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ARTICLE INFO ABSTRACT

Keywords: The SMall Aspect Ratio Tokamak (SMART) device is a new compact (plasma major radius Rg, > 0.40 m, minor
SPh?ficél tokamak radius a > 0.20 m, aspect ratio A > 1.7) spherical tokamak, currently in development at the University of Seville.
Equilibrium The SMART device has been designed to achieve a magnetic field at the plasma center of up to By = 1.0 T with
Null-field . .

Breakdown plasma currents up to I, = 500 kA and a pulse length up to 7z = 500 ms. A wide range of plasma shaping
SMART configurations are envisaged, including triangularities between —0.50 < § < 0.50 and elongations of

k < 2.25. Control of plasma shaping is achieved through four axially variable poloidal field coils (PF), and four
fixed divertor (Div) coils, nominally allowing operation in lower-single null, upper-single null and double-null
configurations. This work examines phase 2 of the SMART device, presenting a baseline reference equilibrium
and two highly-shaped triangular equilibria. The relevant PF and Div coil current waveforms are also presented.
Equilibria are obtained via an axisymmetric Grad-Shafranov force balance solver (Fiesta), in combination with a
circuit equation rigid current displacement model (RZIp) to obtain time-resolved vessel and plasma currents.

1. Introduction

Spherical tokamaks (ST) are a sub-class of magnetic fusion devices
notable for their narrow radial extent, hence reduced aspect ratios, and
represent a promising economic path to commercial fusion due to their
compact form, cost-effectiveness and high power density [1-3]. In the
three decades since their conception with the START device [4-6]
numerous ST have been designed and operated, including but not
limited to: MAST [7,8], NSTX [9], Pegasus [10,11], Globus-M [12] &
Globus-M2 [13], QUEST [14,15], LATE [16], LTX [17,18], ST40 [19,
20], SUNIST [21,22], TST-2 [23,24] and VEST [25,26]. The aggregated
findings from these, and other ST devices have shown encouraging re-
sults including; high bootstrap current fractions [1,5], enhanced sta-
bility to pressure driven instabilities [2] and reduced particle-driven
instabilities [27] as compared to traditional high-aspect ratio designs.

These benefits are typically attributed to an enhanced plasma-f, and are
also thought to arise from strong toroidal flow and flow shear present in
such low aspect ratio plasmas [28,29].

Over the past couple of decades there has emerged a significant in-
terest in plasma shaping within magnetically confined devices, which is
known to influence the plasma pressure and current limits [30]. Of the
possible shaping parameters; plasma elongation, being the height of the
plasma column divided by the width, and triangularity, being the ratio
between the highest/lowest vertical extent of the plasma column and the
minor radius, have been the most extensively examined. Highly elon-
gated and triangular plasma cross-sections have been found to positively
impact the energy confinement time, electron heat transport and edge
stability in L and H-mode plasmas [31-34]. In particular, plasma dis-
charges with negative triangularity have recently been demonstrated to
achieve H-mode-like confinement characteristics in the absence of an
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edge pressure pedestal [31,35]. To date, the majority of this work has
been performed in mid-to-large size traditional high-aspect ratio toka-
maks, with the effects of negative triangularities on plasma properties in
STs remaining largely unknown.

To aid in addressing these issues, a novel compact spherical tokamak
named the SMall Aspect Ratio Tokamak (SMART) is being designed at the
University of Seville to serve as a low-cost, versatile and educational
fusion research device [36,37]. The SMART device is designed to
accommodate a plasma of major radius Rg, > 0.4 m and minor radius
a > 0.2 m, achieving aspect ratios of A > 1.7, while simultaneously
achieving highly elongated (x < 2.25) and highly triangular (— 0.50 <
8§ < + 0.50) plasma cross-sections.

SMART’s mission goals will address: plasma transport and confine-
ment in positive and negative triangularities, the effect of shear flow
velocity on edge plasma turbulence, MHD stability and the control of
energetic particle losses in high g plasmas. The SMART device will also
serve as a platform for the development of novel diagnostic techniques,
divertor configurations, plasma facing materials and control schemes,
while also facilitating the training of the next generation of fusion
physicists and engineers.

This paper presents an outline of the SMART device and key target
parameters of developmental phases 1-3, before focusing on the
modelling of three (phase 2) high-shaped equilibria, including an
analysis of the breakdown thresholds and associated coil current
waveforms for each scenario. An overview of the SMART device is given
in Section 2 and descriptions of the numerical methods employed are
provided in Section 3. The solenoid, poloidal field and divertor coil
current waveforms for the baseline phase 2 operational scenario are
outlined in Section 4.1, while the optimised vacuum magnetic field to-
pology and associated breakdown conditions are discussed in Section
4.2. Finally, the high-performance baseline and shaped equilibria are
presented in Section 4.3. A summary is given in Section 5.

