supply and the power of the 

EM waves is small, so there is no interaction such as 

plasma generation by the waves. 

3. Results and analysis 

Fig.1 shows the transmittance of RH polarization 

wave versus frequency for several values of the 

external magnetic field strength.

  

 

 

 
Fig.1. Transmittance of RH polarization wave versus frequency for several values of the external magnetic 

field strength (𝑁𝑒=1021m-3, 𝑑=0) 
 

 

As shown in Fig.1, even in the presence of a 

magnetic field, the peaks and valleys appear 

periodically at about 30GHz intervals, as in the 

absence of magnetic field. As the magnetic field 

strength increases, the transmittance decreases and the 

peaks and valleys shift to the right. This phenomenon 

rarely appears in a band with a small frequency 

(≤50GHz), and it is common only in a band with a 

large frequency (≥50GHz). When 𝐵=2T, the cyclotron 

resonance absorption, which can be seen in the shape 

of a small valley, is well visible around 60GHz. These 

are also in good agreement with the previous 

literature.[24]  

A small valley appears near the frequency of 

87GHz. The difference in the path between the two 

filaments is 1.72mm, which is half of the wavelength 

(about 3.45mm) corresponding to 87GHz. That is, the 

interference condition is satisfied and a valley is 

formed at this frequency.  

In the circular array structure, the decrease of the 

peak and the increase of the attenuation due to the 

magnetic field are well shown. As the magnetic field 

strength increases, the transmittance decreases 

significantly in the peak bands of 25-40GHz and 70-

100GHz, and decreases slightly in the valley band. 

The electrons which vibrate freely in the plasma under 

a constant external magnetic field move circularly in a 

plane perpendicular to the magnetic field line at a 

specific cyclotron frequency. As the magnetic field 

strength increases, this movement becomes more 

intense. The directions of the EM waves and 

movement of these electrons are perpendicular.  

That is, it can be seen that the effect of 

superposition decreases and the transmittance at the 

peak decreases due to the change of the EM field due 

to the interaction between the EM wave and electrons. 

In valleys, there is no such action as above, only 

attenuation by magnetic field (increased absorption, 

etc.), so the effect is small. Of course, this attenuation 

also appears at the peak, but it is relatively smaller 

than the decrease in the effect of superposition. It is 

very characteristic that the decrease in transmittance 

appears strongly only at the first and third peaks and 

weakly at the second peak when a magnetic field is 

applied. This is clearly related to the circular 
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structure and filament array, etc. 

According to the calculations, if we change the 

position of the filaments (i.e. rotate the circular 

structure by 5.625°), the decrease can only be 

stronger at the second peak. This means that in this 

way the superposition can be changed to suit the 

purpose.  

Although the decrease in transmittance is strong 

only in some specific sections in the figure, the 

transmittance can be reduced in all bands by 

increasing the strength of the external magnetic field. 

For example, when 𝐵 >4T, the transmittance may 

decrease by an average of 4% or more in the entire 

band, and 15% or more in some specific sections. 

However, if the strength of the external magnetic 

field is increased, the volume and weight of the 

device required for this increase, and the problem of 

reducing it is inevitably raised. 

Fig.2 shows the transmittance of RH polarization 

wave versus frequency for different electron number 

densities.

  

 
Fig.2. Transmittance of RH polarization wave versus frequency for different electron number densities 

(𝐵=2T, 𝑑=0) 

 

 

Usually, when the external magnetic field acts, 

the electron number density decreases. As the 

external magnetic field strength increases, its 

decrease becomes more pronounced. Since the 

electron number density of plasma filaments is large, 

the decrease in electron number density due to the 

magnetic field is relatively small. According to the 

calculation, when 𝐵 ≤2T and the initial electron 

number density is 1021~1022m-3, the electron number 

density hardly changes. Therefore, the change in 

transmittance due to the decrease in electron number 

density can be negligible. In the figure, as the 

electron number density increases, the influence of 

the external magnetic field becomes weaker.  

