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Toroidal torque by electron cyclotron heating (ECH) is investigated in the Large Helical Device (LHD) plas-
mas, assuming the supra-thermal electrons by ECH generate torques on the plasma through jr × B and collisions.
The jr × B torque depends on the radial drift velocity and the fraction of trapped electrons. Therefore, the mag-
netic configuration and the heating location affects the toroidal torque. We investigate the magnetic configuration
and heating location dependences of toroidal torques by ECH in LHD, by considering three typical magnetic
configurations: the inward shifted, standard, and outward shifted configurations. As a result, magnetic ripple
bottom heating generates larger torque than that of ripple top heating because of the large fraction of trapped
electrons. Also, heating at the outer minor radius generates larger toroidal torque than that of heating at the inner
radius, and the injection angle can also change the toroidal torque profile. Moreover, ECH generates the largest
toroidal torque in the outward shifted configuration. Finally, we evaluate the toroidal flow velocities with the
obtained toroidal torques. We obtained the largest flow near the axis in the standard configuration because of its
small viscosity and large toroidal torque.
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1. Introduction
Toroidal flow is an important issue in turbulence trans-

port and magnetohydrodynamic stability. Recently, spon-
taneous toroidal flows driven by electron cyclotron heating
(ECH) have been observed in many tokamaks and helical
devices such as JT-60U, LHD, and HSX. Many experimen-
tal [1, 2] and theoretical [3] studies have been undertaken
to clarify the underlying mechanism. However, the mech-
anism of the toroidal flow generation by ECH has not yet
been understood well.

We previously reported that ECH could apply torques
on the plasma through jr × B and collisions [6, 7]. Also,
the jr × B torque overcomes the collisional torque in the
non-symmetric configuration. Therefore, the jr × B torque
would be a candidate for the torque driving the toroidal
flow.

In LHD, toroidal flows have been investigated in
Neutral Beam Injection (NBI) heating and ECH plas-
mas, where the toroidal flow velocity is measured by
the charge exchange recombination spectroscopy (CXRS)
[4, 5]. Also, LHD has flexibility on the magnetic config-
uration by shifting the magnetic axis. It is known that
the confinement of energetic particles of the inward shifted
configuration is better than that of the outward shifted con-
figuration due to the trapped particle orbit improvement.
Figure 1 shows the orbits of a helically trapped electron
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Fig. 1 The orbits of helically trapped electrons with the energy
E = 5 keV and the pitch angle θp = 87◦ in the in-
ward shifted configuration (red), the standard configura-
tion (blue) and the outward shifted configuration (green).
The initial position is set at (r/a = 0.3, θ = 0◦, φ = 18◦).

with the kinetic energy E = 5 keV and the pitch angle
θp = arccos(v‖/v) = 87◦ in the inward shifted configuration
(Rax = 3.6 m), the standard configuration (Rax = 3.75 m),
and the outward shifted configuration (Rax = 3.9 m). The
orbit width is the smallest in the inward shifted configu-
ration and the largest in the outward shifted configuration.
Actually, the magnetic configuration near the axis of the in-
ward shifted configuration is close to axisymmetry. There-
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fore, we expect the jr×B torque would be significant in the
outward shifted configuration because the radial diffusion
of trapped electrons is important for the jr×B torque. Also,
the heating location varies the fraction of trapped supra-
thermal electrons accelerated by ECH. The heating loca-
tion dependence on the jr×B torque would appear through
the fraction of trapped electrons. Additionally, including
the finite parallel wavenumber, the resonance condition is
shifted due to the Doppler effect, and the change of the
heating source profile would appear in velocity space.

In this study, we investigate the dependences of mag-
netic configuration and heating location on toroidal torque
by ECH in LHD, by applying the GNET code, which can
solve a linearized drift kinetic equation for δ f electrons by
ECH in 5-D phase space [8]. Also, we evaluate the toroidal
flow velocities driven by the ECH torques, by solving the
diffusion equation of toroidal flow.

2. Simulation Model
To investigate the electron velocity distribution and

the toroidal torque due to ECH, we apply the GNET code,
which can solve the drift kinetic equation in 5-D phase
space using the Monte Carlo method. We split the gy-
rophase averaged electron distribution function f into a
stationary Maxwellian part fMax and an perturbed part by
ECH δ f as f = fmax + δ f . The drift kinetic equation for δ f
is given by

∂δ f
∂t
+ (vd + v‖) · ∂δ f

∂r
+ v̇ · ∂δ f

∂v
−C(δ f ) − L(δ f ) = S ql( fmax), (1)

where v‖ and vd are the velocity parallel to the magnetic
field and the drift velocity, respectively. Also, C(δ f ),
L(δ f ) and S ql( fmax) are the collision operator, the orbit loss
term, and the heating source term of ECH, respectively. In
GNET, we can take into account the pitch angle scattering,
the energy slowing down due to collisions, and the com-
plex orbit effect in the three-dimensional magnetic con-
figuration. We note that we can investigate the effect of
δ f electrons, which is distorted from the Maxwellian by
ECH, and the GNET simulation results are separated from
the neoclassical transport of the bulk ions and electrons.

