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1.  Introduction

Since the high current drive efficiency of lower hybrid (LH) 
waves was discovered using waves with high phase velocity 
[1, 2], it has been widely applied in the fusion experiments 
for auxiliary current drive and for controlling magneto­
hydrodynamics (MHD) instabilities [3, 4]. The propagation 
and current drive efficiency of LH waves in various devices 
have been studied by many linear and quasi-linear theories 
and simulations, such as Wentzel–Kramers–Brillouin (WKB) 
and full-wave codes [5–8]. For example, the phase velocity of 
the injected LH waves is much higher than the phase velocity 
required for electron Landau damping in many experiments, 
which is the well-known ‘spectral gap’ problem. Several 
mechanisms have been proposed to explain the ‘spectral gap’ 

problem from WKB and full-wave simulations, such as toroi­
dicity-induced upshifts of the parallel refractive index [9, 10] 
and wave scattering and diffractions [6, 11]. However, some 
experimental phenomena of LH waves are not well understood 
based on the linear and quasi-linear simulation and theory, 
such as ‘density limit’ [12], which is believed to be related to 
nonlinear processes. For example, parametric decay instabili­
ties of LH waves have been observed in experiments [13–15]  
and have been studied by some local nonlinear theories  
[16–19]. In order to understand LH wave nonlinear physics, 
fully self-consistent and nonlinear kinetic simulation in the 
realistic toroidal geometry is needed. There are some par­
ticle-in-cell codes developed for radio frequency (RF) wave 
simulations in simple geometry (slab or cylinder), such as 
GeFi [20–22], Vorpal [23, 24] and G-gauge [25, 26] codes. 
However, nonlinear simulation of RF waves in the toroidal 
geometry was not available previously.
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In our recent work [27–31], we have developed nonlinear 
particle-in-cell (PIC) simulation incorporating the toroidal 
geometry. Compared to WKB and full-wave approaches for 
the modeling of LH waves, the PIC approach can address 
self-consistently the nonlinear dynamics of both the LH wave-
packet and particle distribution function. This new capability 
has been developed using the global gyrokinetic toroidal code 
(GTC) [32], which has been widely used in studying neo­
classical transport [33, 34], microturbulence [35, 36], Alfven 
eigenmodes [37, 38] and current-driven MHD instabili­
ties [39–41] in tokamak experiments with general magnetic 
geometry [42]. In an earlier work, GTC simulation of LH 
wave propagation in the tokamak geometry has been carried 
out by using a linear electrostatic model [27]. Recently a non­
linear electromagnetic particle model for LH wave simulation 
has been successfully implemented in GTC, and verified for 
the LH wave dispersion relation and nonlinear electron trap­
ping [28].

The linear propagation and quasilinear absorption of LH 
waves in tokamaks have been widely studied by the WKB and 
full-wave simulations, and several factors have been found 
to fill the ‘spectral gap’ [43]. The toroidicity can lead to the 
upshift of the parallel refractive index n  during the LH wave 
propagation, which can be modelled with ray-tracing code 
very well [10, 44]. Meanwhile, the wave diffraction and scat­
tering effects can lead to the broadening of the wave-packet 

both in real space and spectral space, which result in a broader 
power absorption by the electrons [6, 11].

In this paper, we apply GTC to simulate the effects of toroi­
dicity on the linear mode conversion and absorption of LH waves. 
Firstly, the propagations of the slow and fast LH waves are veri­
fied in GTC simulation. Both phase and group velocities of slow 
and fast LH waves agree with theory very well. Secondly, the 
mode conversions between slow and fast LH waves are verified 
in our simulation when the accessibility condition is not satisfied. 
The simulation confirms that the toroidicity induces an upshift  
of the parallel refractive index (n  ) when LH waves propagate 
from the tokamak edge toward the core, which affects the radial 
position of the mode conversion between slow and fast LH waves. 
Furthermore, we confirm that moving the launching position from 
the low field side to the high field side of the tokamak can lead 
to a larger upshift of n , which can help the slow LH wave pen­
etrate into the tokamak core by avoiding mode conversion when 
plasma temperature is low with negligible absorption. Thirdly, 
in the simulation of LH wave linear absorption in hot plasmas, 
we observe the upshift and broadening effects of the poloidal 
spectrum of the LH wave-packet due to the poloidal asymmetry 
of the equilibrium magnetic field and wave diffractions. These 
effects change the parallel phase velocity and enhance the linear 
absorptions of LH waves by electron Landau resonance, which 
are similar to WKB and full wave simulation results and can be 
considered as candidates to fill the ‘spectral gap’.

