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a b s t r a c t

The feasibility of the particle-in-cell (PIC) method is assessed to simulate the non-collective phenomena
like non-collective Thomson scattering (TS). The non-collective TS in the laser-plasma interaction, which
is related to the single-particle behavior, is simulated through a 2D relativistic PIC code (XOOPIC). For this
simulation, a non-collective TS is emitted from a 50-50 DT plasma with electron density and temperature
of ne ¼ 3:00 � 1 0 13 cm�3 and Te ¼ 1000 eV, typical for the edge plasma at ITER measured by ETS
system, respectively. The wavelength, intensity, and FWHM of the laser applied in the ETS system are
li;0 ¼ 1:064� 10�4 cm, Ii ¼ 2:24� 10 17 erg=s,cm2 , and 12:00 ns, respectively. The electron density and
temperature predicted by the PIC simulation, obtained from the TS scattered wave, are
ne;TS ¼ 2:91 � 1013 cm�3 and Te;TS ¼ 1089 eV, respectively, which are in accordance with the input
values of the simulated plasma. The obtained results indicate that the ambiguities rising due to the
contradiction between the PIC statistical collective mechanism caused by the super-particle concept and
the non-collective nature of TS are resolved. The ability and validity to use PIC method to study the non-
collective regimes are verified.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In assessing the behavior of a system consisting of several par-
ticles, it is necessary to solve the essential equations regarding each
one of the particles. Dealing with a sizeable amount of equations in
the plasmawith high particle number density is a difficult task with
a complicated computational process. To make this task easy, the
particle-in-cell (PIC) method [1e8] is adopted here to overcome
this drawback. In this method, some super-particles are considered
to reduce the count of essential equations. Based on the count of the
real particles in the system, every super-particle is composed of a
number of them, and the equations will be solved for these super-
particles instead of the real particles. The statistical distribution
functions in the phase space are expressed through PIC. Because the
function of PIC is based on the super-particles concept, its main
feature is to represent the collective or statistical behavior of the
velocity distribution function of plasma species. In the non-
collective phenomena, like the non-collective Thomson scattering
sgarian).
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(TS), each electron behaves freely and individually without any
connection with other particles. This mechanism introduces some
doubts on applying PIC to simulate non-collective processes. The
ability and validity of the PIC method consisting of super-particles
in simulating the TS as a non-collective phenomenon are
assessed here.

The non-collective TS, as the most powerful diagnostic method,
has some advantages compared to other methods because of its
non-contaminating nature and high accuracy in determining the
detailed information on the plasma parameters [9]. This is the only
method through which the detailed profiles of the plasma param-
eters like density and temperature are obtained in a simultaneous
manner [10] and can be applied in magnetized [11,12], collisional,
relativistic, non-thermal and impure plasmas [11] as well as in
equilibrium or non-equilibrium, medium or high pressure and
fusion plasmas [13].

In plasma, the collective or non-collective behavior of TS is
determined by the parameter aðqÞ ¼ 1=klD which is related to the
difference between the wave-vectors of the incident and scattered

lasers, k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2s þ k2i0 � 2kski0 cos q

q
(k ¼ ks � ki0), and the Debye

length of the plasma, lD [9,14e17]. If a≪1, the non-collective effects
domination, revealing some information on the distribution
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function, leads to measure the plasma density and temperature.
The total scattered power (i.e., the integrated power over the
scattered frequency spectrum) is proportional to the electron
density. The rate of the spectrum broadening due to the Doppler
shift indicates the electron temperature [18].

To the best knowledge of the authors here, there exists no
simulation on the non-collective TS, while there exist many simu-
lations on collective TS like MEDUSA hydrocode in laser-produced
plasmas [19]; some simulations have been run using OOPICPRO
in plasma for TS, and ponderomotive intermodulation within
standing laser beat waves [20]; X-ray generation due to the TS is
simulated by OSIRIS, CAIN, and JPIC codes [21e23]; ASTRA [24] and
CAIN 2.35 [25] are applied to simulate the increasing peak bright-
ness of the TS X-ray source and to obtain an optimized TS optical
source, respectively. This type of scattering is designed for NIF, too,
and is simulated using Hydra, a radiation hydrodynamics code [26].
The PIC method as a collective statistical code is applied to simulate
the non-collective TS as a diagnostic tool in ITER tokamak to
measure its density and temperature in this study.

