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We investigated effects of the local helical magnetic field on the plasma vertical position to suppress Vertical
Displacement Event (VDE) in TOKASTAR-2. Conditions for VDE occurrence were investigated on the vertical
plasma position and the current of coils for elongating the plasma, with and without the helical field, and no clear
effects of the helical field were observed. Even though the helical coil currents were increased and the plasma
vertical position were adjusted, the existing local helical coils were not effective to stabilize the plasma vertical
position, resulting in the plasma current quench. We evaluated the effective radial field, which is expected to sta-
bilize the plasma vertical position, using magnetic field line trace calculation. We found that the distribution and
magnitude of the effective radial field generated by the existing helical coils were not appropriate for stabilization
of the plasma vertical position. We designed new local helical coils consisting of triangular coils located on the

upper and lower sides of the plasma. The new coils can generate the effective radial magnetic field, which is

expected to stabilize the plasma vertical position.
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1. Introduction

Elongated plasmas are suitable for achieving the high
beta values and good confinement in tokamaks but suf-
fer from vertical positional instabilities leading to Verti-
cal Displacement Event (VDE). In general, plasma ver-
tical positions are controlled by shell effects of the con-
ducting walls near the plasma and active feedback systems
using axisymmetric coils. On the other hand, helical mag-
netic field is thought to provide improved positional stabil-
ities. The stabilization of the plasma positions by applying
the helical field to the tokamak plasmas has been shown
in some devices [1-3]. For example, stabilization of the
plasma vertical position with the high plasma elongation
(x ~ 2) using a continuously-wound helical coil was shown
in Ref. [3].

TOKASTAR-2 is a tokamak-helical hybrid device
with local helical magnetic field coils. One of the main
objectives is stabilization of the plasma position using the
local helical coils. The shape and arrangement of the he-
lical coils are simple; they are divided to outside helical
coils and upper and lower helical coils. It is easier to install
local helical coils in tokamak devices than continuously-
wound helical coils. Figure 1 shows the coil systems of
TOKASTAR-2. The tokamak and helical coil systems can
be operated independently or simultaneously. The heli-
cal coil system consists of two HF (Helical Field) coils in
parallelogram shape, four AHF (Additional Helical Field)
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Fig. 1 Coil systems of TOKASTAR-2.

coils in fan shape and two circular VF (Vertical Field)
coils. The HF coils are located on the low-field side while
the AHF coils are mounted on upper and lower sides of the
plasma. They were designed so that the closed magnetic
surfaces are generated without the plasma current. The
tokamak coil system consists of three-block OH (Ohmic
Heating) coils and two PVF (Pulse Vertical Field) coils and
two SC (Shape Control) coils. The PVF coils are located
on the low-field side and used to generate a varying verti-
cal field for the tokamak equilibrium. The SC coils are lo-
cated on the upper and lower sides of the plasma to vary the
plasma elongation and study the vertical stability of elon-
gated plasmas. The SC coils were installed in the Spring
of 2016 while the power supply for them was completed
by the Summer of 2018. Eight TF (Toroidal Field) coils
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Fig. 2 Stabilization of the tokamak plasma position by applying
the helical field.

are used to generate a toroidal field. The VF coils are con-
nected to DC power supplies and the others are connected
to pulsed power supplies with capacitor banks in this study.

Figure 2 (a) shows elongated tokamak equilibrium and
principle of vertical positional instability. Upper and lower
axisymmetric coils generate radial magnetic field whose
direction is reversed at the equatorial plane in order to
elongate the plasma. The radial field pulls the plasma
and destabilizes the plasma vertical position. Figure 2 (b)
shows the helical vacuum magnetic surface and the stabi-
lization of the tokamak plasma position by applying the
helical field conceptually. The rotational transform of the
helical field generates the effective axisymmetric poloidal
field Bfff The effective radial magnetic field, whose di-
rection is reversed at the equatorial plane, acts as restoring
force, which is expected to stabilize the plasma vertical
position [4]. In other words, this effective radial field can
cancel the radial field generated by the axisymmetric coils,
which destabilizes the plasma vertical position. Moreover,
the effective vertical field can stabilize the plasma horizon-
tal position.

The effect of the helical field application on the
plasma horizontal position was observed with magnetic
field measurements [5,6] and with a high-speed camera [7]
in TOKASTAR-2. In this paper, we investigate effects of
the helical field application on the plasma vertical position
to suppress VDEs.

