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Electron cyclotron heating (ECH) assisted start-up is considered to be necessary for reliable start-up of
tokamaks with superconducting central solenoid (CS) because of the low loop voltage. Pure Ohmic start-up
using the CS requires the field-null configuration to minimize electron loss. For ECH assisted Ohmic start-up,
the trapped particle configuration (TPC) was found to have wider operational parameter space than the field-null
configuration experimentally. In this work, we have analyzed electron transport under the TPC using the orbit-
averaged kinetic equation. The global electron distribution function was simulated by solving for the steady-state
distribution function. The parameter boundary for successful pre-ionization was estimated by evaluating the net
particle number growth rate from the total ionization rate and the particle flux out of the limiter boundary. Upper
limit of the ECH power was predicted as that for the net particle number to grow. In the absence of the inductive
electric field, the simulated high ECH power limit increased with neutral pressure and vertical field strength,
consistently with the experimental results. Application of loop voltage did not change this behavior qualitatively
up to the inductive electric field of 0.48 V/m, which is the typical range of low voltage start-up experiments.
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1. Introduction
Tokamaks with superconducting central solenoid (CS)

have low loop voltage that plasma start-up relying solely
on Ohmic heating is challenging. The inductive electric
field is limited to <0.3 V/m in ITER [1] and <0.5 V/m in
JT-60SA [2], which is significantly smaller than present
day devices (∼1.6 V/m for JT-60U, typically). Pure Ohmic
start-up at the inductive electric field of 0.4 V/m has been
demonstrated in DIII-D [3]. However, the minimum loop
voltage was found to be sensitive to wall conditions at such
low inductive electric fields. Electron cyclotron heating
(ECH) assistance of Ohmic start-up has been studied to im-
prove start-up reliability at low loop voltage [4,5]. Start-up
at 0.15 V/m has been demonstrated with ECH assistance
at the fundamental cyclotron resonance [4]. ECH can be
used for pre-ionization also at the second harmonic reso-
nance [6].

It has been observed that reliable Ohmic breakdown
requires EtBt/Bp ≳ 103 V/m (Et is the toroidal electric field
strength, Bt is the toroidal magnetic field strength and Bp

is the poloidal magnetic field strength) that puts an upper
limit on the tolerable “stray” poloidal field strength for suc-
cessful start-up [1]. This is understood to be because the
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Ohmic breakdown is a Townsend avalanche process along
the magnetic field lines that requires the connection length
to be sufficiently long to minimize the electron loss [7].
Such minimization of the poloidal field, i.e., the field-null
configuration, is not necessary when ECH is used for pre-
ionization since ECH accelerates electrons in the direction
perpendicular to the magnetic field. In fact, start-up was
successful at least up to the vertical field strength of ∼5 mT
in the DIII-D experiment which was well above the ≲2 mT
limit for pure Ohmic start-up at the same loop voltage [4].
More recently, it was found that the operational parameter
space of ECH assisted Ohmic start-up can be expanded by
using the trapped particle configuration (TPC) instead of
the conventional field-null configuration [8–10]. The TPC
has been used in non-inductive pure ECH start-up exper-
iments to mirror-trap collisionless fast electrons [11–14].
Characteristics of ECH assisted Ohmic start-up under the
TPC was observed to be similar to pure ECH start-up,
which suggests that such a start-up scenario may be bet-
ter described by the collisionless theory of non-inductive
rf start-up [10].

In this study, we have analyzed fast electron trans-
port during the initial phase of ECH assisted Ohmic start-
up using an orbit-averaged kinetic equation. In particu-
lar, the breakdown (pre-ionization) time dependence on
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the ECH power and the vertical field strength was studied
numerically. The organization of this paper is as follows.
Section 2 describes the newly implemented orbit-averaged
kinetic theory. The experimental setup is introduced in
Sec. 3. The analysis of tokamak plasma breakdown is pre-
sented in Sec. 4. The discussion is given in Sec. 5 and the
conclusions are given in Sec. 6.