This article is structured as follows: In section II.A., some fea-
tures of the XOOPIC code used in the simulation has been pre-
sented; in section II.B., the ETS diagnostic system and the edge
plasma parameters in ITER are introduced; in section II.C., a brief
theory of the non-collective TS containing important equations
needed in section III has been described; in section II.D., the details
of the simulation are expressed; In section III., we represent the
results of the simulation. Finally, the conclusion and future works
are stated in section Ⅳ.

2. Methods

2.1. XOOPIC code

X11-Based Object-Oriented PIC (XOOPIC) code, developed by
the Plasma Theory and Simulation Group (PTSG), is applied in
related simulations [1,2]. XOOPIC is a 2D relativistic PIC code for
slab or cylindrical geometries. This code can provide appropriate
ports to generate different kinds of particle and electromagnetic
beams [27]. It is a code with the possibility to have a wide range of
plasma densities and temperatures and to apply external magnetic
fields [1e3]. XOOPIC can simulate different types of boundary
conditions in plasma through a flexible interface named XGRAFIX
which allows the user to check the simulation outputs at every
desired time. Moreover, it assists the user to check the time evo-
lution of the outputs [28].

In XOOPIC, the velocity and position of the particles are defined
in a continuum space, and the electric fields are defined in discrete
locations of space. Both the particles and fields are defined in
discrete times. Particles and fields begin to proceed from an initial
condition, with a Dt =2 time deference between the location and
velocity of particles. The particles motion equation proceeds one
step by interpolating the electric field from the discrete grids to the
continuum particles locations. Other features like boundary con-
ditions, including the particle absorption and emission, are of
concern. In the presence of collisions, the Mont Carlo collisional
(MCC) model should be adopted. Source terms like r and J used in
the field equations for discrete locations of the grids are obtained
from the particle continuum locations; then, the field advances one
time-step. This cycle is subject to repetition [2].

2.2. ITER edge Thomson scattering system

In the ITER project, TS diagnostics are designed to provide the
plasma parameters’ profiles like electron density and temperature.
Three TS systems are predicted to measure the plasma parameters
in the edge (ETS) and the core plasma (CPTS) regions as well as the
divertor (DTS) region in ITER [10]. In the ETS system, the incident
laser beam is propagated in themachinemid-plane and the vertical
plane at the center of the port plug with a few degrees of deviation;
this system uses back-scattering geometry (p =2 � q � p) [29]. The
measurement area of ETS system covers r =a > 0:8, where r is the
radial distance, and a is the minor radius; the electron density and
temperature in this region are within 5:00� 1012 cm�3 to 3:00�
1014 cm�3, and 0:05 KeV to 10 KeV ranges, respectively [10].

The laser in the ETS system is the Nd:YAG laser with an output
energy per pulse, repetition rate, wave-length, and pulse duration
of 7:66 J, 100 Hz, li0 ¼ 1064 nm, and approximately 30 ns,
respectively, is applied in this simulation. This laser pulse is
z-polarized ðEz;iÞ with the FWHM of 12:00 ns, and intensity of
Ii ¼ 2:24� 10 10 erg=s,cm2 low enough not to disturb the plasma
[9]. The incident laser frequency and its waist size are ui0 ¼ 1:77�
1015 rad=s, and Wi0 ¼ 7:7� 10�2 cm, respectively, with the Ray-
leigh length of LR z1:78� 10�2 cm [29].