2. SMART device characteristics

An overview of the SMART device is shown in Fig. 1(a), illustrating
the vaccum vessel in grey, toroidal field coils (TFC) in orange, poloidal
field coils (PFC) and divertor coils (Div) are shown in yellow and the
central solenoid (Sol) in red. Fig. 1(b) shows the associated simulation
domain employed in this work, corresponding to an axis-symmetric 2D
cross-section of the torus, and is discussed in more detail with regards to
the numerical model in Section 3.

The SMART device consists of a 0.8 m radius by 1.6 m height
stainless steel (AISI 316 L) vacuum vessel [36], with a total internal
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Fig. 1. Overview of the SMART device showing (a) a 3D cutaway of the vessel
and coil geometry and (b) the 2D axis-symmetric mesh employed in this work.
The vacuum vessel is shown in grey, toroidal field coils (TFC) in orange,
poloidal field coils (PFC) and divertor coils (Div) in yellow, solenoid (Sol) in red
and supports in blue and green. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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volume of 3.1 m®. To minimise eddy current formation the vessel em-
ploys a 4 mm thick inboard wall and 8 mm thick outboard wall, with two
more substantial 15 mm thick upper and lower lids, bolted to the vessel
to enable maintenance access. Further diagnostic access is provided by
36 circular ports, positioned radially, dorsally and ventrally, and 2
larger rectangular ports, positioned radially. Thermal protection is
provided by carbon tiles affixed to the inboard wall, and poloidal lim-
iters (not shown). The vacuum system comprises 4 pumps including two
dry 80 m®h~! pumps and two turbomolecular 2000 Is~! pumps, capable
of achieving a vacuum of 1.33 x 107° Pa (108 Torr).

The toroidal field is provided by a set of twelve TFC, comprised of 48,
35 x 35mm, square cross-section windings, decreasing to 21 x 21 mm
cross-section for the inboard limbs. Two pairs of axially variable PFC sets
provide plasma shaping and control, comprising 23, 11 x 11 mm,
windings and where the PF1 coil set is positioned external to the vessel
to maximise the internal plasma volume. Two pairs of fixed Div coil sets
enable operation in either an upper or lower single-null or a double-null
configuration. The Div1 set comprises a larger 35 winding construction,
utilizing the same 11 x 11 mm winding cross-section, while the Div2
coil set is constructed in the same fashion as the PFC, and also serves as
the vertical control feedback coil. All windings comprise a central hol-
low tube, enabling active water cooling and reducing the number of
internal vacuum seals.

Plasma startup and ohmic heating is provided by a central 1.55 m
tall, 0.12 m inner radius, 0.15 m outer radius copper solenoid, situated
surrounding the central TFC stack. The solenoid comprises 240, 11 x
11 mm, square cross-section solid copper windings, with convective
cooling provided through an air-flow introduced into the central stack.
Thermal stresses induced through component heating limit the solenoid
to a 70° K temperature increase during operation, resulting in an effec-
tive maximum magnetic flux swing of ~ 260 mWb, comparing well to
other similarly sized machines [25,38,39]. Plasma breakdown is assisted
via a pre-ionisation step employing 6 kW of microwave heating, and an
additional 200 kW of Electron Cyclotron Resonance Heating (ECRH) will
be employed in phase 3. The installation of a Neutral Beam Injector
(NBI) from phase 2 onwards introduces a further 600 kW (injection
energy Ei;; = 45 keV) of plasma heating.

Development of the SMART device will proceed through multiple
stages, each representing a significant improvement in the pulse dura-
tion, heating power and achievable plasma shaping, the main parame-
ters of which are shown in Table 1. Note that the aspect ratio, major and
minor radii shown in Table 1 reflect the baseline equilibrium configu-
ration. The triangularly shaped equilibria exhibit reduced elongation
and increased aspect ratio in exchange for significantly increased
triangularity, see Section 4.3 for more details.

Phase 1 will initiate first plasma (in hydrogen) and serve as a proof-

Table 1

Key operational parameters of the SMART device for phases 1 - 3.All parameters
determined within FIESTA, excepting electron density n. and temperature T,
which are provided by ASTRA [40,41].