2. Numerical Model
2.1 Orbit-averaged kinetic theory

Transport of rf generated fast particles have been de-
scribed well with the orbit-averaged kinetic theory [15]. In
this work, we have newly implemented an orbit-averaged
kinetic equation solver to analyze fast electron transport
under an equilibrium configuration without any closed flux
surfaces. Finite orbit width [16] was considered to describe
rf driven spatial diffusion. To perform the modeling, we
used COMSOL Multiphysics R⃝ [17].

The kinetic equation for the orbit-averaged distribu-
tion function f (t,K) where K is the orbit label, is given
by [16]

∂ f
∂t
= −1

J
∂

∂K
· (JΓK) , (1)

ΓK = −DKK ·
∂ f
∂K
+ uK f . (2)

J is the absolute value of the Jacobian of the transforma-
tion from the canonical momenta to K; JdK is the phase
space volume of the infinitesimal volume element dK in
canonical coordinates. ΓK is the particle flux in K-space
expressed in terms of the orbit-averaged diffusion and con-
vection coefficients DKK and uK :

DKK =
∂K
∂v
· Dvv ·

∂k
∂v
, (3)

uK =
∂K
∂v
· uv. (4)

The overlines denote orbit-averaging.
In this work, we have used K = (E,Λ, Pϕ) to label

electron orbits where

E = mev
2

2
, (5)

Λ =
µB0

E =
B0

B

v2
⊥
v2
, (6)

Pϕ = −e

(
ψ +

RBϕ
Ωe

v∥

)
. (7)

Here, me is the electron mass, e is the elementary charge,
v is the electron velocity, B is the magnetic field strength,
R is the major radius, Bϕ is the toroidal magnetic field, ψ
is the poloidal flux (per radian) and Ωe = −eB/me is the
algebraic angular cyclotron frequency. v∥ and v⊥ are the
velocity parallel and perpendicular to the magnetic field,
respectively. E is the kinetic energy which equals the total
energy in this work since we did not consider electrostatic

potential. Λ is the pitch angle variable. B0 is the toroidal
field at the machine center (R0 = 0.36 m in this work) in-
troduced to make the variable Λ dimensionless. Pϕ is the
toroidal angular momentum. The absolute value of the Ja-
cobian J for this choice of coordinates is, beside the phys-
ical and numerical constants,

J ∝ E
Ω0ωt

, (8)

where Ω0 = eB0/me. ωt is the poloidal transit angular fre-
quency defined by 2π divided by the time for the particle to
complete a single poloidal orbit. To label the orbit, we also
use the parallel velocity sign σ = v∥/|v∥| = ±1 as necessary.

In the present work, we considered electron transport
under vertical field with positive decay index that is called
the trapped particle configuration (TPC). Figure 1 shows
the poloidal flux contours and the electron orbits under this
poloidal field configuration. The corresponding simula-
tion domain in K-space is shown in Fig. 2. Note in the
absence of closed flux surfaces, the only closed passing
orbits are the ones where parallel streaming and ∇B-drift
are in the opposite directions (σ = −1 for a standard TST-
2 discharge). There are two types of domain boundary.
One is the boundary beyond which there is no orbit for
the given K-value. The boundary corresponds to the stag-
nation orbit. We imposed the no-flux boundary condition
(n · ΓK = 0 where n is the vector normal to the bound-
ary) at this boundary. The other type of the boundary is
given by the orbits touching the limiter at the top, bottom,
inner and outer side of the plasma. Since we consider a

Fig. 1 The poloidal flux contours of the TPC used in this work.
Electron orbits with the turning point coinciding with the
EC resonance layer at midplane are also shown. The en-
ergies are for the vertical field strength of 1 mT at R =
0.33 m. Blue solid: 0.1 keV, green dashed: 1.0 keV, red
dash-dotted: 3.0 keV, cyan dash-three-dotted: 4.8 keV.
Ωe: cyclotron resonance layer.
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Fig. 2 The simulation domain in K-space for the TPC. (x, y, z) =
(E,Λ, Pϕ).

regime where diffusive transport by ECH is dominant, the
Dirichlet boundary condition with f = 0 was used at lim-
iter boundaries. We have set a finite minimum energy cut-
offwhere the distribution function was fixed at finite values
with the Dirichlet boundary condition. The implication is
discussed in Sec. 2.3.

