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Introduction 
Recent years have seen a growing interest in 

nonlinear interactions between intense THz  

electromagnetic fields and materials including warm 

dense matters, semiconductors, nanostructure 

materials [1–4]. Generation of intense THz 

electromagnetic field whose electric field is stronger 

than 1 MV/cm is critical to pave the way for new 

studies and applications in this direction. One of the 

promising approaches is to use plasma as the radiation 

source. Plasma by its nature does not have damage 

threshold in contrast to other conventional methods 

using solid nonlinear crystals [5]. It has been 

demonstrated that a nonrelativistic laser can efficiently 

generate THz radiation, given that the laser has two 

frequency components, namely, a fundamental 

frequency  and its second harmonic 2  [6–9]. 

One obvious way to increase the THz power with this 

two-color laser scheme is to increase the incident laser 

power. However, as the laser intensity increases, non-

linear plasma effects become essential and may 

negatively result in THz radiation. Despite of 

numerous experimental works on the topic, there is a 

clear lack of theoretical and numerical examination of 

THz radiation during the interaction of realistic 

femtosecond laser pulses with underdense plasma. 

This reflects the numerosity of physical processes that 

result in THz radiation during the laser pulse 

irradiation and afterward: the processes of frequency 

up-shift in the front of a pulse and k vector downshift 

in the rear resulting in beat waves; pulse modulation 

owing to the refraction on the electron density ramp; 

steep plasma boundary, etc. All instabilities inherent to 

plasma result in THz radiation in a certain range of 

wavelengths and in a direction determined by a process 

of radiation; dispersion effects in plasma on THz 

radiation occurring at higher density plasma have yet to 

be understood. Due to the nonlinear nature of those 

phenomena, it is hardly possible to carry out an 

analytical examination incorporating all the nonlinear 

processes involved in the THz radiation emission from 

strongly ionized air. 

It is therefore necessary to look into the interaction 

between femtosecond laser pulses and underdense 

plasma with kinetic simulations that self-consistently 

include plasma and atomic physics [10–13]. 

In the report, a numerical study on the mechanism and 

scaling law of THz generation with a co-propagating 

two-color laser pulse in air is presented for the peak 

fundamental laser intensities of 1014, 1015 and 

1016  W/cm2. 

Description of Particle Calculation 
Method 
To take into account the most important effects, the 

particle-in-cell simulation including ionization kinetics 

has to be performed. In this work, the variable particle 

weight method is used to calculate the particle density, 

which is based on the solution of balance equations for 

density and energy [14]: 
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where Si, Ri are the total ionization and recombination 

rates for ith ion, Ne is the electron density, ND is the gas 

density, E is the total energy. The charge growth is 

calculated as 
0k

kkMM NStVeQ  and is 

redistributed over all particles in a kinetic cell M with 

its volume VM with the correction of their kinetic 

energy. 

In case of optical field by femtosecond laser pulses 

and within a relatively short time of simulation, 

recombination can be ignored and the ionization 

equations in Eq. (1) can be simplified as 

11/ iii NSdtdN . The ionization rate is written in 

the well know approximation [6-9]: 

E
E
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E
E
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IgS AkAk

kAk

2/32/5

3
2exp4 , 

where 34 /meA and 452 /emE A the atomic 

frequency and atomic electric field strength;
242 2/emRy , Ik is the potential for ion with 

charge k; gk is a factor ~1, E is an external field 

strength. The energy conservation is achieved by 

introducing an atomic current, which provides the 

Ohmic heating equivalent to the power loss for the 

ionization: 

0

2

k
kkkA NSIEj , to Maxwell equations. 

Results and Discussion 
To study the characteristics of THz radiation, PIC 

simulations using FPLaser2D [13] with a moving 

window were performed for a linearly polarized laser 

pulse propagating in air under normal pressure. The 2D 

calculations are performed for the laser intensity from 

1014 which is about the threshold intensity for air  

to 1016 W/cm2 and 90 fs FHWM duration. The 

calculation are performed for a two-color laser pulse 

whose wavelength consists of  = 0.8 m and 1 = 0.4 

m. Both are p-polarized. The total energy in the 

second harmonic is ~ 0.3 times the energy of 

Fig. 1. (a-d) p-polarized electric fields over simulation 
area after 0.1, 2.1, 3.6 and 4.2 ps after propagation in the 
gas, (e) transverse profile at 4.2 ps, and (f-h) profile along 
laser propagation axis x corresponding to (a), (c) and (d), 
respectively. The peak intensity of fundamental pulse is I
= 1016 W/cm6, and 2  at I2  = 0.3 I . 
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fundamental harmonic. The focus spot of the 

fundamental harmonic is chosen to provide the 

Rayleigh length on the order of 1 mm; the focus spot of 

the second harmonic is same as that of fundamental 

harmonic. The size of the simulation window is 320 

m by 150 m and 101  spatial resolution; the kinetic 

cell is twice as large as the PIC one. The kinetic 

simulation was simplified by including only nitrogen 

molecules; the laser pulse is set as Gaussian. 

