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ABSTRACT

Generating external radial magnetic fields and studying their effects on tokamak plasmas has
been an ongoing topic in fusion research. Experimental studies have shown that externally
applied radial magnetic fields can suppress plasma instabilities in tokamaks, particularly
tearing mode instabilities. External radial magnetic fields have been successfully implemented
in the STOR-M tokamak using (m = 2, n = 1) helical coils. However, this system can only
produce static magnetic fields. The objective of this work is to design a new coil system
capable of producing radial AC magnetic fields for improved tearing mode mitigation in
STOR-M. The new system generates phase-varying rotating modes that can be tuned to match
the natural frequency of tearing instabilities, which lies in the range of 10-30 kHz. The system
consists of 8 toroidally distributed coil sets, each comprising trapezoidal and rectangular coils
installed at different poloidal locations around STOR-M. Analytical modeling and numerical
simulations have been conducted to determine the coil inductance, radial magnetic field
distribution, and the resulting poloidal and toroidal mode spectra. Magnetic fields were
calculated using the Biot-Savart law, and Fourier-based modal analysis was applied to identify
dominant and sideband modes. A driving circuit consisting of an underdamped series RLC
configuration and an H-bridge switching circuit was also analyzed to assess its capability to
deliver stable high-frequency AC currents. The results show that the new coil system can
generate radial magnetic fields with a dominant (2, 1) mode, accompanied by other sideband
modes such as (1, 1) and (2, 7).

Keywords: Tokamak, STOR-M, Tearing Mode Instabilities, Radial Magnetic Fields, Coil Induction,
Driving Circuit
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1. Introduction

The use of external radial magnetic fields has been proven to be an essential technique in tokamak fusion
research [1]. It has been utilized in many practical applications including, but not limited to, plasma
instability control [2], error field correction [3], and plasma rotation modification [4]. The externally
applied radial magnetic field can be either a DC or an AC magnetic field, which can be generated by an
external coil system. One of the main applications of these external fields is the mitigation and control
of tearing mode instabilities. This can be achieved by controlling the frequency and the amplitude of the
tearing modes. It has been found that driving current in external coil windings suppresses tearing modes
with the same helicity, up to a certain current threshold. Exceeding this threshold may lead to mode
locking and, subsequently, plasma disruptions [5].

The Saskatchewan Torus-Modified (STOR-M) tokamak is a small tokamak located at the University of
Saskatchewan and is the only device in Canada devoted to magnetic fusion research [6]. STOR-M is
currently capable of externally generating static (DC) magnetic fields via an (m = 2, n =1) helical coil
winding, where m is the poloidal number and » the toroidal mode number. The coil windings are
externally installed on the vacuum chamber of STOR-M at a radius of 17 cm. This coil system has been
successfully used to mitigate tearing mode instabilities [7], which is characterized by a reduction in
frequency and amplitude of tearing modes. The coil system has also been used to control the toroidal
plasma flow [8] as well as edge plasma parameters [9].

The helical coil system currently mounted on the STOR-M Tokamak only works to stabilize the plasma
by producing stationary spatial modes which correspond to the dominant tearing mode instabilities. An
improvement on this design would be the ability to produce rotating modes, as the instabilities rotate
within the plasma at a frequency between 10 kHz and 30 kHz. To do so, an arrangement of externally
mounted coils could be used, similar to that installed in J-TEXT tokamak [10]. Each coil can be powered
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by an AC current to induce phase differences between the different coil sets, thereby creating rotating
modes.

This paper is organized as follows. Section 2 is an overview of the new coil system. Section 3 covers
the induction calculations for the coils, followed by the results of the radial magnetic field calculations
in Section 4. Section 5 discusses the modal analysis and the mode spectrum generated by the new coil
system. The driving circuit analysis and its simulation for the coil system are presented in Section 6.
Finally, a short summary and conclusions are given in Section 7.