2. Experiments

To study the effect of the helical field, the local helical
field was applied on the tokamak plasmas. No feedback
control system for the plasma position was used and the
coil currents were pre-programmed with the power sup-
plies with capacitor banks or DC power supplies. In this
study, HF coils and AHF coils were connected in series.
The number of turns of the HF coils and the AHF coils
are 98 turns and 126 turns respectively and then the ratio
of the coil currents (Aturns) between the AHF coils and
the HF coils is 126/98 ~ 1.286. The upper or lower VF
coil was used to generate the radial, not vertical, field to
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Fig. 3 A typical waveform of the coil currents.

adjust the plasma vertical position slightly. The upper VF
coil was used to move the plasma vertical position upward,
while the lower VF coil was used to move it downward.
The time constants of the helical coil current and the TF
coil current are much larger than those of the PVF coils,
OH coils and SC coils. Figure 3 shows a typical waveform
of those coil currents. In this case, the peak SC coil cur-
rent of ~4 kAturns was obtained for the charging voltage
of the SC coils of 0.28 kV. The sequence is as follows. (1)
Stationary VF coil current starts to rise at the end of charg-
ing the capacitor banks, (2) The helical coil current and
TF coil current start to rise, (3) An RF wave (2.45 GHz)
is injected for the pre-ionization with electron cyclotron
resonance heating (ECRH). (4) The OH coil current and
PVF coil current start to rise to drive the plasma current
at the flat top of the helical coil current and the TF coil
current. The helical coil current and TF coil current are
quasi-stationary during the plasma discharges. (5) The SC
coil current start to rise to increase the plasma elongation.
In this study, nitrogen was used as the working gas. We
scanned the charging voltages of capacitor banks for the
PVF coils (VpyE), the SC coils (Vsc), the helical (HF and
AHF) coils (Vigiical) and the VF coil current (Iyr) to adjust
the plasma horizontal position, the plasma elongation, the
magnitude of the helical field and the plasma vertical po-
sition, respectively. The plasma position and shape were
estimated by the filament method based on external mag-
netic measurements [6]. In this paper, the plasma horizon-
tal and vertical position are evaluated as the position of the
current centroid obtained by the filament method. The po-
sition and shape of the tokamak plasmas with the helical
field were obtained ignoring the three-dimensionality of
the plasma current distribution, using the fields measured
with probes located at a single toroidal location, together
with flux loops. We confirmed the validity of the filament
method by comparing the plasma positions obtained by it
with images measured with a high-speed camera. The re-
sults of the filament method were in good agreement with
the camera-image when the helical coil current was small,
for example the HF coil current was 2.6 kAturns, while the
difference of the results between the filament method and
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Fig. 4 Time evolution of the plasma current I;,, the plasma hor-
izontal R; and vertical Z; positions and the elongation «
for three values of V¢ with (a) downward VDEs and (b)
upward VDE:s in the case without the helical field.

the camera-image became larger as the helical coil current
was increased.

We investigated the dependence of the vertical stabil-
ity and the plasma elongation on the magnitude of the mag-
netic field generated by the SC coils. Figure 4 shows time
evolution of the plasma current I,, the plasma horizontal
position Ry, the vertical position Z; and the elongation «
for three values of Vsc (= 0.12, 0.20, 0.28kV) without
the helical field. We selected the appropriate plasma dis-
charges with almost the same plasma positions in each V¢
from discharges obtained by changing the current of the
PVF coils and the VF coils. Figures 4 (a) and (b) show
the plasma discharges with downward VDE and upward
VDE, respectively. In Fig. 4 (a) we moved the plasma ver-
tical position downward slightly, while in Fig.4 (b) we
moved it upward slightly. The vertical position was sta-
ble when the Vgc was small (0.12kV), while VDEs were
caused by the vertical positional instability when Vgc was
increased (0.20, 0.28 kV). Plasma current quenches were
also observed. In upward-VDE discharges, moving back
to the equatorial plane after VDEs was observed. This
phenomenon was observed in downward VDEs when we
reversed the direction of the toroidal field, and thus we
consider this is caused by the error field of the TF coils.
Figure 5 (a) shows the vertical position as a function of
the elongation of the plasma discharge in Fig.4 (a) with
Vsc = 0.28kV. The plasma was almost at the equatorial
plane while the elongation increased gradually to ~1.05.
The VDE occurred after the elongation increased to ~1.05,
and then the elongation increased rapidly during the VDE.
Figure 5 (b) shows an enlarged view of the plasma verti-
cal position and the plasma current of the same discharge.
As shown in Fig. 5 (b), the plasma current quench occurred
after the VDE, typically when the plasma vertical dis-
placement from the equatorial plane exceeded 0.04 m. The
plasma current quench rate was higher than 100 MA/s.