The ECH source term is described by the quasi-
linear diffusion theory. We consider only the linear effect
S ql( fmax) for simplicity. Then the source term S ql is ex-
pressed as

S ql( fmax) = − ∂
∂vi

Dql
i j

∂ fmax

∂v j
, (2)

where Dql
i j is the quasi-linear diffusion tensor and the radial

profile of the absorption power density is set as a Gaus-
sian distribution. We consider that the right-handed elec-
tric field of the electron cyclotron (EC) wave is dominant
for the X-mode. Under this limitation, we obtain [9, 10]

S ql
X =

Dql
ECH

v⊥
∂

∂v⊥

⎡⎢⎢⎢⎢⎢⎣v⊥
(

v⊥
vthe

)2(n−1)

Fig. 2 Heating sources using the quasi-linear diffusion theory of
X-mode ECH with N‖ = 0 (left) and N‖ = 0.4 (right). The
velocity is normalized by the thermal velocity of 4 keV,
vthe.

× δ
(
ω − nΩce

γ
− N‖ωv‖

c

)
∂ fmax

∂v⊥

]
, (3)

where n, ω, N‖, Ωce, γ and Dql
ECH are the harmonic number

of the resonance, the wave frequency, the parallel refractive
index of the EC wave, the cyclotron frequency of electrons,
the Lorentz factor of electrons, and the constant value, re-
spectively. Typical cases of the quasi-linear source term
with parameters (N‖ = 0, nΩce/ω = 1.02, Te = 4 keV)
and (N‖ = 0.4, nΩce/ω = 1.02, Te = 4 keV) are shown in
Fig. 2, which indicates heating from the blue region to the
red region in velocity space. Here, the parameters N‖ and
nΩce/ω are important to determine the resonance condi-
tion ω = nΩce/γ+N‖ωv‖/c. With perpendicularly injected
ECH (N‖ = k‖c/ω = 0), the line of the resonance condi-
tion draws a circle whose center is (v‖ = 0, v⊥ = 0). With
obliquely injected ECH (N‖ = 0.4), the resonance circle
is shifted due to the Doppler effect. Here, the strength of
S ql shown in the Fig. 2 cannot be compared because the
parameter Dql

ECH is not included here.
ECH applies torques on the plasma through j × B and

collisions. Since the radial movements of trapped electrons
accelerated by ECH are faster than those of thermal elec-
trons, ECH can drive the radial electron current je. The net
current in the steady state should vanish to maintain the
quasi-neutrality, so the return current, jr(= − je), must flow
in the bulk plasma. Therefore, the bulk plasma feels jr × B
torque due to the return current. On the other hand, during
the slowing down of the energetic electrons, they transfer
their momenta to the bulk plasma due to collisions, which
is referred to as the collisional torque. We evaluate the mo-
mentum exchange between δ f electrons and bulk plasmas
as the collisional torque. In the GNET code, the toroidal
component of the collisional torque density, T col

φ , is calcu-
lated as

T col
φ (ρi) = R2

nmax∑
n=1

wnΔp‖,nb · ∇φ/ΔV(ρi), (4)

where ρi, R, φ, b, ΔV , wn and Δp‖,n are the normalized
minor radius of the i-th radial grid, the major radius, the
toroidal angle, the unit vector in the direction of the mag-
netic field, the volume of the i-th radial grid, the wight of
the n-th test particle, which is determined by the ECH ab-
sorption power, and the change of the parallel momentum
of the n-th test particle due to collisions, respectively. The
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summation is taken over the number of test particles in the
i-th radial grid, nmax. If we consider the heating source
without initial momentum input, such as the ECH source of
N‖ = 0 ( Fig. 2 (left) ), the collisional torque of the particles
passing in the co-direction should be equal to that of the
particles passing in the counter-direction. The trapped par-
ticles, however, have precession motion, which can con-
tribute to the net collisional torque. The jr × B and colli-
sional torques driven by the heating source without initial
momentum input should cancel in the completely symmet-
ric configuration in the symmetry direction except for the
effect of the transient orbit width [11, 12]. Therefore, the
conservation of angular momentum is satisfied, and the to-
tal toroidal torque should vanish in the axisymmetric con-
figuration. However, non-symmetric magnetic modes en-
hance the radial electron flux and break the cancellation of
the two torques. Since the jr × B torque is dominant in
LHD, the ECH torque is subject to the radial drift velocity
of trapped electrons and the fraction of trapped electrons.