2.2 Orbit-averaged transport coefficients
Electron acceleration from the room temperature dur-

ing ECH breakdown requires non-linear description of
wave-particle interactions [18, 19]. In this work, however,
we focus on electron transport at ≳100 eV that are expected
to be better described with the conventional quasi-linear
theory. To analyze breakdown in the small TST-2 device,
we assume that EC waves reflect multiple times at the
wall that the wave field intensity is homogeneous and the
wavenumber vector and the polarization is isotropic [20].
The quasilinear diffusion coefficients are given to lowest
order by (Appendix A)

D⊥⊥ =
πe2

4m2
e

A

(
1 − k∥v∥

ω

)2 c
ω

1
|v∥|

, (9)

D∥⊥ =
πe2

4m2
e

A

(
1 − k∥v∥

ω

)
k∥v⊥
ω

c
ω

1
|v∥|

, (10)

D∥∥ =
πe2

4m2
e

A

(
k∥v⊥
ω

)2 c
ω

1
|v∥|

, (11)

when

|v∥| ≥
∣∣∣∣∣ω + lΩe

k

∣∣∣∣∣ , (12)

and zero otherwise. Here,

A =
1
4

(
k∥
k
+ 1

)
E2

ECJl−1(z)2, (13)

k∥ =
ω + lΩe

v∥
, (14)

k⊥ =
√

k2 − k2
∥ , (15)

z =
k⊥v⊥
Ωe

, (16)

c is the light speed, ω is the EC wave angular frequency
and k = ω/c is the wavenumber. EEC is the rms amplitude
times

√
2 (=amplitude for monochromatic waves) of the

EC waves. Jl(z) is the Bessel function of the first kind and
l (= 1, 2, 3, . . .) is the cyclotron harmonic number.

The inductive electric field generates velocity space
convection that can be introduced perturbatively with the
velocity space flow

u = −eEI

me
, (17)

where

EI =
Vl

2πR
ϕ̂, (18)

is the inductive electric field, Vl is the loop voltage and ϕ̂
is the unit vector in the toroidal direction. Note that finite
loop voltage implies that the poloidal flux ψ changes in
time: Vl = 2π∂ψ/∂t. Since the Pϕ evolution due to v∥ ac-
celeration and that due to the ψ evolution cancel with each
other, uPϕ = 0 from the inductive electric field.

2.3 Breakdown characteristic analysis
We have solved for the steady-state orbit-averaged

electron distribution function in the presence of ECH and
inductive electric field under the initially applied poloidal
field configuration. The low energy boundary of the simu-
lation domain was set at 10 eV and the boundary value was
fixed at the initial condition with the Dirichlet boundary
condition. This treatment is similar to the earlier analyt-
ical work [21] where ionization was assumed to produce
electrons at negligibly small energy.

Breakdown characteristics were analyzed by evaluat-
ing the global particle number growth rate using the distri-
bution function solution. The ionization growth rate was
evaluated by taking the ionization frequency moment of
the distribution function. The experiment was performed
with D2, but we used H2 ionization cross-section for the
present calculations since the ionization rates for H2 and
D2 coalesce when the average electron energy is above
tens of eV [22], which was the parameter range of inter-
est in this work. Particle flux out of the limiter boundary
was taken to be the loss rate. The parameter boundary for
successful breakdown was estimated from the condition
where the net growth rate was high enough for the parti-
cle number to grow to a sufficiently large value within the
discharge duration. That is, for breakdown to occur within
the discharge duration τ,

exp(ντ) > G, (19)

ν >
ln G
τ
≡ νthr, (20)

where ν is the net particle number growth rate. G = 1016

was assumed for the results presented in this paper.
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We did not consider detailed variation of the CS gen-
erated poloidal field in space and time and assumed uni-
form loop voltage in this work. We have also assumed that
ψ was constant in time even when the loop voltage was fi-
nite, which neglected the small pinching effect that would
accompany the ψ evolution in time.