Fig. 1 shows the time evolution of the electric field of 

the p-polarized two-color laser pulse propagating in the 

air. The intensity of the fundamental pulse is I = 1016 

W/cm2 at the focus point. Fig. 3 shows the particle 

densities for electrons and ions under the same 

simulation condition. The maximal electron density in 

this case is -319max cm 103eN . Therefore, plasma is 

almost fully ionized. The maximal plasma frequency is 

about pl ~ /8 or ~ 40 THz. One can see 

modulations of the laser field strength both in 

longitudinal and transverse directions. The refraction 

of laser field by results in the density decrease and, 

consequently weaker, but further refraction according 

to the eikonal equation: 

]/)([5.0/ cre NNdxd  

, where is the angle of light beam propagation. This 

process is nonlinear as seen in Fig. 1e. The modulation 

of the central part of the laser pulse owes the refraction 

effect while the modulation of pulse wings is the THz 

radiation. The most powerful part of the THz radiation 

can be seen in Fig. 1h in the middle of the field. The 

Fig. 2. Temporal evolution of the laser field and THz radiation along with the plasma density and spectra with a laser pulse
which comprises of both fundamental and second harmonic components. The peak intensity of fundamental pulse is 1016

W/cm2. From (a) to (c), they are taken at t=0.1, 2.1 and 4.2 ps after laser propagation in the gas. 
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Duration of THz impulse is about 7 fs which displays a 

broad spectrum of that long wavelength radiation. That 

agrees well with previous theoretical work [15]. THz  

pulse cuts the laser pulse into two parts: the front part  

initially  responsible  for  the  optical   ionization  is  

essentially  depleted while the second, rear part has al-

most  intact Gaussian  profile. 

To reveal the process of THz radiation formation, the 

temporal evolution of the laser field and THz radiation 

along with the plasma density and spectra is shown in. 

Fig. 3. The THz radiation is calculated as inverse 

Fourier transformation with short wavelengths cut-off. 

One can see that THz radiation occur initially a little 

bit far from the ionization front. Then the strong 

steeping of electron density is observed along with the 

THz power increase. Therefore, the long wavelength 

radiation can propagate straightforward. Corresponding 

spectra exhibit the strong up-shift frequency 

components for both the fundamental and second 

harmonics and the correlation between the frequency 

up-shift and the frequency of THz radiation. It reveals 

one of the main mechanisms of formation of THz 

radiation; the ionization current creates beat waves 

whose characteristics depend on the ionization 

frequency up-shift. Interference of the beat wave with 

the second harmonics radiation is the sources of the 

current oscillating at the frequency of 2 p which is 

responsible for the long wavelength radiation. 

We also performed the calculation of two-color p-

polarized pulses with lower intensities. The 

dependence of power of THz radiation on the laser 

pulse intensity is presented in Fig. 4 in which the THz 

power generated by different laser intensities are 

shown for two THz propagation angle, namely, 0 and 

30 degrees. In both cases one can see two different 

slopes in the curves: up to the laser intensity I~1015 

W/cm2, the power growth is faster than linear, while 

after the growth is slower than linear. An 

approximation function can be presented as following: 
IBeBIAW  with  = 0.7, A = 9 x 10-3, and B = 

(2 - 3) x 1014 W/cm2. 

 

Fig. 4. The dependence of power of THz radiation 
on the laser pulse intensity at the emission angles at 
(a) 0o and (b) 30o. Dotted lines indicates linear 
growth of THz power against the laser intensity. 

Fig. 3. Electron and ion densities after propagation of a p-
polarized two-color laser pulse in air with the peak intensity
of  at I  = 1016 W/cm2 and 2  at I2  = 0.3 I . (a) electron
density, (b-d) density of 1+, 2+ and 3+ nitrogen ion,
respectively. 



― 15 ―

Conclusion 
In conclusion, a numerical study on the mechanism 

and dependence of THz power radiated from air 

plasma produced by femtosecond laser pulse with 

fundamental and second harmonic components is 

presented. Beat wave generation between waves with 

and without frequency shift induced by laser-produced 

plasma is observed and attributed to the formation 

mechanism of the THz radiation. On the scalability of 

THz radiation by the two-color laser scheme, we have 

found strong non-linear dependence of the THz power 

on the laser intensity. The power growth is faster than 

linear up to laser intensities on the order of I ~ 1015 

W/cm2, then, the growth becomes slower than the 

linear; therefore our results show that the conversion 

efficiency reaches its maximum at I ~ 1015 W/cm2. 
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Fig.1 Temporal variations in the turbulent energy ( K ) 

and the dissipation rate ( ) obtained from DNS 

 

Fig.2 Temporal variations in the GS energy. Filtered 

DNS data and the results obtained using the 

Smagorinsky model and One-equation model are 

shown. 
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Fig.3 Energy spectra normalized by  obtained 
from DNS data are plotted versus . Red dash 

line:-5/3 spectrum, Blue solid line:-7/3 spectrum. 
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Fig.6 Temporal variations in the GS and SGS energy. 