2. Design Overview

The purpose of this work is to develop a new coil system that will counteract the tearing modes
instabilities in the STOR-M Tokamak. As mentioned earlier, the STOR-M Tokamak is already equipped
with a helical coil system capable of suppressing the (2, 1) tearing mode. However, this coil system
creates only a static radial magnetic field that does not rotate with the instabilities. As a result, the
interaction between the coil and the instabilities varies depending on the location of the instabilities.
Rotating modes can be generated using a set of external coils, as demonstrated in the J-TEXT Tokamak
[10]. Their design consisted of 4 sets of coils equally spaced in the toroidal direction, where each set
comprising 3 coils. Sinusoidal currents with variable phase shift between coils were used to generate
rotating modes. This design produced a dominant (2, 1) mode, with significant contribution from the (2,
3) and (2, 5) sideband modes. Using the J-TEXT design as a starting point, the possibility of producing
more isolated modes will be explored by increasing the number of coils. As shown in Figure 1, the
STOR-M tokamak can accommodate up to 16 sets of 3 coils, with each coil’s geometry constrained by
the physical structure of the tokamak.

Figure 1. Top view of the STOR-M Tokamak

The new coil system currently being developed for STOR-M consists of sets of coils connected to a
power supply and a driving circuit. The coil arrangement consists of 8 sets of external coils installed
toroidally at every even-numbered bay (i.e., Bay 2, Bay 4, Bay 6...etc.). Each coil set comprises 3 coils
placed poloidally on top, bottom and front sides of the vacuum chamber, all at a radius of 17 cm from
the plasma center. The coils mounted on the top and the bottom are trapezoidal in shape, whereas the
front coil is rectangular. This coil configuration is expected to be sufficient for targeting the (2, 1) tearing
mode, which is the dominant mode instability in STOR-M.
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The new coil system will be connected to the DC power supply of the existing helical coil system, which
consists of a 50 mF, 450 V fast capacitor bank for fast current ramp-up and a 480 mF, 200 V slow bank
for maintaining the current flat-top. An H-bridge circuit will be used to convert the DC output into an
AC current. The AC current is generated by switching the voltage across the coils between V and -V at
the natural frequency of the circuit. Driving this AC current through the coil system generates an external
radial AC magnetic field with controllable phase and frequency. The coil system is designed to operate
in the 10-30 kHz range, corresponding to the typical rotation frequency of tearing modes in STOR-M.

3. Coil Induction

The inductance of each trapezoidal coil is a critical parameter in the design of the coil system. This
section therefore focuses on calculating the inductance of a trapezoidal coil with arbitrary geometric
parameters a, b, y, and ry, as shown in Figure 2. Here, a and b are the lengths of two adjacent sides of
the trapezoidal coils, y is the acute base angle, and 7y is the thickness of the coil. For simplicity only the
self-inductance of each trapezoidal coil is considered.

Figure 2. Geometrical parameters for trapezoidal coil

The total self-inductance is made up of an external part, Lexemal, and an internal part, Lintemar [11]:

L= Lexternal + Linternal (1)

The external inductance is given by:

Lexternal = ;f A B(X)- dA (2)

where A is the inner area of the coil (the non-shaded interior in Figure 2), | is the current, and B(X) is the
magnetic field generated by the coil. Since the magnetic field is directly proportional to the current, the
resulting cancellation leaves the external inductance independent of the input current, making it solely
dependent on the coil geometry. The internal inductance term arises from the finite thickness of the coil
wire. When a DC current is applied, the current distribution within the wire is approximately
homogeneous, leading to an internal inductance of [12]:

Lintemal = #;ZO lW (3)

where o is the permeability of free space, W is the relative magnetic permeability of the wire and lw is
its length. When an AC current is applied, however, the skin effect leads to a current distribution that
favors the outer surface of the wire. In this case, the internal inductance is expressed as [13]:

_ w ,#r#o
Linternal - 4mry | TOf (4)

where ¢ is the wire’s conductivity and f is the AC frequency. The accuracy of the Equations (3) and (4)
depends on the skin depth, which is given by:

1

8= Tt ®
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When rw/d < 1.9 the error in using Equation (3) is less than or equal to 10%, and when rw/o > 2.2 the
error in using Equation (4) is less than or equal to 10% [13].