3. Experimental Setup
The TST-2 spherical tokamak device (R0 = 0.36 m,

a = 0.23 m, Bt0 < 0.3 T, Ip < 0.12 MA) is a spherical
tokamak located at the University of Tokyo [23]. The CS
is powered simply by discharges of capacitor banks and
the waveform is fixed. The loop voltage is <5 V (inductive
electric field 2.2 V/m at R0 = 0.36 m) for typical Ohmic
discharges. The machine is equipped with 5 kW ECH
at 2.45 GHz. The launched polarization is X-mode for
standard operation, but the EC waves reflect many times
in the vessel that the launched polarization has been ob-
served to have little effect on plasma start-up [20]. For
all experimental results presented in this paper, the fill-
ing gas species was D2 and the toroidal field strength was
B0 = 0.080 T at R0 = 0.36 m, which placed the fundamen-
tal EC resonance layer at REC = 0.33 m.

4. Analysis of Plasma Breakdown
4.1 Fast electron transport under pure EC

diffusion
We first analyzed pure EC breakdown under the TPC

(Fig. 1). The simulated time evolution of the global mean
energy is shown in Fig. 3. The parameters were B0 =

0.080 T (EC resonance radius REC = 0.33 m), vertical field
strength Bv = 1.0 mT (at the midplane, R = REC = 0.33 m),
EEC = 1.0 kV/m and no loop voltage (Vl = 0 V). The initial
distribution was uniform except in the E direction where it
was 20 eV Maxwellian distribution. It can be seen that the

Fig. 3 The time evolution of the global mean electron energy at
Bv = 1.0 mT, EEC = 1.0 kV/m and Vl = 0 V.

solution is mostly converged at 0.1 ms. Here, we took the
solution at 1.0 ms as the steady-state electron distribution
function. The poloidal profile of the mean energy calcu-
lated from the steady-state distribution function is shown
in Fig. 4. Energetic electrons in the keV range were present
on the low field side of the cyclotron resonance layer. The
mean electron energy was the highest near the outer lim-
iter where electrons with large orbit width were expected
to be present. The H2 ionization rate profile is shown in
Fig. 5. In contrast to the energy distribution, the ionization
rate peaked strongly at the cyclotron resonance layer even

Fig. 4 The poloidal profile of the mean electron energy. Bv =

1.0 mT, EEC = 1.0 kV/m and Vl = 0 V. Ωe: cyclotron
resonance layer.

Fig. 5 The poloidal profile of the ionization rate normalized to
the total number of electrons. Bv = 1.0 mT, EEC =

1.0 kV/m and Vl = 0 V. Ωe: cyclotron resonance layer.
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Fig. 6 The slice of electron distribution function at Λ = Λc (col-
orbar, log10 f ) and the boundary loss (red arrows) in K-
space. (x, y, z) = (E,Λ, Pϕ).

in the presence of fast electrons with large orbit deviation
from the flux surfaces. The present calculation is not self-
consistent because collisions including ionization were not
considered in the kinetic equation. However, since ion-
ization was strongly localized at the EC resonance where
electron acceleration started, we expect the self-consistent
solution to be not qualitatively different from the present
solution. This point is discussed further in Sec. 5.

The electron flux out of the limiter boundary is shown
with red arrows in Fig. 6. The loss was strongly localized
at the critical pitch angle

Λ = Λc ≡
B0

BEC
=
Ω0

ω
, (21)

where BEC = ωme/e is the magnetic field strength at the
EC resonance. At this pitch angle, the orbit turning point
coincides with the cyclotron resonance layer, resulting in
strong cyclotron interaction. The strongest acceleration
path is electrons starting from around the stagnation orbit
at the resonance layer (Fig. 1, blue curve), and accelerated
with the turning point mostly fixed at the same location.
Such an orbit evolution is shown in Fig. 1. It can be seen
that 4.8 keV electrons have large orbit deviation that they
intersect with the outer limiter. This is consistent with the
mean energy profile of Fig. 4 that shows electron energy
increasing up to ∼4 keV towards the outer limiter.

The parameter boundary for successful breakdown
was estimated numerically as explained in Sec. 2.3 and
compared with the TST-2 experimental results. The
overview of the TST-2 discharge waveforms for the EC
breakdown experiments are shown in Fig. 7. ECH power
was applied under constant toroidal and poloidal fields.
The poloidal flux contours were shown in Fig. 1. The
vertical field decay index was −R∂ ln Bz/∂R = 0.47 at
REC = 0.33 m. Plasma generation was monitored by the
visible radiation measured by the fast camera as shown in
Fig. 7 (d). It can be seen that breakdown occurred more
easily at lower ECH power at the present parameter range.

