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Abstract
Spontaneous plasma flows have been observed in electron cyclotron heating (ECH) plasmas in
the helically symmetric experiment. A smaller parallel flow was observed in the quasi-helically
symmetric configuration compared with that observed in the Mirror configuration, although
the mirror configuration has a larger neoclassical viscosity. Using the GNET code, we evaluate
the electromagnetic and collisional forces induced by ECH. We also evaluate the parallel flow
driven by the ECH force, by solving the momentum balance equations and Ampère law. The
obtained flows show reasonable agreement with results obtained from experiments. This work
indicates that the radial electron current generated by ECH could drive the parallel flow.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Toroidal and poloidal flows have been found to play an impor-
tant role in turbulence transport through sheared E × B flows
[1, 2], as well as in magnetohydrodynamic instabilities such
as the resistive wall mode [3–5]. Therefore, elucidating the
mechanism of plasma flow generation is important work.
Recently, spontaneous flows have been observed in electron
cyclotron heating (ECH) plasmas in many tokamaks and heli-
cal devices such as the JT-60U, the large helical device and
the helically symmetric experiment (HSX), even though ECH
is not considered to act as a momentum source. To establish
the underlying mechanism behind these observations, many
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experimental [6–11] and theoretical [12–14] studies have been
undertaken. In this work, we indicate that ECH can induce the
electromagnetic force and it acts as a momentum source in the
HSX plasma.

The HSX is the first quasi-symmetric stellarator device,
where two typical magnetic configurations are considered.
One magnetic configuration used is the quasi-helically sym-
metric (QHS) configuration, which has quasi-helical symme-
try in the magnetic field strength on the flux surface. It is
dominated by the helical Fourier spectral component of the
(n = 4, m = 1) mode, where n and m are the toroidal and
poloidal mode numbers, respectively. The second configura-
tion considered is the mirror configuration; in this configura-
tion a set of auxiliary coils adds the non-symmetric modes
(n = 4, m = 0) and (n = 8, m = 0), which break the helical
symmetry. Figure 1 shows the magnetic field spectrum of
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Figure 1. Magnetic field spectrum in the QHS configuration (left) and the mirror configuration (right).

Figure 2. The radial temperature and density profiles of typical experiments in (a) the QHS and (b) mirror configurations.

Figure 3. The ECH source term, SECH. The velocity is normalized
by thermal velocity of 1 keV.

the QHS and mirror configurations. There exist finite non-
symmetric modes even in the QHS configuration, which is
about 2% of the major mode (n = 4, m = 1) at r/a = 0.5.
These non-symmetric modes enhance the radial drift of
trapped electrons [15].

The effect of the magnetic configuration in the HSX on
the plasma flow have been intensively investigated. Flow
measurement experiments have been undertaken using the
charge exchange recombination spectroscopy system [10, 16].

The parallel neoclassical viscosity of the QHS configuration is
known to be smaller than that of the mirror configuration due
to the presence of helical symmetry in the former and not in
the latter; thus it can be expected that the parallel flow velocity
in the QHS configuration is greater than that observed in the
mirror configuration. However, the parallel flow observed in
the QHS configuration [11, 14] is smaller than that observed
in the mirror configuration.

It has been found that ECH can enhance the radial elec-
tron flux due to the radial drift of supra-thermal trapped elec-
trons in heliotron/stellarator plasmas [17]; this electron flux
results in a radial current from the supra-thermal electrons,
denoted jse. The net radial current in the steady state should
vanish to maintain the quasi-neutrality. Therefore, for the bulk
plasma, a return current, jreturn(= −jse), flows in the steady
state by ambipolar condition, and thus the electromagnetic
force (jreturn × B) drives the bulk plasma rotation. We note,
moreover, that the supra-thermal electrons drift in the toroidal
or helical direction due to the precession motion. During the
slowing down of the supra-thermal electrons, they transfer
momenta to the bulk plasma via collisions; this momentum
transfer is referred to as the collisional force. These forces can
be considered to be analogous to the forces by alpha particles
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Figure 4. The velocity distribution function, δ f with contour lines at several radii in the QHS ((a) r/a = 0.15, (b) 0.3, and (c) 0.45)
and mirror ((d) r/a = 0.15, (e) 0.3, and ( f ) 0.45) configurations. The velocity is normalized by thermal velocity of 1 keV.

[18–20], neutral beam injection [21], and ion cyclotron reso-
nance heating [22]. We previously reported that ECH can exert
forces on the plasma via the jreturn × B and collisional forces
[15, 23]. The jreturn × B forces were also found to dominate
over the collisional forces in non-symmetric configurations; in
axisymmetric configurations, however, the two forces gener-
ated by the heating source without an initial momentum input
were found to cancel each other out toroidally [18, 19].