When 𝑁𝑒>1021m-3, the transmission curves with 

and without a magnetic field are almost the same, and 

the cyclotron resonance absorption at 60GHz is also 

almost non-existent. And when 𝑁𝑒 =1022m-3, the 

decrease that appeared at 60GHz and 87GHz as seen 

above also disappears. It can be considered that as 

the electron number density increases, the distance 

between charged particles decreases, and thus the 

electric force between them increases, and thus the 

influence of the external magnetic field appears 

small. In the figure, as in the previous literature, the 

transmittance decreases as the electron number 

density increases.[13] 

As the plasma density increases, the number of 

electrons in the plasma increases, and the probability 

of collision between the incident EM waves and 

charged particles increases. The electron absorbs 

more energy from the incident EM wave, thereby 

accelerating its irregular motion. Thus, the 

absorptance increases and the transmittance 

decreases. However, when 𝑁𝑒 =0.51022m-3, the 

transmittance is small compared to 1022m-3 in a wide 
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band.  

This is also related to the structure of the plasma 

filament layer. The skin layer depth depends on the 

electron number density, and the superposition of 

transmitted waves appears differently accordingly. 

That is, if the parameters of the filament layer are 

well selected, the same transmission characteristics 

as in the high electron density even at low electron 

density can be obtained. 

Fig.3 shows the transmittance versus frequency 

for several values of the layer-to-layer distance (𝑑) in 

the external magnetic field.

 

 
Fig.3. Transmittance versus frequency for several values of 𝑑 in the external magnetic field (𝑁𝑒=1021m-3, 𝐵=2T) 

 

 

The transmission of EM waves according to the 

layer-to-layer distance is relatively complex. 

Usually, as the layer-to-layer distance increases, the 

transmittance increases. When 𝑑 <3mm, the 

transmission characteristics are almost the same. In 

the case of 𝑑≥3mm, the change in transmittance 

according to the layer-to-layer distance is relatively 

large. When 𝑑 =3.75mm, the transmittance is the 

largest in the entire region. In this case, the 

transmittance in the band of 𝑓>20GHz is about 30% 

larger than when 𝑑 =3mm and 4.5mm. It can be 

considered that as 𝑑  increases, the propagation 

passage between the filaments increases, so that 

refraction, reflection and absorption become small. 

And it shows that 𝑑≈3.8mm is a reasonable value to 

obtain high transmittance for a wide frequency band 

in a given filament layer structure. 

If d is too large, the propagation passage 

becomes large, but the difference in the path is 

changed accordingly, so that the overlap condition 

according to different frequencies is not satisfied, 

and the transmittance may be reduced (𝑑=4.5mm). 

The feature in the figure is the decrease of the peak 

spacing with frequency. This is well observed in the 

band above 50GHz for 𝑑3.75mm. In the case of 

𝑑 ≤3mm, the frequency interval between two 

adjacent peaks is about 30GHz. However, when 

𝑑3.75mm, this frequency interval is about 20GHz.  

This indicates that the suitable choice of the 

parameters of the circular plasma filament layer in 

the presence of a magnetic field can optimally adjust 

the peak-to-peak interval. 

4. Conclusion 

Here, we investigated the propagation 

characteristics of RH polarized waves in magnetized 

plasma filament layer with a multilayer circular 

structure. When an external magnetic field is applied, 

for a given circular structure, the transmittance 

decreases significantly at the first and third peaks and 

slightly decreases at the second peak.  

That is, the peak appears periodically at 30GHz 

intervals, but the variation of transmittance reduction 

is well at 60GHz intervals. 

The opposite effect can be achieved by rotating 
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the layer structure by a certain angle when the 

propagation direction is constant. The greater the 

electron number density, the weaker the influence of 

the external magnetic field, and even when the 

electron number density is relatively small, a large 

transmittance can be obtained by adjusting the array 

parameters. A small layer-to-layer distance gives a 

similar transmission property to that without a 

magnetic field. However, when the layer-to-layer 

distance is large, the transmittance increases a lot and 

the peak spacing decreases. 
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