Parameter Phase 1 Phase 2 Phase 3
Rgeo [m] > 0.4 > 04 > 04
Qgeo [m] > 02 > 0.2 > 02
Al-] > 1.85 > 1.85 > 1.70
ne [m=3] 1x 10" 5x 10'° 1.2 x 10%°
T, [eV] 120 250 700

Kk [-] < 1.95 < 2.00 < 225
5[] +0.40 +0.50 +0.50
By [T] 0.10 0.30 1.0

I, [kA] 30 100 500

7 [ms] 20 100 500
Prcru [kW] 6 (2.45 GHz) 6 (7.5 GHz) 200
Pnpr [kW] - 600 600
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of-concept for device diagnostics and operations. Phase 2, along with an
increase in toroidal field and plasma current, introduces NBI heating and
will demonstrate highly shaped negative and positive triangularities in a
low aspect ratio hydrogen plasma. Phase 3 represents a significant in-
crease in toroidal field strength, plasma current and discharge timescale,
placing SMART alongside other current-generation machines. Phase 3
also includes an optimisation of the plasma shaping parameters, notably
a reduction in the aspect ratio, and an increase in the NBI and ECRH
plasma heating. This work focuses on SMART phase 2 and addresses the
start-up procedure, plasma breakdown criteria and degree of achievable
plasma shaping.

3. Numerical model

A plasma in equilibrium maintains a force balance between the in-
ward current induced J x B force and outward thermal pressure p. In a
toroidal geometry this force balance can be numerically defined as a
solution to the Grad-Shafranov (GS) equation [42,43]:

V'Y = —pR—— —f — @

where V* is the Stokes operator [44]

. 0 (19 0
v _Ra_R<Ea_R>+E @

In both Egs. (1) and (2), R and Z refer to the radial and azimuthal
coordinates, p is the plasma thermal pressure and f = RB,, where both p
and f are functions of magnetic poloidal flux y, and together describe
the toroidal plasma current and toroidal magnetic field profiles. The
final equilibrium field is a combination of the vacuum magnetic field,
determined by the coil geometric and current configuration, the self-
induced magnetic field of the plasma, and additional fields arising
from eddy currents in the vessel structure. Reliable modelling of plasma
equilibria therefore requires knowledge of the geometric and magnetic
topology, time-resolved coil currents and plasma currents. Finally,
addressing the plasma breakdown requires modelling of the eddy cur-
rents induced during solenoid and coil ramps prior to the discharge, as
these significantly impact the null-field (i.e. vacuum) magnetic topology
and breakdown criteria [26,45].

To achieve these requirements, three distinct models were utilised
within the Fiesta code environment [46-49], providing information on
the plasma equilibrium, vacuum field, breakdown and plasma current
evolution. The model, an overview of which is presented in Fig. 2,
consists of a linear current density model (based upon TOPEOL [50]), a
free-boundary axisymetric equilibrium solver (EFIT) [51], and a rigid
current displacement circuit equation model (RZIp) [49,52,53].

The simulations are performed on a 2D axisymmetric rectilinear grid,
shown previously in Fig. 1(b), containing 300 x 251 (R x Z) cells,
corresponding to a radial resolution of 5 mm per cell and an axial res-
olution of 2.6 mm per cell. The simulation geometry includes the vessel
walls, PF and Div coil sets and the central solenoid, all modelled as
toroidal current carrying filaments, note that the TFC are not included in
the simulation geometry where Fiesta assumes an axisymmetrical
toroidal field. The vessel wall, shown in green, is constructed from fil-
aments adhering to the differential wall thicknesses detailed in Section
2, while maintaining a constant cross-sectional area of 0.225 mm?, a
resistivity of 6.9 x 1077 Q and density of 7.8 x 10% kgm~3. Treatment of
the passive vessel filaments with respect to induced eddy currents is
discussed in detail with respect to the RZIp model.

The positions of the PF and Div coils are defined at their geometric
centre, however as each coil consists of multiple filaments the extended
shape of the coil affects the resultant fields. The coils posses an extended
dimension set by the number of windings (in R and Z) and the width and
height of each winding. Coil sets PF1, PF2 and Div2 all have six axial
windings and four radial windings for a total cross-section of 75 x 50
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Fig. 2. Overview of numerical model. Initial conditions are denoted in blue,
while iterated procedures are highlighted in red. Parameters: plasma density n,,
electron temperature, T,, plasma current I,, solenoid inductance L;, central rod
current I,,4, Solenoid, PF and Div coil set current waveforms I, plasma re-
sistivity #, effective ion charge Z, radial plasma current profile Jprf.(R) and
poloidal magnetic flux (R, Z), where time dependant variables are specified
over the full discharge t, or at a specific time corresponding to the flat-top (tgu)
or vacuum (tyy) configurations. Plasma shaping parameters: Rgeo, Zgeo, Minor
radius, a, elongation, « and triangularity . (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

mm (R,Z), while Divl has six windings in both directions for a total
cross-section of 75 x 75 mm. Finally, the central solenoid is modelled as
a linear array of 210 filaments, of axial extent — 0.7750 < Z <
0.7750 m and radial extent 0.115 < R < 0.145 m, with a geometric
centre corresponding to R = 0.134 m.