In this work, we evaluate the jreturn × B and collisional
forces in the HSX. Including the jreturn × B forces, which are
dominant in both the QHS and mirror configurations, we eval-
uate the parallel flow driven by the jreturn × B force, and we
compare them with the flows observed in experiments.

2. Simulation model

To evaluate the jreturn × B and collisional forces, we apply the
GNET code [17], which can solve a linearized drift kinetic
equation for energetic electrons by ECH in five-dimensional
phase space via the Monte Carlo method. The drift kinetic
equation for the deviation of the electron distribution function
from the Maxwell distribution, δ f , is given by

∂δ f
∂t

+ (vd + v‖) ·
∂δ f
∂r

+ v̇ · ∂δ f
∂v

− C(δ f ) − L(δ f ) = SECH, (1)

where C, L, SECH, v‖, and vd are the linear collision opera-
tor, the particle sink term, the ECH heating source [24, 25],
and the parallel and drift velocities of the electrons, respec-
tively. The GNET code can evaluate the radial current of
the supra-thermal electrons induced by ECH, which results
in the jreturn × B force, and the parallel momenta which the
supra-thermal electrons transfer to the bulk plasma, i.e., the
collisional force.

In this paper, we use the fluid approach to solve the
momentum balance equation [26, 27]. We solve the first-order
momentum balance equations multiplied by the magnetic

field B and the poloidal component of the magnetic field
BP(≡ Bθeθ),

miNi
∂

∂t
〈B · Ui〉

= −〈B · ∇ · πi〉 − miNiνin 〈B · Ui〉 , (2)

and

miNi
∂

∂t
〈BP · Ui〉

= −BθBζ〈jreturn · ∇V〉 − 〈BP · ∇ · πi〉

− miNiνin 〈BP · Ui〉 , (3)

where eθ, Bθ, Bζ , mi, Ni, πi, Ui, and ν in are the poloidal covari-
ant basis vector, the poloidal and toroidal contravariant compo-
nents of magnetic field in the Hamada coordinate system, the
ion mass, the ion particle density, the viscosity tensor, the ion
fluid velocity, and the ion-neutral collision frequency, respec-
tively. We consider the proton-H collision and proton-H2 col-
lision as the ion-neutral collision. The detailed formulations
are described in references [28–30]. The parallel neoclassical
viscosity, in its linear form, is given by,

〈B · ∇ · π〉 = μθU
θ + μζUζ (4)

〈BP · ∇ · π〉 = μP
θUθ + μP

ζUζ , (5)

where Uθ and Uζ are the poloidal and toroidal contravariant
components of the flow velocity, respectively. We adopted the
analytical expression in the plateau regime for the viscosity
coefficients μθ, μζ , μP

θ , and μP
ζ [31, 32].

The first term in the right-hand side of equation (3) corre-
sponds to the jreturn × B force, which acts as a driving force.
As the jreturn × B force is perpendicular to the magnetic field,
it does not directly drive the parallel flow. The neoclassical
viscosity modifies the flow direction and thus the jreturn × B
force indirectly drives the parallel flow. The jreturn × B force
drives the flow until the driving force balances with the damp-
ing forces that originate from the neoclassical viscosity and
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Figure 5. The helical component of the collisional, jreturn × B
and the total force.

the ion-neutral collisions. The collisional force is not included
in the momentum balance equation because it is negligibly
small; this is demonstrated in figure 5 and in the existing
literature [15].

The return current density jreturn, which is driven by the
radial electron current density jse, satisfies Ampère law

− ε0
∂〈E · ∇V〉

∂t
= 〈jreturn · ∇V〉+ 〈jse · ∇V〉. (6)

In the steady state, the left-hand side of equation (6) is equal
to zero, and thus the return current cancels out exactly the
electron current driven by ECH, i.e. jreturn + jse = 0.

In the neoclassical theory, the perpendicular flow velocity
of the lowest order is given by the E × B flow and the diamag-
netic flow, and the parallel flow velocity of the lowest order is

Figure 6. Comparisons of the evaluated and observed parallel flows
without the diffusion effect.