Figure 1.  2D radial-time plots of (a) slow LH wave and (b) fast LH wave propagations in uniform plasmas from simulations using the 
electron model with kinetic momentum. 2D radial-time plots of (c) slow LH wave and (d) fast LH wave from simulations using the electron 
model with canonical momentum. The purple line is the theoretical wave-front position. The black crosses are the wave-fronts measured 
from GTC simulation and the black dashed line is the numerical fitting of the wave-fronts. The color scale represents the electrostatic 
potential φ in arbitrary units.
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Table 1.  Comparison of the radial group and phase velocities of the slow and fast LH waves between GTC simulation and the theory.

Fast LH wave Slow LH wave

v m sg
1( )− v m sp

1( )− v m sg
1( )− v m sp

1( )−

Theory 1.93 107− × 3.98 107− × 5.09 106− × 1.07 107×
GTC (canonical momentum electron) 1.98 107− × 3.80 107− × 5.05 106− × 1.08 107×
GTC (kinetic momentum electron) 1.93 107− × 3.80 107− × − ×5.08 106 1.08 107×

Figure 2.  (a) The safety factor q and (b) the equilibrium density profiles. Panel (c) is the dependence of the LH wave’s perpendicular wave 
vector on the plasma density with a fixed n . The blue and red crosses represent the launched perpendicular wave vectors of slow and fast 
LH waves, respectively.

Figure 3.  The 2D radial-time plot of (a) the incident slow LH wave and (b) the mode converted fast LH wave in GTC simulation. Panel 
(c) shows the mode structures of the slow and fast LH waves in the poloidal cross-section. The blue line in (c) is the analytic calculation of 
the mode conversion layer assuming poloidal harmonic m 0= . The black and red arrows represent the slow and fast LH wave propagating 
directions, respectively. The color scale represents the electrostatic potential φ in arbitrary units.
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The paper is organized as follows. Linear propagations of 
the slow and fast LH waves are verified in section 2. Linear 
mode conversions between slow and fast LH waves in the 
toroidal geometry are shown in section 3. The LH wave linear 
absorption in hot plasmas is discussed in section 4. Section 5 
gives the conclusion.

2.  Verification of slow and fast LH waves’  
propagation in a cylinder

Recently, we have developed an electromagnetic particle sim­
ulation model for LH waves and successfully implemented 
it into GTC [28], in which ion dynamics is described by a 
fluid equation and electron dynamics is described by a drift 
kinetic equation with either kinetic momentum or canonical 
momentum. The perturbed electron density is calculated by 
an electron continuity equation, while the perturbed electron 
velocity is calculated from marker particles. This method can 
avoid the numerical instability caused by the discrepancy 
between electron marker distribution and Maxwell distribu­
tion for fδ  simulation. The dispersion relation of slow and 
fast LH waves and the nonlinear electron trapping have been 
verified. This model can be applied in studying the linear and 
nonlinear physics of LH waves.

Using the electromagnetic model, the phase and group 
velocities of slow and fast LH waves have been verified in uni­
form cylinder plasmas. In this paper, we apply the following 

notations: peω  is electron plasma frequency, piω  is the ion 
plasma frequency, ceΩ  is the electron cyclotron frequency,  

ciΩ  is the ion cyclotron frequency, ω is the LH wave frequency, 
k  and k⊥ are the parallel and perpendicular wave vectors of 
LH waves, respectively.