Fig. 7 Overview of the time traces of pure EC breakdown dis-
charges. The neutral (D2) pressure was 2.4 mPa. (a)
Toroidal field strength at R0 = 0.36 m (b) vertical field
strength at REC = 0.33 m (c) ECH power (d) visible radia-
tion measured by the fast camera. Black solid: 4 kW ECH
power. Breakdown occurred around 25 ms. Red dashed:
2 kW ECH power. Breakdown did not occur within the
20 ms ECH pulse.

Fig. 8 The breakdown phase diagram in terms of the ECH
power/field intensity and the neutral pressure. The ver-
tical field strength was 1.1 mT and the decay index was
0.47 at REC = 0.33 m. Black symbols (left axis) are the
experimental results and the red curve (right axis) is the
simulated breakdown boundary. Circles: breakdown oc-
curred within 10 ms, crosses: breakdown did not occur
within 10 ms.

The phase diagram for successful breakdown in terms of
the ECH power and the neutral pressure is shown in Fig. 8.
The vertical field strength was 1.1 mT for these discharges.
Discharges where breakdown occurred within 10 ms of the
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start of the ECH pulse was marked as “successful”. It can
be seen that the high ECH power limit increased with neu-
tral pressure. The simulated breakdown boundary is shown
with the red curve in Fig. 8. The ionization cross-section
for H2 was used for the calculation as described earlier.
Since D2 ionization rate is about 6% higher at ≲9 eV [22],
the breakdown boundary curve may move downwards by
the same percentage at such low energy. Since the av-
erage electron energy was at least several 100 eV in the
present simulation, the difference between the H2 and D2

ionization rates are expected to be negligible. Note the net
growth rate threshold (20) for breakdown within 10 ms is
νthr = 3.7 × 103 s−1. The simulation is in the right ballpark
if we assume that 1 kW total ECH power corresponds to
the EC electric field intensity (E2

EC) of 0.3 (kV/m)2.
Figure 9 shows the breakdown phase diagram in terms

of the ECH power and the vertical field strength. The
numerically estimated boundary for breakdown is shown
with the red curve with the same scaling as in Fig. 8 (1 kW
corresponds to 0.3 (kV/m)2). The high ECH power limit
for breakdown increased at higher vertical field strength
both in the simulation and the experiment. It can be seen
that the high ECH power limit for breakdown increased
rapidly above the vertical field strength of 0.5 mT. The
maximum confined electron energy for the kind of orbits
shown in Fig. 1 scales as E ∝ B2

v [24]. In the simulation,
the electron diffusion path became longer as the vertical
field strength was increased, resulting in reduced loss and
higher ECH power limit.

Fig. 9 The breakdown phase diagram in terms of the ECH
power/field intensity and the vertical field strength. The
neutral pressure was 2.5 mPa for the simulation and 2.5±
0.2 mPa for the experimental points. Black symbols (left
axis) are the experimental results and the red curve (right
axis) is the simulated breakdown boundary. Circles:
breakdown occurred within 10 ms, crosses: breakdown
did not occur within 10 ms.

4.2 Fast electron transport under EC diffu-
sion and loop voltage

The impact of low loop voltage on EC breakdown was
analyzed. The simulated loss and ionization rate depen-
dence on the EC wave field intensity at the uniform and
constant loop voltage of 1.0 V (0.48 V/m at R = REC =

0.33 m) is shown in Fig. 10. It can be seen that the loss rate
increased monotonically with the ECH power in the pres-
ence of loop voltage, similarly to the result without loop
voltage (Vl = 0) that is linear to the EC field intensity. It
can be seen that the ionization rate varied little with the EC
field intensity. This is because the average electron energy
is in the several 100 eV range for all EC field intensities
considered and the ionization rate is saturated. Breakdown
is predicted to be possible only when the loss rate is suf-
ficiently smaller than the ionization rate. The loss rate at
Vl = 1.0 V was smaller than that without loop voltage. This
can be understood from the change in the Λ distribution
shown in Figs. 11, 12. The inductive electric field drives
parallel flow in the negative Λ-direction (smaller pitch an-
gle). The effect can be seen as the change of the Λ profile
of the distribution function that shows a broader peak at
Λ = Λc with loop voltage. Because the electrons were
driven off the strong ECH diffusion path at Λ = Λc, the
fast electron confinement time increased when small loop
voltage was applied.