2.3. Non-collective Thomson scattering

In a non-collective TS, an individual free electron is accelerated
due to the electric field of the incident light and radiates an elec-
tromagnetic wave in all directions [18]. In this process, a high-
intensity monochromatic light wave with ui0 frequency passes
through the plasma. If Zui0≪mec2, where c, Z, and me are the light
speed, Planck's constant divided by 2p, and the electron mass,
respectively, then the stationary free electrons oscillate with the
frequency same as the incident light frequency and emit radiation,
us ¼ ui0. Thus, Zui0≪mec2 is the TS criterion. The ions are much
heavier than the electrons, and they hence radiate much less. The
scattered radiation undergoes Doppler shift due to the electrons
motion with respect to both the radiation source and the detector,
indicating that for the mobile free electrons, the scattered fre-
quency is different from the incident frequency, ussui0. The ve-
locity distribution of plasma particles exposes the scattered
frequency to Doppler broaden centered around us ¼ ui0. The value
of the scattered power due to the TS is low, Ps = Pi <10�13, where Ps
and Pi are the total scattered and incident powers, respectively [30].
Due to this small ratio, applying high-intensity lasers and locating a
polarizer in the scattered radiation path to reduce the background
radiation as much as possible is a necessity, while care should be
taken that the high-intensity laser neither disturbs plasma nor
accelerates its particles [9,11]. The energy of the laser photons in
the ETS system, Zui0 ¼ 1:87� 10�12 erg, is much lower than the
electron rest mass energy, mec2 ¼ 8:19� 10�7 erg, indicating that
TS is the most probable phenomenon to occur; so, the scattered
power originates from the TS, certainly.

In the low-temperature plasmas, the approximation
kz2ki0 sinðq=2Þ leads to aðqÞ ¼ 1=½2lDki0 sinðq=2Þ� [8]. Based on the
parameters of the ITER plasma (lD ¼ 4:3� 10�3 cm) and the ETS
laser (ki0 ¼ 5:9� 104 cm�1), the plot of aðqÞ is shown in Fig. 2. In
most scattering directions, a≪1 (non-collective TS) is satisfied, and
the collective TS (a � 1) only dominates close to qz0, in the for-
ward direction. In this simulation, the calculation of the total
scattered power is possible in the back-scattering geometry
(p =2 � q � p).

The central toroidal magnetic field of ITER is Bz0 ¼ 5:30� 104 G
[31] at R0 ¼ 620:00 cm which reduces to Bz;edge ¼ 4:08� 104 G at
Redge ¼ 805:00 cm in the measurement area at the edge [29], and
leads to electron cyclotron frequency of uce;edge ¼ 7:18�
1011 rad =s. Because of the high frequency of the lasers applied in
the ETS system (uce;edge≪ui0), the existence and magnitude of the
magnetic field are of no important effects on TS indicating the
validity of the unmagnetized TS theory.



Fig. 1. Schematic design of ITER ETS system [29].

Fig. 2. Plot of a based on the parameters of the ITER edge plasma and the ETS system.

Fig. 3. Schematic diagram of the simulated plasma slab based on the ETS measure-
ment area (Fig. 1).
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Based on the edge plasma parameters, 0:05 KeV� Te � 10 KeV,
the arbitrary value Te ¼ 1000 eV, is chosen for the electron tem-
perature in this simulation. The electron thermal velocity, vth;e ¼
1:87� 109 cm=s, is the criterion to determine the relativistic limit;
therefore, b¼ ve=cz0:06≪1 representing a non-relativistic
condition.

For a plane incident wave, Eiðr; tÞ ¼ Ei0 cosðki0,r� ui0tÞ, the
electric field of the scattered wave in the non-relativistic limit, in
the absence of magnetic field, at a very long distance R from each
electron is expressed as:

EsðR; tÞ¼ q2

c2meR
½bs � ðbs�Ei0Þ�,cos½ksR� ust � ðks

� ki0Þ,rð0Þ� with us

¼ ui0
1�bi,b
1� bs,b (1)

where q, rð0Þ, bi, and bs are the electron charge, the initial position of
the electron and the unit vector in the propagation direction of
the incident and scattered wave, respectively [9]. The term
½bs � ðbs�Ei0Þ� indicates that in the non-relativistic limit, the polar-
ization of the scattered light is similar to that of the incident light,
½bs� ðbs � Ei0Þ�jjEi0, while in the relativistic limit, the scattered light
is not polarized. The power spectral density PsðR; usÞ scattered
from the plasma into the solid angle element dU in the non-
collective condition (a≪1) is expressed as:

PsðR; usÞdUdus ¼ neLsPir
2
0

��bs � �bs � bEi0
���2feðu=kÞ

k
dUdus; (2)

where fe, and ne are the electron velocity distribution function, and
the electron density. u¼ us � ui0 is the difference between the
incident and scattered waves frequencies, r0 ¼ 2:82� 10�13 cm is
the classical electron radius, and Ls is the scattering length.