In the simulation, the parallel wave vector of LH wave 
in a cylinder is k n R 100.0 m 1/= = − , where n 100=  is the 
parallel mode number, R 1.0 m= , and the minor radius is 
a 0.3 m= . The plasma density n n 2 10 cme0 i0

13 3= = × − , 
electron temperature T 50.0 eVe0 =  (for cold plasma approx­
imation with k vtheω� , where v T m2the e0 e/=  is the elec­
tron thermal speed) and magnetic field B 2.0 T=  are uniform, 
and the magnetic field is only along the axial direction in 
the cylinder. We have verified the dispersion relation with 
the same parameters as shown in figure 3 of an earlier work 
[28]. Using an antenna frequency 70.0ci/ω Ω = , there are two 
k⊥ values on the LH dispersion relation curve, which corre­
spond to a slow LH wave with k k 12.58/ =⊥  and a fast LH 
wave with k k 3.37/ =⊥ . Then we use an antenna to launch 
slow and fast LH waves with the corresponding radial struc­
tures (k⊥) at the boundary. The 2D radial-time plots of slow 
and fast LH wave propagations by using both electron models 
with kinetic momentum and canonical momentum are shown 
in figure 1. In figures 1(a) and (c) where the slow LH wave 
is excited by the antenna, there are very small fast LH wave 
components which are caused by the numerical coupling 
between the antenna structure and slow LH wave eigenmode.  

Figure 4.  The 2D radial-time plot of (a) the incident fast LH wave and (b) the mode converted slow LH wave in GTC simulation. Panel (c) 
shows the mode structures of the slow and fast LH waves in the poloidal cross-section. The blue line in (c) is the analytic calculation of the 
mode conversion layer assuming m 0= . The black and red arrows represent the fast and slow LH wave propagating directions, respectively. 
The color scale represents the electrostatic potential φ in arbitrary units.
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There are also very small slow LH wave components in fig­
ures 1(b) and (d ), which are similarly caused by the numer­
ical coupling between the antenna structure and fast LH wave 
eigenmode. Next, we measure the coordinates of the points at 
half maximum potential value as the wave-fronts in the radial-
time space to derive the wave-front line from GTC simula­
tion. In figures 1(a)–(d ), the slope of the wave-front line in the 
radial-time space provides the radial group velocity (vg) of the 
corresponding wave, and the slope of the potential structure 
with the same phase gives the radial phase velocity (vp). The 
comparisons of group and phase velocities of the LH waves 
between GTC simulations and the analytical theory are given 
in table 1. The group velocity is in the opposite direction to the 
phase velocity for the slow LH wave, while the group velocity 
is in the same direction with phase velocity for the fast LH 
wave, which agrees with the linear theory [45].

3.  Linear mode conversion between slow and fast 
LH waves in toroidal geometry

In the LH wave frequency range, there are three branches of 
waves, i.e. slow LH wave, fast LH wave and ion plasma wave. 
The slow LH wave branch is used to drive the plasma current 

since it has a larger parallel electric field and can accelerate the 
fast electrons. Recently, the fast LH wave branch in LH fre­
quency range (also called ‘helicon’) is proposed and applied 
for current drive in a tokamak because it can propagate into 
the plasma core without a density limit, and can avoid the 
strong damping near the plasma edge [46]. However, when 
LH waves propagate to the high density core from the low 
density edge in tokamak, mode conversion between the slow 
and fast LH waves will occur if the local accessibility condi­
tion is not satisfied, namely, if the parallel refractive index of 
LH wave is smaller than the threshold value: n ck na/ω= < ,  

where n S D Pa
2/= + − , S 1 pe

2
ce
2

pi
2 2/ /ω ω ω= + Ω − , 

D pe
2

ce/( )ω ω= − Ω  and P 1 pe
2 2/ω ω= − . On the other hand, if 

the accessibility condition is satisfied before the LH wave is 
absorbed, the incident slow LH wave can convert to the ion 
plasma wave near the resonant layer [5].