The inductance calculations were performed numerically for both trapezoidal and rectangular copper
coils, with the material choice based on the J-TEXT implementation [10]. The relevant input parameters
for both the trapezoidal and rectangular coils are listed in Table 1. The AC frequencies required for the
design fall in the range of 10 - 30 kHz, corresponding to the typical mode frequency range in STOR-M.

Table 1. Input parameters for inductance calculations

Parameter Trapezoidal Coil Rectangular Coil
a 0.13m 0.20m
b 0.20 m 0.36 m
y 80° 90°
Hr 0.999994
o 5.96 x 10’ S/m (at 20°C)

Figure 3 shows the variation with wire thickness, rw, of the inductance for DC, 10 kHz, 20 kHz, and 30
kHz for the trapezoidal and rectangular copper coils. It should be noted that the ratio rw/d is in the range
of 1.53 to 15.3, 2.17 to 21.7, and 2.66 to 26.6 for the frequencies of 10 kHz, 20 kHz, and 30 kHz,
respectively. Apart from the copper wire with a radius less than 2 mm and frequency of 10 kHz, all these
ratios are larger than or equal to 2.2. Therefore, the plots have an associated error of at most 10%.

Inductance vs. Wire Radius for Copper Trapezoidal Coil Inductance vs. Wire Radius for Copper Rectangular Coil
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Figure 3. Variation of inductance with wire thickness for trapezoidal and rectangular coils

It is also clear from Figure 3 that the inductance is in the range of 0.3 - 0.7 uH for a trapezoidal
coil, and 0.5 - 1.15 uH for the rectangular coil. These values offer an estimated value for the
inductance of coils in the design of the coil system. For the purposes of this design, an induction
value of 1 pH will be used. When a specific wire radius and operating frequency are chosen,
the corresponding values from Figure 3 can be used.

4. Radial Magnetic Field

Calculating the radial magnetic field generated by an arrangement of trapezoidal and rectangular coils
is necessary to determine the amount of current required for counteracting the tearing mode instabilities.
The primary tool for performing these calculations is the Biot-Savart Law for a line current which is
given by [14]:

IdIx¢’

B(r) =42 ). o (6)
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where | is the current, C is the curve describing the wire, and dl is the tangent vector to the curve C at
r'. Equation (6) utilizes the thin wire approximation which assumes that the current is concentrated at
the center of the wire. Since the radial magnetic field is calculated far away from the wire (i.e., a distance
much greater than rw from the wire), this approximation is sufficient.

The calculation proceeds by first determining the magnetic field due to a single trapezoidal or
rectangular coil in the coil coordinates (x', y’, z), as illustrated in Figure 4(a). This is accomplished by
using Equation (6) with C being the piecewise linear curve describing the coil wire. After the field of a
single coil is calculated, it is rotated and translated into the torus coordinates (X, y, z), shown in Figure

4(b).

X

(a) Coil reference frame (2,3, 2'). (b) Torus reference frame (x,y, z).

Figure 4. Reference frames for the magnetic field calculation

With the unit vectors for the torus and coil reference frames denoted by {x, #, 7} and {x, 7, £},
respectively, the relevant rotation matrix (M) that rotates and translates elements from the coil frame to

the torus frame, along with its inverse, is expressed as:

_ /\./\, /\./\, /\.I\’ _1_ /\,-/\ /\’./\ /\,-/\
Mc=|y% 9V 92 Mg =\|9%x -9 V-2 (7)

Denoting B, as the magnetic field evaluated in the coil reference frame and assuming the coil is centred
at re, as shown in Figure 4(b), the magnetic field in the torus coordinates at a point r can be calculated

by:
B(l‘) = MCBC(M(?l(r - rc)) (8)

Using Equations (6), (7), and (8), the radial magnetic field contribution from each individual coil can be
calculated and added up to obtain the total magnetic field.