For a plasma in thermodynamic equilibrium with Maxwellian

velocity distribution function, feðu=kÞ ¼ exp½�ðu=kvth;eÞ2�=
½p1=2vth;e�, by using

R∞
�∞ feðu=kÞ =kdus ¼ 1, the total scattered

power within the solid angle dU is obtained:

PsðRÞdU ¼ neLsPir
2
0

��bs � ðbs � bEi0Þ
��2dU . Because of the 4-indepen-

dent feature of the scattering, the total scattered power within the
poloidal angle element dq is calculated as:

PsðqÞdq ¼ 2pneLsPir
2
0

��bs � �bs � bEi0
���2dq (3)
2.4. Simulation details

The simulated region is a slabwith Lx and Ly dimensions, where
the incident laser is launched from the left boundary of the slab and
propagates to the right in the x-direction, Fig. 3. To avoid compli-
cations, the deviations of the incident beam in the ETS system are
neglected. The right boundary type is determined as the incident
wave exits upon its contact. The slab is composed of Nx, and Ny

grids in x and y directions, respectively. The size of the grids in the
x-direction, dx, is determined in a sense that li0 ¼ 16 dx; the size of
the grids in the y-direction, dy, is determined in a sense that dy ¼
εdx, where ε is the aspect ratio of the grids determined based on the
desired value of Ly.

To be consistent with the theory of the non-relativistic TS from
plasma in thermal equilibrium, TD ¼ TT ¼ Te ¼ 1000 eV is consid-
ered, where TD and TT represent the deuterium and tritium



Fig. 4. The energy conservation diagram during simulation.

Fig. 6. The (x; t) profile of the electric field for the incident wave on a line at y ¼ 0, in
the center of the port along the propagation direction.
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temperatures, respectively. These temperatures are within the
plasma edge range measured by the ETS system in ITER [10].
Simulation is run on a slab with a homogenous electron density of
ne ¼ 3:00� 10 13 cm�3 , while nD ¼ nT ¼ ne=2:0 (50-50 DT
plasma), where nD and nT are the deuterium and tritium densities.
The count of real particles per super-particles is 100000, which
based on the density and the count of grids, leads to an average
count of super-particles about 6 in every grid.

Based on the size of the grids, d ¼ ðdx�2 þ dy�2Þ�1=2, the time
step is chosen as dt ¼ 0:99d=c. The count of time steps allows the
scattered wave to travel throughout the y-direction, t ¼ 7:05�
10�12 sz1988 Ti0, where Ti0 is the period of the incident wave.
Based on these computational parameters, the calculation time for
each run is about 13 h.

During this simulation, the total energy which consists of the
kinetic, magnetic, and electric energies is conserved, as shown in
Fig. 4. With respect to the symmetries, by applying the periodic
boundary conditions in both directions, the count of super-particles
remain unchanged.
Fig. 7. The (kx;i ; ui) profile of the power spectral density for the incident wave.
3. Results

3.1. Incident wave

As to the pure incident wave, this simulation is run without
loading super-particles. By setting Lx ¼ 32li0, Lyz20Wi0, Nx ¼
512, and Ny ¼ 384, the incident z-polarized Gaussian wave,
Fig. 5. The (x; y) profile of the electric field for the incident wave at t ¼ 7:05�
10�12 sz1988 Ti0.
propagated in the x-direction at time tz1988 Ti0, is shown in Fig. 5.
The time evolution of the z-component of the electric field for

the incident wave is obtained bymeasuring it on a line at the center
of the port along the propagation direction, y ¼ 0, from t ¼ 0 to
tz1988 Ti0, Fig. 6.