The numerically estimated breakdown boundaries
were compared with the TST-2 experimental results. The
overview of the TST-2 discharge waveforms for the break-
down experiments with ECH and loop voltage is shown
in Fig. 13. The loop voltage was Vl ∼ 1.0 V. Because
of the limitation in the PF coil current control system, we
could keep only the vertical field strength at the constant
value of 1.0 mT. The decay index was 0.47 (the value
for pure EC breakdown experiments in Sec. 4.1) 4 ms af-

Fig. 10 The limiter loss and ionization rate dependence on the
EC wave field intensity. Red solid: outer limiter loss
rate at Vl = 1.0 V, red dashed: outer limiter loss rate at
Vl = 0 V, black dotted: ionization rate at 1 mPa (Vl =

1.0 V).
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Fig. 11 The electron distribution function sliced at constant Pϕ

in K-space (colorbar, log10 f ) at Vl = 0 V. The bound-
ary loss is shown with the red arrows. (x, y, z) =
(E,Λ, Pϕ).

Fig. 12 The electron distribution function sliced at constant Pϕ

in K-space (colorbar, log10 f ) at Vl = 1.0 V. The
boundary loss is shown with the red arrows. (x, y, z) =
(E,Λ, Pϕ).

ter the start of the ECH pulse and decreased to zero after
10 ms (Fig. 13 (c)). It is likely that the decreasing decay
index had an effect of reducing the ECH power limit (mak-
ing breakdown more difficult) than what would have been
for constant decay index. The breakdown phase diagram
with loop voltage in terms of the ECH power and the neu-
tral pressure is shown in Fig. 14. It can be seen that high
ECH power limit increased with neutral pressure, similarly
to the case without loop voltage (Fig. 8). The simulated
breakdown boundary with loop voltage is shown with the
red solid curve. The simulation without loop voltage is
also shown with the red dashed curve for comparison. Be-
cause convection driven by the inductive electric field re-
duced the loss, the high ECH power limit for breakdown
was predicted to increase with loop voltage. In the exper-
iment, however, the high ECH power limit was somewhat
lower than the pure ECH case, possibly due to the subopti-
mal poloidal field structure in the experiment as explained

Fig. 13 Overview of the time traces of the discharge with ECH
and ∼1.0 V loop voltage. The neutral (D2) pressure was
2.0 mPa. The vertical field strength was ∼1.0 mT. The
vertical field decay index was positive up to 22 ms in-
dicated by the vertical lines. The visible radiation jump
around 18 ms is due to closed flux surface formation.
(a) Toroidal field strength at R0 = 0.36 m (b) vertical
field strength at REC = 0.33 m (c) vertical field decay in-
dex (d) loop voltage (e) ECH power (f) visible radiation
measured by the fast camera.

above. Observation of breakdown improvement with loop
voltage may require careful control of the time evolution
of the poloidal field structure.

5. Discussion
The ECH breakdown characteristics were interpreted

in terms of the change in the ECH driven orbit diffusion
loss where the effect of loop voltage was introduced per-
turbatively. The effect of neutral collisions was considered
only in the post-processing of the distribution function so-
lution where the ionization rate was calculated. It may be
surprising that such a simplified model could capture the
experimental trend. The differential cross-section to pro-
duce electrons above E ∼ 10 eV by impact ionizations with
an H2 molecule decreases as ∼1/E2 [25]. Therefore, the
electron source from ionization is expected to be concen-
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Fig. 14 The breakdown phase diagram in terms of the ECH
power/field intensity and the neutral pressure with loop
voltage. The loop voltage was 1.0 V and the vertical
field strength was 1.0 mT (at REC = 0.33 m) in the sim-
ulation. The values for the experiment are shown in
Fig. 13. Black symbols (left axis) are the experimental
results and the red solid curve (right axis) is the sim-
ulated breakdown boundary at Vl = 1.0 V. The red
dashed curve shows that without loop voltage (Vl = 0)
for comparison. Circles: breakdown occurred within
10 ms, crosses: breakdown did not occur within 10 ms.