In this section, we will study the linear mode conversion 
between the slow and fast LH waves in tokamak geometry. 
We launch the slow and fast LH waves at the plasma edge 
at 0.25θ π= , respectively. We choose the simulation para­
meters based on the Alcator C-Mod tokamak, which include 
a 0.16 m= , R 0.64 m0 =  and the axis value of the magnetic 
field B 5.0 Ta = . The plasma density is non-uniform with 

Figure 5.  (a) The positions of the flux surfaces for poloidal spectrum examination. (b) The poloidal m spectrum of the LH wave-packet 
near the mode conversion region. (c) The radial dependence of the central parallel refractive index n 0 and poloidal mode number m0 of 
the LH wave-packets, and their comparisons with the threshold values of the accessibility condition. Blue and green solid lines are local 
threshold values of parallel refractive index and poloidal spectrum, respectively. Blue and green dashed lines are the central values of the 
parallel refractive index and poloidal spectrum of the LH wave-packet, respectively. (d ) is the amplitude of the central poloidal component 
of the LH wave-packet at different flux surfaces near the mode conversion region.
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axis value n n 2.0 10 cmi0 e0
14 3= = × − , which is closer to the 

ITER regime [47] and can be operated on the Alcator C-Mod 
tokamak [48, 49]. An antenna with a Gaussian profile [27] in the 
poloidal direction is applied with the central poloidal spectrum 
number m 00 =  in the plasma edge, which can produce the LH 
wave fluctuations with the launched frequency f 4.6 GHz0 =  
and the toroidal refractive index n ck 1.86t t /ω= = , where 
k n Rt /=  is the toroidal wave vector. However, the electron 
temperature is setting as T 50 eVe0 = , which is not true in 
experiments. This temperature is used firstly for a cold plasma 
with k v 53.6e the/( )ξ ω= ≈  to give negligible wave damping. 
The safety factor q and the equilibrium density profiles are 
shown in figures 2(a) and (b). If the accessibility condition is 
not satisfied, the mode conversion between slow and fast LH 
waves will happen as the wave propagates to the high den­
sity area as shown in figure 2(c). The blue and red crosses in 
figure 2(c) represent the launched perpendicular wave vectors 
of the slow and fast LH waves, respectively.

When the slow LH wave launched by the antenna prop­
agates toward the tokamak core, we observe that the incident 
slow LH wave can convert to the fast LH wave as shown 
in figure  3. Figures  3(a) and (b) show the structures of the 
incident slow LH wave and mode converted fast LH wave in 

radial-time space, respectively. The LH wave pattern struc­
ture on the poloidal plane is shown in figure 3(c). Similarly 
we launch the fast LH wave at the same antenna position, the 
incident fast LH wave can also convert to the slow LH wave 
as shown in figure 4. Figures 4(a) and (b) show the structures 
of the incident fast LH wave and mode converted slow LH 
wave in radial-time space, respectively. The LH wave pat­
tern structure on the poloidal plane is shown in figure 4(c). 
The mode conversion layer is also calculated by assuming the 
poloidal harmonic number of the wave-packet m 0= , which 
is shown by the blue lines in figures 3(c) and 4(c). The dif­
ference of the mode conversion layer between simulation 
and anayltic calculation assuming m 0=  is due to the evol­
ution of the m number of the wave-packet during propagation 
in toroidal geometry. In the toroidal geometry, the relation 
between k  and m is k n m q R( / )/= +  for the perturbation 

with the phase: m nexp i i( )θ ζ+  along poloidal θ and toroidal 

ζ directions in our simulation, where a single toroidal mode 
n 135=  is launched by the antenna and m number could 
be negative or positive during the evolution. The positive 
increase of m number will lead to the increase of the parallel 
refractive index n ck /ω= , which helps to satisfy the acces­
sibility condition. In order to derive the poloidal spectrum of 