To obtain the frequency and the wave-vector spectra of the
incident wave, it is necessary to do a 2D fast Fourier transform on
the (x; t) profile of the incident electric field, which would yield
spectra in (kx;i; ui) space. By using the correlation between the
power and the electric field of plane waves, Pðk; uÞ ¼ c

8p Eðk; uÞ2,
the power spectral density of the incident wave is yield, Fig. 7.

The concentration of the incident power is around kx;i ¼ ki0, and
ui ¼ ui0, Fig. 7. To assess the non-collective TS, both the incident
and scatteredwaves must be of concern on the lines at these points.
The frequency spectrum of the incident wave at kx;i ¼ ki0 point is
shown in Fig. 8, where the peak is observed at ui ¼ ui0.
3.2. Scattered power due to non-relativistic non-collective TS

As to the perpendicular scattered wave, this simulation is run by
increasing the count of grids in the y-direction, perpendicular to the



Fig. 8. The frequency spectrum of the incident wave at kx;i ¼ ki0.

Fig. 10. The (x; y) profile of the electric field for the scattered wave at t ¼ 7:05�
10�12 sz1988 Ti0.

Fig. 11. The (y; t) profile of the z-component of the electric field for the scattered wave
on a line at x ¼ li0=2:0.
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propagation direction of the incident wave. By setting Lx ¼ li0,
Lyz5Wi0, Nx ¼ 16, and Ny ¼ 12288, the incident z-polarized
Gaussianwave propagating in the x-direction at time tz 1988 Ti0 is
shown in Fig. 9.

In the presence of the plasma particles, the (x; y) profile of the
electric field is composed of the electric fields of both incident and
scattered waves. Based on the superposition principle, by sub-
tracting the portion of the incident electric field, it is possible to
obtain the net electric field of the scattered wave; the (x; y) profile
of the electric field for the scattered wave at tz 1988 Ti0 is shown
in Fig. 10.

The time evolution of the z-component of the electric field for
the scattered wave is obtained by measuring it on a line perpen-
dicular to the propagation direction at x ¼ li0=2:0, from t ¼ 0 to tz
1988 Ti0, Fig. 11.

To obtain the frequency and the wave-vector spectra of the
scattered wave, it is necessary to do a 2D fast Fourier transform on
the (y; t) profile of the scattered electric field, which would yield
spectra in (ky;s; us) space. By using the correlation between the
power and the electric field of spherical waves, Pðk; uÞ ¼
c
2 Eðk; uÞ2, the power spectral density of the scatteredwave is yield,
Fig. 12.

The concentration of the scattered power observed in Fig. 12,
gives its dispersion relation. To assess the non-collective TS, the
Fig. 9. The (x; y) profile of the electric field for the incident wave at t ¼ 7:05�
10�12 sz1988 Ti0.

Fig. 12. The (ky;s ; us) profile of the power spectral density for the perpendicular
scattered wave.



Fig. 13. The frequency spectrum of the scattered wave at ky;s ¼ ki0.
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scattered waves must be of concern on the lines at the points ky;s ¼
ki0, and us ¼ ui0 as it had been done for the incident wave. The
frequency spectrum of the scattered wave at ky;s ¼ ki0 point is
shown in Fig. 13, where the peak is observed around us ¼ ui0.
3.3. Electron density

For this simulation, the determinations of bEi0 ¼ bz and bs ¼ by are
equivalent with the scattering in the poloidal angle of q ¼ p= 2,
therefore, in Eq. (3), for this perpendicular scattering, the��bs � ðbs � bEi0Þ

��2 ¼ 1 holds true, making the total perpendicular
scattered power Psðq ¼ p=2Þ ¼ 2pneLsPir

2
0 ; thus:

ne;TS ¼ Psðq ¼ p=2Þ
2pPiLsr20

(4)

To consider the non-relativistic, and non-collective TS, the
Psðq ¼ p=2Þ =Pi ratio is considered only for the z-component of the
incident and scattered waves and the values kx;i ¼ ki0, and ky;s ¼
ki0, respectively:

Psðq ¼ p=2Þ
Pi

¼
2p

ð∞
0
Pz;s

�
ky;s ¼ ki0;us

�
dusð∞

0
Pz;i

�
kx;i ¼ ki0;ui

�
dui

(5)