() 0.02 e g e
0.00F
0.02f
* -0.04F
-0.06
-0.08k
0.

Z;[m]

w/o Helical

#12006

I, quench

Vse —O28kV
L

76 1578 1580 1582
Time [ms]

Fig.5 (a) The vertical position as a function of the elongation
and (b) the enlarged view of Fig. 4 (a) for Vsc = 0.28kV.
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Fig. 6 The plasma vertical position before VDEs as a function
of the SC coil current, Isc, in the case without the helical
field. The blue, red and green symbols denote plasma
discharges with upward VDEs, downward VDEs and no
VDEs, respectively.

Figure 6 shows the plasma vertical position before
VDEs as a function of the SC coil current, Isc, in the case
without the helical field. The vertical axis is the plasma
vertical positions evaluated by averaging the vertical po-
sitions from the start-up of the discharges until the VDE
occurrence. We defined the time when the VDEs occurred
as the time when the plasma vertical positions move by
+0.01 m from the averaged vertical positions. The five val-
ues of Vsc (= 0.12, 0.16, 0.20, 0.24, 0.28 kV) were used.
The SC coil currents were evaluated as the values when the
VDE:s occurred in discharges with VDE while as the max-
imum values in discharges without VDE. The direction
of VDEs depends on the plasma vertical position before
VDEs. Upward VDEs occurred when the plasma vertical
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Fig. 7 Time evolution of the plasma current I;,, the plasma hor-
izontal R; and vertical Z; positions and the elongation «
for three values of V¢ with (a) downward VDEs and (b)
upward VDEs in the case with the helical field. The HF
coil current was ~2.6 kAturns.

position was above the equatorial plane, while downward
VDESs occurred when the plasma vertical position was be-
low it. In the case with small Isc (~2.6 kAturns), no VDEs
occurred when the plasma vertical position was close to
the equatorial plane, while VDEs occurred when it was
far from the equatorial plane. On the other hand, in the
case with large Isc (> 3 kAturns), VDEs occurred even
when the plasma vertical position was close to the equato-
rial plane.

Next, we investigated the effect of the helical mag-
netic field on the plasma vertical positions by applying it
on the tokamak plasmas. Figure 7 shows time evolution of
the plasma current, the plasma horizontal and vertical po-
sitions and the elongation for three values of Vgc (= 0.12,
0.20, 0.28 kV) with the helical field. The HF coil current
Iyr was ~2.6 kAturns. The same as the case without the
helical field, Fig. 4, the vertical position was stable when
the Vsc was small, while VDEs were caused when Vgc was
increased. We tried to stabilize the plasma vertical position
with the stronger helical magnetic field, and we increased
the charging voltage of the capacitor banks for the helical
coils. Figure 8 shows the plasma vertical position Z; be-
fore VDEs as a function of the maximum of plasma current
in each strength of the helical magnetic field for a low value
of Vsc (= 0.12kV). The Iyr was 0 kAturns (without the he-
lical field), ~2.6 kAturns, ~5.2 kAturns and ~7.8 kAturns.
When Igg was ~2.6 kAturns, downward VDEs were ob-
served at Z; ~ Om, as shown by open red circles, where
no VDEs were observed when Iyg was O kAturns. VDEs
occurred in all discharges in the case with stronger helical
fields, Iyr ~5.2 kAturns and ~7.8 kAturns. Moreover, the
achievable maximum of the plasma current decreased with
the strength of the helical field. The stabilization of the
plasma vertical position was not observed even with small
Vsc and strong helical fields. From these experiments, we
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Fig. 8 The plasma vertical position before VDEs as a function
of the maximum of plasma current in each strength of the
helical magnetic field for Vsc = 0.12kV. The values in
the legend are the HF coil current, Iyr. The closed sym-
bols, the open symbols and the closed symbols with black
frames denote plasma discharges with upward VDEs,
downward VDEs and no VDE:s, respectively.

concluded that the existing helical coils are not effective to
stabilize the plasma vertical position.