Numerical calculations of the magnetic field were carried out for an arrangement of n = 8 sets of 3 coils.
The top and bottom coils were modelled as trapezoidal, while the front coils were assumed to be
rectangular. The geometric parameters of these coils are listed in Table 1. All coils were positioned at
rr=reg =rg =17 cm with a major radius of R =46 cm, corresponding to the expected mounting locations
on the STOR-M tokamak. A current of 1 kA was assigned to the coils in an alternating pattern. Figure
5 shows both a 3D model and a contour plot of the resulting radial magnetic field at r = 7 cm, which is
the radial location where dominant tearing mode instabilities typically occur [8]. From this figure, it is
evident that currents in the order of 1 kA generate a radial magnetic field of approximately 30 G/kA. If
the intensity of tearing mode instabilities is assumed to be around 5 G, a current of magnitude

5G

[=———=167A
30 G/KA
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is required to counteract the instabilities. Therefore, when designing the circuit, a current in the range of
102 - 10° A must be taken into account.

30 30

o | — | — | —
B,@r =0.07 m, G/KA " - - - "
5
— - - -
’ - 10 g 10
e 4 - - -
T 0084 . | g
Eodl .' 0 ERER 0
5 N o> ; g . -
~ \ | — " 8 -10 gZ - 10
0 S . - S -
x 0
: -20 -20
= i e -
y (m) 05 05 X (m)
30 0 | — IS — 30
3 2 - 0 1 2 3

Poloidal Angle, ¢ (rad)

Figure 5. 3D model and contour plot of radial magnetic field generated by the coil arrangementat r =7 cm

5. Mode Spectrum

To determine the full mode spectrum generated by the coil system, the radial magnetic field can be
expressed in the same form as that of the tearing mode instabilities. Hence, the radial magnetic field
produced by the coil arrays can be written as [15]:

B.(6,¢,t) = Zn,m Bromn cos(mf — n¢ + wt) 9)

where Bromn is the amplitude of the m and n modes. For simplicity, the above equation can be expressed
separately for the toroidal and poloidal components of the magnetic field. The radial magnetic field of
the toroidal modes at a fixed poloidal angle 6y and time t, can be expressed by:

B.(00,9,tp) = Zn(BTOn,c cos(ng) + Byon,s sin(n(;b)) (10)

where Bronc and Brons are the cosine and sine amplitude of the n™ toroidal mode. Likewise, the radial
magnetic field of the poloidal modes at a fixed toroidal angle ¢o and time to can be written as:

B.(6, ¢o, to) = Zm(BTOm,C cos(m8) + Brom,s sin(m@)) (11)
The amplitude of the toroidal mode n is therefore:
Ch = BEOn,c + BEOn,s (12)

To calculate the toroidal mode amplitude c., the coefficients Bronc and Brons can be evaluated from
Equation (10). These coefficients are simply the Fourier series coefficients and can be calculated as
follows:

Brone == Jy " Br (80, to) cos(ng)dep (13)

Brons == 3" Br(80, b, to) sin(ngp)dgp (14)

Similarly, the amplitude of the poloidal mode m is given by:

Cm = \/BEOm,c + BEOm,s (15)

and Brom,c and Brom;s can be determined in the same manner as the Fourier series coefficients in Equation
(11). A modal analysis was performed for an array of 8 coil sets, each consisting of one rectangular coil
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at @ = 0 and two trapezoidal coils at 8 = £7/2. The layout of 3 coil sets is shown in Figure 6, and the coil
dimensions are already listed in Table 1.