Figure 6.  (a) The positions of the flux surfaces for poloidal spectrum examination. (b) The poloidal m spectrum of the LH wave-packet 
near the mode conversion region. (c) The radial dependence of the central parallel refractive index n 0 and poloidal mode number m0 of 
the LH wave-packets, and their comparisons with the threshold values of the accessibility condition. Blue and green solid lines are local 
threshold values of parallel refractive index and poloidal spectrum, respectively. Blue and green dashed lines are the central values of the 
parallel refractive index and poloidal spectrum of the LH wave-packet, respectively. (d) is the amplitude of the central poloidal component 
of the LH wave-packet at different flux surfaces near the mode conversion region.
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the LH wave-packet, we choose several flux surfaces near 
the mode conversion layer to perform the Fourier transform. 
From the corresponding poloidal spectrum in figures  5(b)  
and 6(b), it is observed that the central poloidal mode number 
m0 of the LH wave-packet near the mode conversion layer has 
a larger increase compared to the initial launched wave-packet 
with m 00 = , and the low poloidal components of the wave-
packet vanish when the wave-packet propagates through the 
mode conversion layer. During the mode conversion, the cen­
tral poloidal mode number of the wave-packet increases so 
that the wave-packet in the inner side of the mode conversion 
layer can satisfy the accessibility condition. In figures  5(c) 
and 6(c), we compare the central parallel refractive index and 
the poloidal mode number of the wave-packet with the local 
threshold values of accessibility condition, respectively. It is 
observed that the survived LH wave-packet (not be reflected) 
can satisfy the local accessibility condition for both cases of 
the mode conversion. However, the amplitude of the central 
poloidal component decreases as the LH wave propagates 
through the mode conversion layer, as shown in figures 5(d ) 
and 6(d ), which means the energy of the incident wave-packet 
is gradually taken away by the converted waves. In these two 
cases of mode conversion, the reflections of the incident slow 
and fast LH waves at the mode conversion layer are weak 

since the equilibrium density scale length is much longer than 
the LH wave length [50, 51].

Launching LH waves from different poloidal angle posi­
tions of the tokamak will lead to different propagations and 
absorptions. For example, recently launching LH waves from 
the high field side is proposed due to many significant advan­
tages such as the relaxed accessibility condition [52, 53] and 
the strong poloidal wave number upshift for alpha particle 
channeling [54, 55]. We now study the LH wave propagation 
from different launching positions in tokamaks. We launch 
the slow LH wave at the poloidal angle 0θ = , 0.25θ π=  
and 0.5θ π= , respectively, as shown in figures 7(a)–(c). The 
poloidal spectra of the slow LH wave-packets at different flux-
surfaces are measured during the mode conversion. We find 
that moving the launch position from the low field side toward 
the high field side can lead to a larger increase of the central 
poloidal number m0 as shown in figures  7(d)–( f ), namely, 
a larger increase of the parallel refractive index n , which 
is helpful for the wave penetration into the core plasma by 
avoiding the mode conversion. Although a similar conclusion 
has been derived from WKB simulation [5, 52, 53], it is veri­
fied by the particle simulation in toroidal geometry for the first 
time. Since we want to study here the poloidal spectrum evol­
ution effects on mode conversion, the simulations are carried 

Figure 7.  The slow LH wave is launched from poloidal angle (a) 0θ = , (b) 0.25θ π=  and (c) 0.5θ π= , respectively. The blue line is the 
calculation of the mode conversion layer assuming m 0= . Panels (d )–( f  ) are the corresponding poloidal spectrums of the slow LH wave-
packets at different flux-surfaces. The red and black arrows represent the slow and fast LH wave propagating direction, respectively.  
The color scale represents the electrostatic potential φ in arbitrary units.
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out firstly with negligible absorptions (low electron temper­
ature). Mode conversion is the only mechanism to prevent the 
LH wave from penetrating into the tokamak core. However, 
it should be pointed out that the larger upshift of the parallel 
spectrum could induce greater electron Landau damping in 
hot plasmas.

4.  Linear absorption of LH waves in toroidal 
geometry

In this section, linear absorption of LH waves in the mode 
conversion and in the single pass propagation in tokamaks is 
studied in hot plasmas. In the simulation, the axis value of 
the magnetic field is B 5.0 Ta = . The minor and major radii of 
the tokamak are a 0.16 m= , R 0.64 m0 = , respectively. The 
launched LH wave frequency f 4.6 GHz0 =  and the toroidal 
refractive index n ck 1.86t t /ω= = . The plasma temperature is 
on the order of keV and the plasma density changes from the 
orders of 10 cm13 3− –10 cm14 3−  in different simulation cases. 
In this regime, the ion perpendicular absorption is much 
weaker than electron parallel absorption. We have 6.5eξ ≈  
for T 2.0 keVe0 = , 4.1eξ ≈  for T 5.0 keVe0 =  and 3.3eξ ≈  for 
T 8.0 keVe0 = , and i eξ ξ�  for all cases, where k vi thi/( )ξ ω= ⊥ , 

v T m2thi i0 i/= , and k ve the/( )ξ ω=  are calculated by using the 
parameters at the launching position r a 1/ = . In these regimes, 
the parallel electron Landau damping is the main absorption 
mechanism of LH waves. Thus, the fluid ion and drift kinetic 
electron model is applied in the simulation neglecting the ion 
absorption.