3. Results
Applying GNET code, we solve the linearized drift

kinetic equation for the supra-thermal electrons in 5D
phase space and evaluate the deviation of the distribution
function from the Maxwellian, δ f , in the inner shifted
(Rax = 3.6 m), standard (Rax = 3.75 m) and outward shifted
(Rax = 3.9 m) configurations. We assume an ECH plasma
with the central electron temperature Te0 = 4 keV, the cen-
tral ion temperature Ti0 = 1 keV and the central electron
density ne0 = 1 × 1019 m−3. Also, the toroidal magnetic
field is Bt = 1.375 T. Figure 3 shows the isosurface plots
of the velocity distribution averaged over the flux-surface
δ f (v‖, v⊥, r/a). Left figures are δ f by the magnetic ripple
top (r/a = 0.2, θ = 180◦, φ = 0◦) heating and right fig-
ures are δ f the magnetic ripple bottom (r/a= 0.2, θ= 0◦,
φ= 18◦) heating in the three configurations. In the rip-
ple top heating case, most electrons are initially passing
particles and need the pitch angle scattering before radial
movement. On the other hand, in the ripple bottom heating
case, most electrons are initially trapped, and easily move
radially. In the top heating case, we can find more elec-
trons around the heating location (r/a ∼ 0.2) in the low
perpendicular velocity region (v⊥ ∼ 0), where there is lit-
tle acceleration in the quasi-linear source term. It indicates
that the electrons actually get pitch angle scattering before
the radial movement, and the resulting radial movement
during the thermalization is shorter in the top heating case
than that in the bottom heating case. The difference is clear
in the standard configuration, as shown in Figs. 3 (c) and
(d). In the bottom heating case, the trapped electrons move
radially before pitch angle scattering and energy slowing
down, and they get thermalized after the radial movement.
Especially, in the outward shifted configuration, the supra-
thermal electrons tend to go to the last closed flux sur-
face without enough energy slowing down. In the inward

(a) Rax = 3.6 m, top heating (b) Rax = 3.6 m, bottom heating

(c) Rax = 3.75 m, top heating (d) Rax = 3.75 m, bottom heating

(e) Rax = 3.9 m, top heating (f) Rax = 3.9 m, bottom heating

Fig. 3 Isosurface plots of the deviation of the velocity distribu-
tion δ f from the Maxwellian. Left figures are those for
the magnetic ripple top heating cases and right figures
are those for the magnetic ripple bottom heating cases (a)
and (b) in the inward shifted configuration, (c) and (d)
in the standard configuration and (e) and (f) in the out-
ward shifted configuration. Also, the velocity v‖ and v⊥
are normalized by thermal velocity.

shifted configuration, the tendency is the same, but the dif-
ference between ripple top heating and ripple bottom heat-
ing is small. Also, the result of the standard configuration
is in between those of the inward and outward configura-
tions.

We investigate the heating location dependence of the
total torque, which includes the jr × B and collisional
torque. The total toroidal torque profiles with different
heating location (r/a = 0.1, 0.3, 0.5, 0.7, and ripple top
(θ = 180◦, φ = 0◦) or ripple bottom (θ = 0◦, φ = 18◦))
and the integrated toroidal torque for each heating location
are shown in Fig. 4. Here, the EC wave is assumed to be
injected perpendicularly. Ripple bottom heating generates
larger net toroidal torque than top heating because of the
fraction of trapped electrons. Also, heating at the outer
minor radius generates larger toroidal torque than that by
heating at the inner minor radius due to the strong mag-
netic ripple. The integrated toroidal torques by ripple top
heating vary moderately with different minor radii of the
heating location than those by ripple bottom heating. The
difference between the top and bottom heating is compar-
atively small in the inward shifted configuration. The out-
ward shifted configuration generates larger toroidal torque
in the case of heating at the inner minor radii because
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Fig. 4 The toroidal torque profiles with different heating loca-
tion in (a) the inward shifted configuration, (b) the stan-
dard configuration and (c) the outward shifted configu-
ration. (d) Dependences of the heating location and the
configuration on the integrated ECH torque.

Fig. 5 The toroidal torque profiles with finite parallel refractive
index (N‖ = 0.4) in the three configurations.

of the worse confinement of supra-thermal electrons. For
the outward shifted configuration, however, the integrated
toroidal torque of heating at outer minor radii decrease be-
cause of the boundary.