3. Design of New Local Helical Coils

To investigate the reason why the existing helical coils
were not effective to stabilize the plasma vertical positions,
we evaluated the effective radial magnetic field BT gener-
ated by the helical coils, as described in Sec. 1. We eval-
uated it using magnetic field line trace calculation. In this
study, we defined B° as average of the radial field along
the magnetic field line for 27 of the toroidal angle ¢ ex-
pressed as

21 27
B =f B,ds/f ds, 1))
$=0 =0

where ds is small arc length along a magnetic field line.
Figure 9 shows an example of projection on the poloidal
plane of the magnetic field line generated by helical coils
from toroidal angle O to 2. In this case, the magnetic field
line drifts outward in the radial direction after going around
the toroidal direction. Thus, it is expected that this helical
magnetic field line acts as outward radial field, BT > 0,
effectively. The calculation point (R,y, Z,y) was defined as
the average of the position along the integration path. Each
coil was approximated as a single filament in the magnetic
field line calculations.

Figure 10 shows the radial fields generated by the ex-
isting helical coils and axisymmetric coils as a function of
the vertical coordinate Z at R = 0.12 m, which is the center
of the plasma production region. The effective radial field
by the existing helical coils are calculated with the currents
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Fig. 10 Radial fields generated by the existing helical coils and
the axisymmetric coils as a function of the vertical di-
rection at R = 0.12m.

of the HF coils, the AHF coils, the lower VF coil and the
TF coils being 2.6 kAturns, 3.34 kAturns, 0.2 kAturns and
7.5 kAturns, respectively. The radial field generated by the
axisymmetric coils was calculated with the currents of the
PVF coils, the OH coils, the SC coil and the eddy current
being 3.24 kAturns, 1.92 kA, 3.67 kAturns and 10.3 kA, re-
spectively. These coil currents are those at the peak of SC
coil current during one of the discharges shown in Fig. 7.
The eddy current induced by changes of the PVF coils, the
OH coils and the SC coils was calculated by solving the
circuit equations where the vacuum vessel was modeled
as axisymmetric toroidal conducting elements. The radial
field generated by the axisymmetric coils has a vertically
antisymmetric distribution (B, < O at Z > 0, B, > 0 at
Z < 0), which destabilizes the plasma vertical position. If
the effective radial field generated by helical coils has a
vertically antisymmetric distribution (BT > 0 at Z > 0,
Bfﬂ < 0 at Z < 0) like a dotted blue line in Fig. 10, it is
expected that it cancels the radial field generated by the
axisymmetric coils and then the plasma vertical position is
stabilized. However, the effective radial field generated by
the existing helical coils is not vertically antisymmetric and
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Fig. 11 Design of the new local helical coils. (a) Bird’s-eye
view, (b) plan view, (c) projection on the poloidal plane,
and (d) the enlarged view of (b). The center lines of the
coils are shown.

the magnitude is smaller than that generated by the axisym-
metric coils, especially at the positions far from the equa-
torial plane. Thus, the existing local helical coils do not
stabilize the plasma vertical position in the experiments.

To improve the effective radial field generated by lo-
cal helical coils, we designed new local helical coils. Fig-
ure 11 shows design of the new local helical coils. Fig-
ures 11 (a), (b), (c) and (d) show the bird’s-eye view, the
plan view, the projection on the poloidal plane and the en-
larged view of (b), respectively. The new coils consist of
two triangular coils located on upper and lower sides of
the plasma inside the TF coils. The coils were named as
Upper and Lower Triangular (ULT) coils. The difference
from the existing local helical coils, AHF coils, installed
on upper and lower sides is that the new coils have parts
oblique to, namely neither parallel nor perpendicular to,
the radial direction, which generates both radial field and
toroidal field. The angles between the parts and the radial
direction at R = 0.12m, 6; and 6, shown in Fig. 11 (d), are
6, = 38° and 6, = 54° in all the ULT coils. The shape of
the ULT coils and the values of the 8; and 6, were deter-
mined by the evaluation presented in the next paragraph.
Because it is difficult to install a large number of coils in
the limited volume inside the TF coils, the number of the
ULT coils was determined to be two on both upper and
lower sides. The currents of the two coils are opposite to
each other.