In the mode conversion cases, the plasma temperature is 
uniform, while the plasma density is non-uniform with axis 
value n n 2.0 10 cmi0 e0

14 3= = × − . Figures  8(a)–(c) show 
the LH wave pattern structures in the poloidal cross-section 
with increasing electron temperature from 2.0–8.0 keV. We 
measure the maximal values of the electrostatic potential at 
each flux surface for the slow and fast LH wave branches from 
figures 8(a)–(c), which give the radial structures of slow and 
fast LH waves as shown by figures 8(d ) and (e), respectively. 
It should be pointed out that we use the data between 8/θ π=  
and 3 8/θ π=  in figures  8(a)–(c) for the radial structure 
calculation of slow wave, and use the data between 0θ =  and 

8/θ π=  in figures 8(a)–(c) for fast wave. In figure 8(d ), the 
slow LH wave amplitudes of T 2.0 keVe0 =  and T 5.0 keVe0 =  
cases are similar with little damping, while it damps signifi­
cantly near the mode conversion region for the T 8.0 keVe0 =  
case. In figure 8(d ), the parallel phase velocity of the slow LH 

Figure 8.  Panels (a)–(c) are the LH wave structures in poloidal sections with 2.0, 5.0 and 8.0 keV electron temperature, respectively.  
The color scale represents the electrostatic potential φ in arbitrary units. Panels (d) and (e) are the comparisons of the radial mode structures 
of the slow and fast LH waves between different electron temperatures, respectively. The red and black arrows represent the radial 
propagating directions of the slow and fast LH waves, respectively.
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wave experiences a downshift due to the increase of n  when 
propagating toward the tokamak core. In the core region, the 
parallel phase velocity is still much higher than the electron 
thermal speed for the T 2.0 keVe0 =  ( k v 5.5e the/( )ξ ω= ≈  
at r a 0.7/ = ) and T 5.0 keVe0 =  ( k v 3.4e the/( )ξ ω= ≈  at 
r a 0.7/ = ) cases, while it is closer to the electron thermal 
speed for the T 8.0 keVe0 =  ( k v 2.6e the/( )ξ ω= ≈  at r a 0.7/ = ) 
case to result in significant Landau damping. It is noticed that 
higher electron temperature can lead to the larger k  upshift. 
On the other hand, in the edge region, the incident slow LH 
wave amplitudes are similar for all three cases, since the elec­
tron thermal speed is much lower than the wave parallel phase 
velocities without enough k  upshift. Similarly, we can see that 
the fast LH wave amplitude of the T 8.0 keVe0 =  case is lower 
than the T 2.0 keVe0 =  and T 5.0 keVe0 =  cases in figure 8(e). 
The absorption mechanism for the converted fast LH wave is 
similar to the incident slow LH wave, which is determined 
by both the n  evolution and the local electron temperature. 
Furthermore, it can be seen that LH waves can penetrate the 
mode conversion layer which is calculated by assuming m 0=  
as shown by blue lines in figures 8(d) and (e), which is due 
to the evolution of n  of the LH waves in toroidal geometry. 
With increasing the electron temperature, the radial positions 
of the mode conversion layer in the simulations are found to 

move outwards in figures 8(d) and (e), and the trajectories of 
LH wave propagation and mode conversion are also different 
in figures  8(a)–(c), because the electron thermal effect can 
modify the Hermitian part of the dielectric tensor and cause 
the differences on the LH dispersion relation as shown from 
WKB and full wave simulations [56].