To calculate Psðq ¼ p=2Þ in Eq. (5), the coefficient 2 is inserted to
embody thewhole range of

R∞
�∞ feðu=kÞ =kdus ¼ 1, which is applied

to obtain Eq. (3); the coefficient p is inserted to generalize the slab
geometry to whole space. The Psðq ¼ p=2Þ =Pi ratio is calculated
through the power densities from Fig. 8 and 13. In this simulation,
Nw ¼ 1988 peaks pass through the plasma slab during simulation
time, Dt ¼ 7:05� 10�12 sz1988Ti0, where the scattering length is
the length of the laser pulse that passes the diagnostic line, Ls ¼
ðNw � 0:5Þ� li0. By calculating the Psðq ¼ p=2Þ =Pi ratio and Ls, the
value of density is obtained: ne;TS ¼ 2:91� 1013 cm�3, which cor-
responds reasonably well to the value applied in this simulation,
ne ¼ 3:00� 1013 cm�3.
3.4. Electron temperature

Based on Eq. (2), by substituting feðu=kÞ ¼ exp½�ðu=kvth;eÞ2�=
½p1=2vth;e� for a plasma in the thermal equilibrium, the scattered
power represents a Gaussian distributionwith a s ¼ 0:092 standard
deviation, and m ¼ 1:043 mean value, as shown in Fig. 13; by
comparison between this Gaussian distribution and feðu=kÞ, Eq. (6)
is yield:
u

kvth;e
¼ us=ui0 � 1
2ki0 sinðq=2Þvth;e

�
ui0

¼ us=ui0 � m

s
: (6)

By using vth;e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTe=me

p
, where kB is the Boltzmann con-

stant, the temperature evaluated by TS is yield:

Te;TS ¼ me

2kB

�
sui0

2ki0 sinðq=2Þ
�2

: (7)

For q ¼ p=2, the value of the temperature is obtained as Te;TS ¼
1089 eV, which corresponds reasonably well to the value applied
in simulation, Te ¼ 1000 eV.

The electron temperatures lower than Te ¼ 0:5 keV or 1 keV
are considered as the non-relativistic condition in some cases,
while even at 1 keV, a sizeable wavelength shift is evident [18].
Moreover, the TS spectrum depends not only on the electron
temperature but also on the scattering angle [32]. Therefore, a blue
shift in Thomson scattering spectrum may be amplified even
though at the temperatures lower than 0:5 keV which leads to a
slight shift in the peak of the scattered power, m � 1 ¼ 0:043, as
shown in Fig. 13.

4. Conclusion and future work

The PIC method, XOOPIC code in specific, is reliable in simu-
lating the non-collective phenomena like the non-collective TS. The
results of this simulation correspond reasonably well to the TS
theory. The obtained results indicate the accuracy of XOOPIC code
with an appropriate approximation. The ambiguities rising from
the contradiction between the PIC statistical collective mechanism
due to the super-particle concept and the non-collective nature of
TS are removed. The ability and validity of the PIC method to assess
the non-collective regimes are verified. The accuracy of the ETS
system is reconfirmed as a diagnostic tool in measuring the plasma
parameters like density and temperature of ITER.

Here, the nature of the non-collective TS and the possibility of
the comparison between the inputs and outputs of the simulation
provide a calculable criterion to assess the accuracy of the PIC
method. The errors, observed in the obtained results, arise as a
result of the computational parameters as well as neglecting the
relativistic and magnetic effects. Firstly, the computational accu-
racy can be evaluated by changing the computational parameters
like the count of super-particles or grid size and obtaining a lower
difference between inputs and outputs; assessing the computa-
tional features is the next step to be taken as future work. Secondly,
the dependency of the TS theory on the relativistic effects, which
introduces features like the blue shift, affects the computational
results. By changing the plasma temperature within the relativistic
range, the details of this phenomenon would be considered
through the PIC simulation, in its quantitative sense. Finally, the
effects of the external magnetic field strength on the computational
results, neglected here, can be assessed in the future.
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