The shape of the triangular coils was determined to
generate the strong effective radial field as possible. Fig-
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Fig. 13 Effective radial field evaluated in scanning of the shape
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ure 12 shows a schematic view showing how we deter-
mined the shape of the triangular coils. We fixed one ver-
tex, A, of the upper triangle and put two sides AB and BC
so that they touch the legs of the TF coils. The toroidal
angle between A and B, 4¢,, and that between the tangent
point and C, 4¢3, are scanned within ranges without inter-
ference to the other components. The direction of the BC
changes depending on 4¢;. The shape of the lower coils is
the same as that of the upper coils and the upper and lower
coils are installed so that they are symmetrical with respect
to OA. The shape of the lower coils is also scanned the
same as the upper coils. The range of 4¢, is limited by the
interaction between the outer legs of the TF coils and the
upper coils, and that of 4¢3 is limited by the interaction be-
tween the support structure of a magnetic probe array and
one of the lower coils. We assumed the thickness of the
coils was ~0.014 m. The center line of the cross-section
of the coils was used as a single filament in the magnetic
field line calculation. Figure 13 shows the effective radial
field evaluated in scanning of the shape of the triangular
coils in Fig. 12. The effective radial field is evaluated at
(R, Z) = (0.12m, 0.07m). The effective radial field in-
creased monotonically with increase in 4¢, and A¢3. As a
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Fig. 14 Radial fields generated by the new helical coils and the
axisymmetric coils as a function of the vertical direction
atR =0.12m.

result of Fig. 13, we determined 4¢, = 60° and 4¢3 = 50°.
In Fig. 11, the center lines of the new coils are drawn using
these values. The shape of the triangular coil was deter-
mined so that the effective radial field became as strong as
possible without interference to the other components.

We calculated the effective radial field using the new
local helical coils. The blue line in Fig. 14 shows the ef-
fective radial field generated by the new local helical coils
as a function of the vertical coordinate Z at R = 0.12m.
The currents of ULT coils and TF coils are 2.6 kAturns and
7.5 kAturns, respectively, which are equal to currents of
HF coils and TF coils used in Fig. 10. The effective radial
field distribution is vertically antisymmetric, and the mag-
nitude becomes stonger rapidly as Z is closer to the upper
or lower coil, which is on the same order in comparison
to the radial field generated by the axisymmetric coils (red
line). The green solid line shows the total radial field gen-
erated by combination of the ULT coil current and the ax-
isymmetric coil current. Note that the radial field denoted
by the green line does not agree with the sum of those de-
noted by the blue line and by the red line, because the field
line traced in Eq. (1) is different. The effective radial field
generated by the ULT coils can reduce the unstable radial
field generated by the axisymmetric coils. However, the
distriution of the total radial field is still unstable to the
plasma vertical position. The green dash line shows the to-
tal radial field in the case where the ULT coil current was
increased to 5.2 kAturns. The distribution of the radial field
becomes almost stable by increasing the ULT coil current.
The effective radial field generated by the ULT coils can
reduce the unstable radial field generated by the axisym-
metric coils as the ULT coil current is increased. Thus,
it is expected that the ULT coils can stabilize the plasma
vertical postiion.

We completed the engineering design of the new tri-
anglar coils. The number of turns is 60 turns. Figure 15
shows the plan view of the new coils. The corners of the
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triangle were rounded because it is difficult to wind the
wire sharply.

4. Summary

We investigated effects of the helical field generated
by the existing local helical coils on the vertical position
of the tokamak plasma in TOKASTAR-2. Using the upper
and lower axisymmetric coils, SC coils, we generated elon-
gated tokamaks and applied the helical fields. VDEs and
plasma current quenches were observed in the case with-
out the helical field. No VDEs were observed when the
plasma position was close to the equatorial plane in the
case with the small current of the SC coils, while VDEs
occurred in any vertical positions in the case with large cur-
rent of it. This tendency was not improved when the helical
field was applied. No suppression of VDEs was observed
even though the helical coil currents were increased and
the plasma vertical position was adjusted. To investigate

the reason why the helical field was not effective to stabi-
lize the plasma vertical position, we evaluated the effective
radial field generated by the helical field. We found that
the effective radial field generated by the existing helical
coils was not vertically antisymmetric and the magnitude
was smaller than that generated by the axisymmetric coils.
We therefore concluded that we needed new local helical
coils to stabilize the plasma vertical position.

To improve the effective radial field generated by heli-
cal coils, we designed triangular coils to be installed on the
upper and lower sides of the plasma. The effective radial
field generated by the triangular coils can reduce the un-
stable field which destablizes the plasma vertical position.
We completed the engineering design of the new trianglar
coils. We will carry out experiments for the stabilization
of the plama vertical position using the new coils.
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