Figure 6. 3 sets of 3-coil arrangement

Using the radial magnetic field formulas developed in Section 4, the resulting magnetic field at fixed
poloidal angle (i.e., # =0) and r = 7 cm is shown in Figure 7(a). The corresponding toroidal modes
generated by the coil system is shown in Figure 7(b). It is evident that the mode n = 1 is the dominant
mode, contributing nearly by 34% of the total mode amplitude. However, there is also significant
contribution from other odd-numbered modes liken=7andn=9.

0 1 2 3 4 5 8 123456789101112
Toroidal Angle, ¢ (rad) Toroidal Mode, n
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Figure 7. Radial magnetic field and toroidal modes generated by 8 sets of coilsat 9=0and r=7 cm

The poloidal modes produced by the coil system can also be analysed. Recall that there are only three
coils in the poloidal direction, trapezoidal coils at & = + /2 and a rectangular coil at @ = 0. With only
three coils there is not much control over the choice of the poloidal mode. However, the resulting
poloidal modes can still be examined. Figure 8(a) shows the radial magnetic field calculated at ¢ = 0 and
r = 7 cm. The corresponding poloidal mode generated by the coils is shown in Figure 8(b). It is clear
that the dominant modes correspond to m = 1 and m = 2, contributing respectively by 34.3% and 47.7%
to the total mode amplitude.
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Poloidal Angle, ¢ (rad) Poloidal Mode, m

Figure 8. Radial magnetic field and poloidal modes generated by 8 sets of coilsat g =0and r =7 cm

The complete mode spectrum produced by the coil system is presented in Figure 9, which shows the
normalized amplitudes of the toroidal and poloidal modes calculated using Equations (13) and (14). It
is clearly seen that the coil system can generate a strong (2, 1) mode, contributing with approximately
15% of the total spectrum amplitude. Other significant sideband modes, such as (1, 1) and (2, 7) modes,
also contribute to the mode spectrum by 12.7% and 10.8%, respectively.
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Mode Amplitude (%)

Poloidal Mode, m

Figure 9. Complete mode spectrum generated by the coil system

6. Driving Circuit

The purpose of the driving circuit is to drive an AC (sinusoidal) current through each coil. An AC
current, as opposed to a DC current, is used to control the phase differences between the coils. The phase
differences allow the magnetic field profiles generated by the coil system to rotate along with the tearing
mode instabilities, thereby more effectively suppressing these instabilities. The frequency range of the
modes is in the range of 10 kHz to 30 kHz, which is also the operational frequency range considered for
the driving circuit. Each coil is treated as an inductive load, L, in an underdamped series RLC circuit, as
shown in Figure 10.

Figure 10. Series RLC Circuit with a voltage source

The capacitor is initially charged to a voltage equal in magnitude but opposite in polarity to that of the
DC voltage source V. Once the switch is closed, current begins to flow in the circuit. For the
underdamped case, the general expression for the current waveform can be written as [16]:

90

V-RI
i(t) = Iycos (wgt)e % + — OL sin (wgt)e %t 17)
d

which reduces to the special case when the current starts from zero (i.e., lo = 0):

y_90
£sin (wgt)e ™ (18)

Wq

i(t) =

where V is the voltage source, qo is the initial charge on the capacitor, C is the capacitance, L is the coil
inductance, and wq is the damped natural frequency of the circuit given by:
2 2 1 R?

Wg =Wy = Q& = |77 2 (19)

where R, L, and C are the resistance, the inductance, and the capacitance of the coil, respectively. The
current will gradually decay over time as the capacitor charges. To eliminate this effect, the voltage
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polarity must be reversed at the point of current zero-crossing, as illustrated in Figure 11. The capacitor
charge may not be zero at the instant when the voltage polarity is reversed, which changes the initial
conditions of the circuit. Therefore, the current amplitude will vary after each zero-crossing until it
reaches a steady state.