Figure 7. Comparisons of the evaluated and observed radial electric
fields without the diffusion effect.

given by [10, 32]

U‖ =

(
Φ′ +

1
eiNi

p′i

)
hB + λiB, (7)

where λi = 〈Ui · B〉/〈B2〉 and h is a geometrical factor defined
as

B · ∇h =
2

B3
(B ×∇ψ) · ∇B, 〈hB2〉 = 0, (8)

where ψ is the toroidal flux.
The first term in equation (7) is the return flow or the

Pfirsch–Schlüter flow, whose flux-surface average vanishes,
and the second term is the mean parallel flow, which is diver-
gence free. From equations (2)–(7), we can obtain a set of
simultaneous equations for dλi/dt, λi, dΦ′/dt and Φ′; these
detailed formulations can be found in reference [26]. In this
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Figure 8. Comparisons of the evaluated and the observed parallel
flows including the diffusion effect.

paper, we describe λiB0 as the mean parallel velocity with the
magnetic field at the axis B0(= 1 T).

We can evaluate the radial electron current using the GNET
code, which takes the radial electric field profile as an input.
Solving the momentum balance equation, where the radial
electron current is input, we can evaluate the radial elec-
tric field and the flow velocity. The radial electron current is
affected by the radial electric field, and vice versa. To take
these dependences into account, we iterate the calculations
using the GNET code and the momentum balance equation
until the results converge.

3. Simulation results

We perform simulations using values of temperature and den-
sity typical of the HSX experimental conditions. The radial
profiles of the density and temperature are shown in figure 2.
The QHS configuration shows a higher electron temperature
due to the better confinement at the same injected ECH power
(100 kW). The ion temperature is low both in the QHS and mir-
ror configurations; it takes a value of approximately 50 eV. The
absorbed power, which is evaluated by the ray-tracing code,
is 24 kW in the QHS configuration and 16 kW in the mir-
ror configuration. The ECH heating location locates around
r/a ≈ 0.1.

Using the GNET code, we evaluate the velocity space distri-
bution of the supra-thermal electrons by ECH, and estimate the
jr × B and collisional forces in the HSX. The example of the
O-mode ECH quasi-linear heating term in the velocity space is
shown in figure 3, and the obtained velocity distributions δ f at
three minor radii are shown in figure 4. The positive (negative)
δ f means increase (decrease) of the distribution function from
Maxwellian. The peaks of positive δ f around the heating loca-
tion (r/a = 0.15) are at (v‖/vthe, v⊥/vthe) = (±1.2, 1.2) both
in the QHS and mirror configurations. These peaks are gen-
erated by the ECH heating source. However, the peaks of δ f
at r/a = 0.3, where is apart from the heating location, are at

v‖ = 0 due to the orbit effect of trapped electrons. The radial
diffusion of supra-thermal electrons are generated by the radial
drift of trapped electrons. The radial electron drift is large in
the mirror configuration, so the supra-thermal electron distri-
bution are radially broader than that in the QHS configura-
tion. The supra-thermal electrons move radially, and then get
thermalized as shown in figures 4(e) and ( f ).

The force in the symmetry (n = 4, m = 1) direction of the
HSX is shown in figure 5. The component of the force in
the symmetry direction is important because the plasma tends
to flow primarily in the direction of helical symmetry due to
the neoclassical viscosity; the plasma flow perpendicular to
the symmetric direction is strongly damped [16, 27, 33]. In
the case of a completely helically symmetric configuration
with only the (n = 4, m = 1) mode, the jreturn × B and col-
lisional forces roughly cancel each other out, and thus the
total force (given by the summation of the jreturn × B and
collisional forces) is small. In this case, the conservation of
angular momentum is satisfied, and the total force in the
symmetry direction approaches zero, except for the force due
to the finite orbit effect. However, non-symmetric magnetic
modes enhance the radial diffusion of electrons. Even in the
QHS configuration, whose non-symmetric modes are small,
the jreturn × B force is dominant, and there is a nonzero total
force in the symmetry direction; this nonzero total force in the
symmetry direction is due to small non-symmetric modes. The
peak value of the total force in the mirror configuration is about
twice as large as that obtained in the QHS configuration despite
the lower absorbed power in the mirror configuration. The col-
lisional force is sufficiently small to be neglected in the flow
calculations in the QHS and mirror configurations.

Here, we evaluate the parallel flow expected in the experi-
mental conditions. Figure 6 shows the calculated and observed
flow velocity profiles in the QHS and mirror configurations.
The neutral damping is also an important factor in evaluations
of the plasma flow [14], and the hatched regions in figure 6 cor-
respond to the uncertainty regarding the neutral density. The
reference value of the neutral density is calculated using the
DEGAS code [34]. The upper limit of the neutral density is
equal to twice that obtained using the DEGAS code, and the
lower limit is half of the DEGAS result. The obtained flow
in the QHS configuration shows a clear peak around the ECH
heating location because the radial electron current is localized
due to the small radial diffusion of supra-thermal electrons.
The parallel flow in the mirror configuration is greater than
that obtained in QHS configuration with the exception of that
obtained in the region close to the peak.