trated at ≲10 eV. In addition, nonlinear ECH [18, 19] is
expected to easily accelerate electrons produced at ≲10 eV
to above the ionization energy. As long as we can assume
that ∼10 eV electrons are always present around the cy-
clotron resonance layer (Fig. 5), the mean energy of elec-
trons is expected to be well above the ionization energy
in the high ECH power and low neutral pressure regime.
At such a condition, the net ionization rate is saturated
near the maximum value that it varies little with param-
eter change (Fig. 10, black dotted curve). If the dominant
transport loss channel in the TPC is the ECH driven orbit
diffusion loss, the present model would capture the experi-
mental trend. Neutral collisions may decrease the loss rate
by moving the electrons off the strong ECH diffusion path,
or increase the loss rate by scattering the electrons into the
loss orbits. In either case, the collisional effect is expected
to become subdominant in the high ECH power and low
neutral pressure regime, which is of our primary interest in
the present work. This is in contrast to pure Ohmic break-
down where the mean electron energy is around the H2

ionization energy of 15.4 eV at parameters near the break-
down boundary, especially at low loop voltage. Detailed
neutral collision dynamics, including elastic scattering, ex-
citation and ionization, is of critical importance under such
a condition.

Experimentally, the positive effect of vertical field was
not observed at very small decay index (∼0.05) [10]. This
can be understood to be because of the vanishingly thin
closed-orbit domain in the Λ-direction. Such a depen-
dence cannot be simulated quantitatively accurately with

Fig. 15 The simulated breakdown threshold neutral pressure at
the vertical field decay index of 0.28 (PF2:PF3=9:1),
0.42 (PF2), 0.47 (PF2:PF3=1:1), 0.56 (PF1:PF2=8:2)
and 0.79 (PF1). The ECH field intensity was 1 (kV/m)2,
the loop voltage was 1.0 V, and the vertical field strength
was 1.0 mT (at REC = 0.33 m).

the present simulation since collisions are neglected and
electron transport in the Λ-direction is likely underpre-
dicted. Figure 15 shows the simulated dependence of the
breakdown threshold pressure on the vertical field decay
index. It can be seen that the threshold pressure depends
only weakly on the decay index. This was because electron
transport was mostly in the energy direction and steady-
state was reached when the EC wave diffusion and losses
from the outer limiter was balanced; the closed-orbit do-
main structure and transport in theΛ-direction did not mat-
ter. The threshold pressure increased slightly at higher de-
cay index in this model. The scan was performed with the
vertical field strength at the EC resonance (R = 0.33 m)
fixed, so for higher decay index, the vertical field was
weaker on the low-field side of the EC resonance. This re-
sulted in greater orbit expansion at higher energy for high
decay index that led to higher loss and higher threshold
pressure. At the smallest decay index, top/bottom limiter
losses start to increase, but the present model may not be
quantitatively accurate in this parameter range. Overall,
as long as the decay index is greater than ∼0.3, we expect
that the breakdown characteristics do not depend strongly
on the decay index.

The present work shows that application of the verti-
cal field with the correct structure (positive decay index,
i.e., TPC) is beneficial for breakdown. Theoretically, there
is no upper limit to the vertical field strength, as long as
convection by the inductive electric field is subdominant
to ECH diffusion. This is not surprising considering the
fact that ECH is routinely used for plasma production in
stellerators [18]. In a tokamak, however, closed flux sur-
face formation at low plasma current prefers low vertical
field strength. High vertical field strength is not only un-
necessary, but detrimental since it delays closed flux sur-
face formation. In a pure Ohmic start-up, the optimum ver-
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tical field strength has been observed to be around ∼0.5 mT
in the direction required for force balance of the plasma
current [4]. The optimum vertical field strength for an ECH
assisted start-up depends on the machine size and the ECH
power, but it is not expected to be much higher than a few
mT since keV electrons are already confined at this value
under the TPC.