0.5p

Immediately after switch closes

Voltage polarity Switch

Normalized Current, i(t)

-1}

-1.5
Time, t

Figure 11. Underdamped series RLC current with voltage polarity switching

A common approach for generating an alternating current from a DC voltage source is through the use
of an H-bridge circuit. The general configuration of an H-bridge is shown in Figure 12. In this
configuration, switches S1 and S2 operate at the same frequency, while switches S3 and S4 also operate
together but out of phase with S1 and S2. This switching pattern causes the voltage across the load to
alternate between V and -V at the same frequency as the switches. As a result, the current will alternate
through the load. Insulated-Gate Bipolar Transistor (IGBT) power modules are typically used as
switches due to their high voltage and current ratings. For an underdamped series RLC circuit, the IGBT
switches operate at a driving frequency approximately equal to the damped natural frequency wq of the

load.
Sl\ s3

+ LOAD

L

Figure 12. Schematic of H-bridge circuit

A numerical simulation was carried out to determine whether, and at what point, a steady state (i.e., a
consistent current amplitude and frequency) is reached in the inductive load. The simulation uses
Equation (18) to calculate the current through the load using the following input values: source voltage
V =100V, resistance R=0.1 Q, inductance L = 24 4H, and capacitance C =5 uF, all connected in series.
The simulation evaluates the current at each time step t and detects a sign change in the current. When
the current crosses zero, the initial conditions lo (which should be =~ 0) and qo are updated and the voltage
V changes polarity. The resulting current waveform across the load and its corresponding wavelet
spectrum are shown in Figure 13. The wavelet spectrum is a useful tool for simultaneously analysing
transient signals in the time-frequency domain.
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Figure 13. Current waveform driven in the load and the corresponding wavelet spectrum
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Based on the input parameters used in the simulation, the damped natural frequency of the series RLC
system can be determined as follows:

1

1
wo = \/T_C = \/ﬁ =91287 rad/s, and
=2 =212 _ 7083 rads

2L 2x24uH

Therefore, the damped natural frequency is:

wg = |wf —a? =./(91287rad/s)? — (2083 rad/s)? = 91263 rad/s or 14525 Hz

It is evident from Figure 13 that the current reaches a steady-state amplitude of around 1.25kA at a
frequency of 14.5 kHz, which is approximately equal to wq. This indicates that choosing a driving
frequency approximately close to wq produces a relatively stable sinusoidal current through the inductive
load. It is also noted that the current waveform stabilizes after roughly 2 ms, which is negligible
compared to a typical plasma discharge duration of 25 ms in STOR-M. The fact that the current stabilizes
within a much shorter time than the discharge duration shows that voltage polarity switching for a series
RLC circuit is an effective approach for producing an alternating current in the inductive coil system.

7. Summary and Conclusions

The main objective of this work was to develop a conceptual design for a new coil system consisting of
8 sets of 3 trapezoidal and rectangular coils, mounted on the STOR-M Tokamak at different poloidal
and toroidal locations. This coil array can produce external radial magnetic fields capable of mitigating
the dominant tearing instabilities that arise in the plasma during tokamak operation.

Currently, an (m =2, n = 1) helical coil system is already installed on the STOR-M Tokamak which has
been successfully used to suppress tearing mode instabilities as well as to modify other plasma
parameters. A key improvement on this design is the ability to produce modes which rotate at the same
frequency as the tearing mode instabilities in the plasma, which is typically in the range Of 10-30 kHz.

By driving AC currents with different phases through each of these coils via an H-bridge circuit, a
rotating radial magnetic field with variable frequency and phase can, in principle, be generated to
suppress the tearing mode instabilities. Analytical models and numerical simulations were conducted to
calculate the coil induction, the external radial magnetic field and the mode spectrum generated by the
new coil system at r = 7 cm, which is the radial location where dominant tearing mode instabilities are
most commonly observed in STOR-M.

The preliminary results showed that the coil system can produce a dominant (2, 1) mode, accompanied
by other sideband modes such as (1, 1) and (2, 7) modes. The driving circuit was also analysed to
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determine the optimal parameters for the coil system as well as to calculate the coil currents required for
effective mode suppression.
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