Filtered DNS data and the results obtained using 

the Smagorinsky model, One equation model and 

Non-equilibrium Smagorinsky model are shown. 
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Fig.7 Distributions of autocorrelation of the GS energy. 

Filtered DNS data and the results obtained using 

the Smagorinsky model, One equation model and 

Non-equilibrium Smagorinsky model are shown. 

 

 

 

 

 

 

 

Fig.8 Distributions of the temporal correlation between 

the GS energy and the SGS energy. Filtered DNS 

data and the results obtained using the 

Smagorinsky model, One equation model, and 

Non-equlibrium Smagorisnk model are shown. 
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Fig.9 GS energy spectra of  Smagorinsky model. Black 

solid line:-5/3 spectrum Blue solid line:-7/3 

spectrum Red solid line:-9/3 spectrum Black 

broken line: slope lines of each spectrum 

 

 

 

 

 

 

 

 

 

 

Fig.10 GS energy spectra of Non-equilibrium 

Smagorinsky model. Black solid line:-5/3 

spectrum Blue solid line:-7/3 spectrum Red 

solid line:-9/3 spectrum Black broken line: slope 

lines of each spectrum 
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TCP  TCP 22 

SSH  Telnet  

SSH

TCP 22  

 

2    

 III.

 

  

3 

 

 EUC  

EUC  

 

 

 

 

 



― 89 ―

 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No    

1 

 

 

Intel MPI  /opt/intel/mpi/3.2/bin64 

C mpiicc C++ mpiicpc  
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(hpc-support@hpc.cmc.osaka-u.ac.jp) 

URL  

http://www.hpc.cmc.osaka-u.ac.jp/j/support/advisor.html 

 URL  

http://www.hpc.cmc.osaka-u.ac.jp/j/info/index.html 
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URL
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23 URL
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 2.  

CPU

URL  
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 3.  

  URL

 

http://www.hpc.cmc.osaka-u.ac.jp/j/shinsei/index.html 

 

 4.  

URL

  URL

 

http://www.hpc.cmc.osaka-u.ac.jp/j/shinsei/forms.html 

 

 5.  

Web URL
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login.hpc.cmc.osaka-u.ac.jp 

ftp.hpc.cmc.osaka-u.ac.jp 

 
 CPU  (GB) 

     

DBG 1(1  1(10 ) 1 4 1 16 

SX8F(SXF) 1 24 1 8 1 120 

SX8L(SXL) 1 120 1 32 1 1000 

SX8L  1 240 1 64 1 2000 

DBG9 1(1  1(10 ) 1 4 1 128 

SX9 1 24 1 64 1 4000 

SX9  1 240 1 128 1 8000 

PCC 1 

720 4CPU ) 

4 128 2 512 120 16CPU

24 128CPU

HCC-T 1  2 128 4 256 

HCC-S 1  2 64 
4 128 

12 384 

HCC-M 1  2 16 4 32 

CPU ×  

 

DBG SX-9 DBG9  

CPU  

HCC 2 1

12 13  
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SX-9 10  
PC Express5800/120Rg-1  128  

 



― 107 ―

 

 

 

 
 
 





― 109 ―





― 111 ―

 

 
 

HPC  
 

 
1.  
2.  
3.  
4.  

 
5  

 
 

 
Microsoft Word2010  

A4  
40 18.2pt 1 2  

MS 10Point 
MS 14Point   Times New Roman 

MS 10Point  
 

20mm 20mm 20mm  
 

15mm 17.5mm 
 

 
 

  Times New Roman
 

 
    “ ” “ ” “ ” “ ”  

Microsoft Word
PDF  

 
zyosui-kikaku-soumu@office.osaka-u.ac.jp 

HPC  
5MB CD-R

 
 

 
 

 
 

 

 



― 112 ―

URL

 https://portal.hpc.cmc.osaka-u.ac.jp/

 http://www.hpc.cmc.osaka-u.ac.jp/

 E-mail: hpc-support@hpc.cmc.osaka-u.ac.jp

    PC 24 365

PC

 8:30 12:00

13:00 17:15

1
06-6879-8804

   zyosui-kikaku-soumu@office.osaka-u.ac.jp

1
06-6879-8980,8981

   zyosui-kikaku-kaikei@office.osaka-u.ac.jp

   
   2F
   06-6879-8812
   system@cmc.osaka-u.ac.jp

   
   2F
   06-6879-8813
   system@cmc.osaka-u.ac.jp