6. Conclusions
The global electron distribution function during

breakdown under the open field-line trapped particle con-
figuration (TPC) was obtained by solving for the steady-
state solution of the orbit-averaged kinetic equation. Dif-
fusive transport driven by ECH and convective transport
driven by inductive electric field was considered. The
boundary for successful breakdown was estimated by eval-
uating the global ionization rate and the transport loss rate
out of the limiter using the steady-state distribution func-
tion solution. The high ECH power limit for breakdown in-
creased linearly with neutral pressure for pure ECH break-
down. The dominant loss channel was ECH driven orbit
diffusion out of the outer limiter. The electron acceleration
path started from a stagnation orbit at the EC resonance
layer. The electron orbit expanded to the low-field side
while the orbit turning point mostly stayed at the EC reso-
nance layer, until the orbit intersected with the outer limiter
where the electrons were lost. Increasing the vertical field
strength increased the maximum energy of the confined
electrons, which, in turn, increased the ECH power limit.
These simulated trends were consistent with the TST-2 ex-
perimental results. Application of loop voltage in the sim-
ulation did not qualitatively change the breakdown charac-
teristics from the pure EC breakdown case for the inductive
electric field of up to 0.48 V/m, which is the typical range
of low voltage Ohmic start-up experiments. The numerical
simulation showed that the loss rate was smaller with loop
voltage since the electrons were convected off the strong
ECH acceleration path along the critical pitch angle. In
the experiment, on the other hand, breakdown was slightly
more difficult with loop voltage but this may be due to the
suboptimal poloidal field structure.

Appendix A. The EC Quasilinear Dif-
fusion Coefficients

At non-relativistic velocities, the quasilinear diffusion
coefficients for species with charge q and mass m are given
by [26]

D⊥⊥ =
πq2

m2

1
2

∫
dk

(2π)3

|ψk |2
V

(
1 − k∥v∥

ω

)2

· δ(ω − k∥v∥ − lΩ), (A.1)

D∥⊥ = D⊥∥ (A.2)

=
πq2

m2

1
2

∫
dk

(2π)3

|ψk |2
V

k∥v⊥
ω

(
1 − k∥v∥

ω

)

· δ(ω − k∥v∥ − lΩ), (A.3)

D∥∥ =
πq2

m2

1
2

∫
dk

(2π)3

|ψk |2
V

(
k∥v⊥
ω

)2

· δ(ω − k∥v∥ − lΩ), (A.4)

where, for monochromatic frequency,

1
2

∫
dk

(2π)3

|Ek |2
V
= ⟨E2⟩. (A.5)

We take the z-axis in the background magnetic field direc-
tion, the wavenumber to be in the x-z plane and ŷ = ẑ × x̂.
Defining the wave propagation direction θ as k · B/B =
cos θ and the linear polarization angle from the x-axis as α,
the electric field can be written

Ek ∝


cosα cos θ

sinα

− cosα sin θ

 . (A.6)

For an isotropic wavenumber spectrum with k = ω/c, the
E− (right hand circularly polarized electric field) integral
term becomes

1
2

∫
dk

(2π)3

|E−k |2

V
(A.7)

→ N 1
2

∫
dα
2π

dk
(2π)3

δ
(
k − ω

c

)
· 1

2
(cos2 α cos2 θ + sin2 α). (A.8)

The normalizationN can be written in terms of the electric
field amplitude EEC

N 1
2

∫
dα
2π

dk
(2π)3

δ
(
k − ω

c

)
= ⟨E2⟩ =

E2
EC

2
. (A.9)

Noting dk = 2πk2dk d(cos θ), we obtain

D⊥⊥ =
πe2

4m2
e

A

(
1 − k∥v∥

ω

)2 c
ω

1
|v∥|

, (A.10)
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πe2

4m2
e
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(
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ω

)
k∥v⊥
ω

c
ω

1
|v∥|

, (A.11)

D∥∥ =
πe2

4m2
e

A

(
k∥v⊥
ω

)2 c
ω

1
|v∥|

, (A.12)

when ∣∣∣∣∣∣ω + lΩe

kv∥

∣∣∣∣∣∣ = | cos θ | ≤ 1, (A.13)

and zero otherwise. A is as defined in the main section.
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