The obtained radial electric field is shown in figure 7. The
hatched regions correspond to the uncertainty of the neutral
densities as figure 6. The predicted peak in the value of Er is
located at r/a ≈ 0.15, just beside the ECH heating location;
the peak in the observed values of Er is located at r/a ≈ 0.3.
The difference may be due to the use of the linear model of
viscosity; the linear model is not able to capture the effect of
poloidal resonances. Although the peak value of Er obtained
via simulations is slightly shifted inward, the maximum values
of Er obtained via simulations and experiments are compara-
ble. While the neutral damping has a significant effect on the
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flow velocity, the radial electric field does not change because
the plasma radial conductivity is only weakly dependent on the
neutral damping rate.

In the above calculations, the radial interaction, i.e., the per-
pendicular viscosity, is ignored, and the equations are based on
the assumption that the radial momentum flux is small. How-
ever, there may exist a nonnegligible quantity of the radial
diffusion of momentum in the QHS configuration with such
a steep velocity gradient. We introduce the diffusion effect in
equations (2) and (3) artificially as a small correction. Here,
as a boundary condition, we set the flow velocity at r/a = 1
to be zero. The results obtained for a diffusion coefficient
D = 0.025(m2 s−1) are shown in figure 8. The steep gradient in
the QHS configuration is seen to be smoothened as a result of
the addition of the diffusion effect, and the simulation results
show a closer agreement with the experimental findings.

4. Conclusions

In order to investigate the mechanism behind the parallel flow
induced by ECH in the HSX, using the GNET code, we have
calculated the jreturn × B and collisional forces that arise as a
result of ECH. Even in the QHS configuration, the jreturn × B
force is dominant over the collisional forces, and there is a
nonzero total force in the symmetry direction due to small
non-symmetric modes. The peak value of the force in the mir-
ror configuration is almost twice as large as that obtained in
the QHS configuration despite the lower quantity of absorbed
power.

Experimentally, the plasma tends to flow in the symme-
try direction due to the neoclassical viscosity, and the neutral
damping is an important factor in the plasma flow. Solving
the momentum balance equations including the contributions
from the jreturn × B force, the neoclassical viscosity, and the
neutral damping, we evaluated the parallel flow velocities. The
calculated flow in the mirror configuration is larger than that
obtained in the QHS configuration despite the larger neoclassi-
cal viscosity and the lower absorption power. We have obtained
reasonable agreement between the results of simulation and
experiment, and found that the jreturn × B force driven by ECH
plays a crucial role in the HSX.
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Phys. Rev. Lett. 74 2483

[5] Bondeson A. and Ward D.J. 1994 Phys. Rev. Lett. 72 2709
[6] Rice J.E. et al 2007 Nucl. Fusion 47 1618
[7] Rice J.E. 2008 J. Phys.: Conf. Ser. 123 012003
[8] Angioni C. et al (ASDEX Upgrade Team) 2011 Phys. Rev. Lett.

107 215003
[9] Yoshida M., Kamada Y., Takenaga H., Sakamoto Y., Oyama N.

and Urano H. (the JT-60 Team) 2009 Nucl. Fusion 49 115028
[10] Kumar S.T.A., Talmadge J.N., Dobbins T.J., Anderson F.S.B.,

Likin K.M. and Anderson D.T. 2017 Nucl. Fusion 57 036030
[11] Kumar S.T.A., Dobbins T.J., Talmadge J.N., Wilcox R.S. and

Anderson D.T. 2018 Plasma Phys. Control. Fusion 60
054012

[12] Callen J.D., Cole A.J. and Hegna C.C. 2009 Nucl. Fusion 49
085021

[13] Idomura Y. 2017 Phys. Plasmas 24 080701
[14] Dobbins T.J., Kumar S.T.A., Talmadge J.N. and Anderson D.T.

2019 Nucl. Fusion 59 046007
[15] Yamamoto Y., Murakami S., Chang C.-C., Kumar S.T.A.,

Talmadge J.N., Likin K. and Anderson D.T. 2019 Plasma
Fusion Res. 14 3403105

[16] Briesemeister A., Zhai K., Anderson D.T., Anderson F.S.B.,
Lore J. and Talmadge J.N. 2010 Contrib. Plasma Phys. 50
741

[17] Murakami S., Gasparino U., Idei H., Kubo S., Maassberg H.,
Marushchenko N., Nakajima N., Romé M. and Okamoto M.
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