We now study the linear absorption and poloidal spec­
trum evolution of the LH wave-packet during a single pass 
propagation. The plasma is hot with the axis value of elec­
tron temperature T 8.0 keVe0 = . The plasma density on the 
magnetic axis is n n 5.0 10 cmi0 e0

13 3= = × − , which is much 
lower than the mode conversion cases and guarantees that 
the accessibility condition can be satisfied. Both the plasma 
temperature and the density decrease monotonously from the 
axis to the edge in our simulation, which is the same with the 
density profile in figure 2(b). We launch the LH wave-packet 
at the outer mid-plane of the tokamak. It should be pointed 
out that the electron Landau damping is the only dissipation 
mechanism of the LH wave in our simulation to maintain the 
steady state. The LH wave propagation in the poloidal plane 
is shown in figure  9(a), and it is seen that the LH wave is 
gradually damped while propagating toward the core. The 
poloidal spectra of the wave-packets at different flux surfaces 
are shown in figure  9(b). The central value of the poloidal 

Figure 9.  (a) A single pass of slow LH wave propagation in the poloidal cross-section. The color scale represents the electrostatic 
potential φ in arbitrary units. Panel (b) shows the poloidal spectra of the wave-packets at different flux-surfaces. Panels (c) shows the radial 
component of the energy flux density Sr in the poloidal cross-section, and the color scale represents Sr in arbitrary units. Panel (d ) shows 

the radial dependence of the energy flux ∫ θ ζ=S r S Jd dr( ) , and we can see that the absolute value of the energy flux decreases in the region 

between the red dashed lines, which is due to the wave power deposition in the plasma through electron Landau damping.
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spectrum increases and the spectrum broadens when the 
wave penetrates towards the core, which is due to the poloidal 
asymmetry of the magnetic field and the wave diffractions. 
Figure  9(c) shows the radial component of the energy flux 
density S r E H, ,r r( )θ ζ = ×  in the poloidal cross-section.  
The negative value of Sr indicates that the wave energy flows 
from the tokamak edge to the core. The integral of Sr over 
flux-surface ( ) ∫ ∫ θ ζ= ⋅ =S r S JSr dA d dr  (J is Jacobian) is 
shown in figure 9(d). The sharp increase of the energy flux 
near the edge is due to the finite size of the antenna pertur­
bation. From figure  9(d), it is seen that the energy flux of 
LH wave through each flux-surface is almost constant in the 
region r a 0.62/ >  without absorption from plasma. However, 
its absolute value decreases in the region r a0.35 0.62/< < , 
which is due to electron Landau damping as the poloidal spec­
trum up-shifts and broadens and the electron temperature 
increases when the wave propagates from the edge to the core.

In summary, the poloidal spectrum upshift and broadening 
effects in the LH wave propagation and mode conversion in 
tokamak are observed for the first time from global particle-
in-cell simulations. These effects could enhance the wave 
damping due to an increase of the parallel refractive index, 
which could be candidates for explaining the ‘spectral gap’ 
problem [4, 7, 8].

5.  Conclusions

The phase and group velocities of the slow and fast LH waves 
measured from electromagnetic GTC simulation agree well 
with analytic theory. The mode conversion between slow and 
fast LH waves has been observed in toroidal simulation if the 
accessibility condition is not satisfied. The difference between 
the mode conversion layer calculated by assuming poloidal 
harmonic m 0=  and simulation result is due to the evolution 
of the parallel refractive index n  which is induced by the 
toroidicity. Furthermore, our particle simulation verifies that 
moving the launching position from the low field side toward 
the high field side can help LH wave penetration into the 
tokamak core, since propagation in the high field side can lead 
to a larger upshift of n . Finally, the linear absorptions of LH 
waves in hot plasmas are observed in our simulation for both 
the mode conversion and single pass cases. The absorption is 
mainly determined by the n  evolution and the local electron 
temperature. The linear upshift and broadening effects of n  
during the wave-packet propagation in toroidal geometry are 
verified by the particle simulation, which can be considered 
as candidates for explaining the ‘spectral gap’ problem. In the 
future work, we will focus on nonlinear absorption and para­
metric decay instability of LH waves in toroidal geometry.
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