When the ECH is injected obliquely, the parallel re-
fractive index can have a finite value. The finite N‖ makes
the shift of the resonance line in velocity space and mod-
ifies the heating source as shown in Fig. 2. We show the
change of the toroidal torque due to different N‖ in Fig. 5.
Assuming the ECH injection from the upper port in LHD

Fig. 6 The neoclassical viscosity coefficients in the three LHD
configurations.

to the magnetic ripple bottom, the parallel refractive index
is N‖ = 0.4 ∼ 0.6. Also, the parameter nΩce/ω, which is a
parameter close to unity and must be greater than unity in
the case of N‖ = 0, can be less than unity because of the
Doppler effect. We compare the toroidal torque profiles
by heating at the magnetic ripple bottom with parameters
(nΩce/ω = 1.02, N‖ = 0), (nΩce/ω = 0.99, N‖ = 0.4)
and (nΩce/ω = 1.02, N‖ = 0.4). As a result, the obliquely
injected ECH can change the toroidal torque profile up to
about 40% as the integrated toroidal torque. To determine
the parameter nΩce/ω, we need to apply a ray-tracing sim-
ulation and precisely obtain the magnetic field strength of
the ECH power absorption position, but this is beyond the
scope of this paper.

We evaluate the toroidal flow V(r) driven by ECH
torque, solving the diffusion equation

∂V(r)
∂t
=

1
r
∂

∂r

(
rD
∂V(r)
∂r

)
+

T (r)
miniR

− μ(r)V(r), (5)

where T, D and μ, are the ECH torque, the diffusion co-
efficient and the viscosity coefficient, respectively. The
toroidal momentum is driven by the ECH torque and mod-
ified by the neoclassical toroidal viscosity. The radial flux
of the toroidal momentum is balanced by the turbulence-
driven flux, which consists of the convective flux and the
Reynolds stress. The convective flux is usually considered
to be ignorable and the Reynolds stress can be expressed
as the diffusive and the non-diffusive terms. Here, we take
only the diffusive term into account for simplicity. The dif-
fusion coefficient is estimated experimentally, and it is of
the order of unity [13]. The viscosity coefficient is evalu-
ated as [14]

μ ≈ π1/2〈(n̂ · ∇B)2/B2〉(R/M)(2eTi/mi). (6)

The viscosity coefficients in the three configurations are
shown in Fig. 6 The obtained toroidal torque is the largest
in the outward shifted configuration, while the viscosity
coefficient near the axis is the largest in the outward shifted
configuration. The outward shifted configuration has the
strong driving and damping forces. On the other hand,
the inward shifted configuration has the weak driving and
damping forces. Their effects conflict. We investigate
the toroidal flows in the three configurations. The steady
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Fig. 7 The toroidal flow velocities obtained by solving the dif-
fusion equation in the three LHD configurations.

toroidal flows driven by heating near the axis r/a ∼ 0.1 are
shown in Fig. 7. As a result, toroidal flow in the standard
configuration is the largest with the same input parameter
(D = 1m2/s, P = 1MW) because of its small viscosity and
large toroidal torque. The second largest toroidal flow is
obtained in the inward shifted configuration, which has the
smallest viscosity coefficient around the axis in the three
configurations.

4. Conclusions
We have evaluated the ECH torque, which consists of

the jr × B and collisional torques, in LHD plasmas by ap-
plying the GNET code to investigate the magnetic config-
uration and heating location dependences of the toroidal
torque. In a non-symmetric configuration, the jr×B torque
can be larger than the collisional torque and generate the
net torque. The jr × B torque is caused by the radial elec-
tron current driven by ECH, which is subject to the radial
drift velocity of trapped electrons accelerated by ECH and
the fraction of trapped electrons.

Heating at the ripple bottom makes more trapped elec-
trons and thus generates larger toroidal torque than heating
at the ripple top. The supra-thermal electrons heated by
ECH need pitch angle scattering before they get trapped in
the ripple top heating case. Heating at the outer minor ra-
dius generates larger torque than heating at the inner minor
radius due to the strong magnetic ripple. Also, obliquely
injecting the EC wave can change the toroidal torque.

The inward shifted configuration has better confine-
ment of supra-thermal electrons than that of the outward
shifted configuration. This indicates that the radial ve-
locity of supra-thermal electrons is faster in the outward
shifted configuration and generate a larger radial electron
current by ECH. Therefore, the outward shifted configura-
tion makes the largest toroidal torque when the ECH heat-
ing location is near the axis. When the heating location is
set at outer minor radii, the net torque decreases because
of the boundary.

Finally, we have evaluated the toroidal flow with ob-
tained toroidal torques, by solving the diffusion equation.
The driving force, i.e., the ECH torque, is the largest in the

outward shifted configuration, although the damping force,
i.e., the neoclassical viscosity, is the largest in the outward
shifted configuration, too. As a result, the obtained toroidal
flow is the largest in the standard configuration because of
its small viscosity and large toroidal torque. Also, the sec-
ond largest toroidal flow is in the inward shifted configu-
ration, which has the smallest viscosity coefficient of the
three configurations.
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