All simulated discharges utilise phase 2 operating conditions, (see
Table 1), employing a toroidal field of B, = 0.3 T and a flat-top plasma
current of 100 kA. The line-averaged flat-top plasma density was set to
n. = 1.64 x 10'° m~3 (assuming a Greenwald fraction n,/ng ~ 0.40,
where ng =1,/ na® is the Greenwald density limit [54]), while the cor-
responding line-averaged flat-top electron and ion temperatures were
set to 250 eV and 75 eV, respectively. The conservative values employed
for plasma density and ion temperature represent a conservative esti-
mate for phase 2 operation employing low-to-moderate NBI powers,
based upon ASTRA [40,41] simulations.

Given the input geometry and discharge parameters, two methods
were employed to obtain plasma equilibria, denoted as the ‘forward’” and
‘inverse’ methods. The ‘forward’ method employs p’ and ff coefficients,
differentiated with respect to the poloidal flux function, to specify the
plasma current density profile Jyos.(R) at time t, while boundary con-
ditions are set by the instantaneous Sol, PF and Div coil currents in I ;.
In the absence of a plasma this method can also be utilised to compute
the vacuum field topology, as employed for analysis of the null-field
prior to breakdown in Section 4.2. The ‘inverse’ method (EFIT) takes a
pre-computed plasma current density profile at time 7, estimated from
Py, and returns an optimised equilibrium (R, Z) for a given set of target
plasma shaping parameters, Rgeo, Zgeo, a, k and &, as well as the coil
current boundary conditions I ;s required to achieve the target geom-
etry. The pre-computed plasma current density profile is obtained via a
linear model (based upon TOPEOL) employing an estimated /3, to obtain
p and ff , where $, is computed from the flat-top discharge conditions by
Eq. (3):

(T.+T)
(il 20)°

Here, 41, is the vacuum permittivity, e is the elementary charge, n, is

By = 3ppenck (€))
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the plasma density, I, is the plasma current, T, and T; are the electron
and ion temperatures, respectively, while a is the plasma minor radius
and « is the plasma elongation. Notably, this method requires providing
initial ‘guesses’ for the PF and Div coil currents, as well as the optimised
equilibrium minor radius a and elongation . These initial inputs were
manually modified until the input minor radius and elongation matched
those of the optimised EFIT equilibrium, ensuring agreement between
the input and optimised j,.

The time-resolved vessel, coil and plasma current evolution is ob-
tained from the RZIp package, which computes induced currents based
on a rigid circuit displacement model [49,52,53]. RZIp considers the
discretised vacuum vessel, coil and solenoid filaments and assigns them
each with an equivalent resistance and inductance based upon the input
conditions and geometry. Currents induced within each coil and vessel
filament can then be obtained through a matrix application of Ohm’s
law:

dl
M—+ F1 =
M+ A=V @

where, .# is a symmetric square matrix whose diagonal elements
contain the self-inductance of the coil and vessel elements, and whose
triangular elements contain the mutual coil-to-coil, vessel-to-vessel and
coil-to-vessel inductance between all filaments; .% is a diagonal matrix
containing the resistance of each filament; while I and V are vector ar-
rays containing the time varying filament currents and voltages,
respectively. In this fashion, supplying the simulation geometry, mate-
rial resistances and time resolved coil current waveforms is sufficient to
compute the vacuum circuit, returning time-resolved currents and
voltages for each filament.

Inclusion of the plasma within the model is achieved through
considering the plasma column as a rigid toroidal circuit with a fixed
cross-section and current density profile, in essence modeling the plasma
as an extended filament. The mutual inductance between the plasma
circuit and the coil and vessel filaments is updated between iterations
such that small radial and horizontal movements in response to J x B
forces are allowed. Plasma resistivity is determined via a Spitzer model
assuming an effective charge of Z,;s = 2.0, accounting for carbon im-
purities sputtered from the inboard tiles during operation [35]. The time
transient plasma current I, and loop voltage V, therefore naturally result
from the circuit model in response to changes in the coil and vessel fil-
aments. Further, eddy currents induced from changes to the plasma
current, and subsequent effects arising from those eddy currents, are
also implicitly accounted for within the model. Employing these com-
ponents, a typical simulation consists of the following steps:

1) The TOPEOL solver is employed to compute a plasma current
density profile utilizing input parameters f,, L;, I, and I, corresponding
to the plasma current flat-top portion of the discharge.

2) The EFIT model is employed to determine PF and Div coil currents
employing the supplied plasma current density profile, while attempting
to match the target input shaping parameters (Rgeo, Zgeo, dgeo, k and 8). In
the first iteration, vessel eddy currents are set to zero.

3) The RZIp model is employed in conjunction with a vacuum field
solver to optimise the null-field magnetic topology, such that the
poloidal magnetic field By on-axis is minimised, returning the required
PF and Div coil currents. In the first iteration, vessel eddy currents are set
to zero.

4) The RZIp model is employed with the discharge equilibrium shape
computed in step 2, and the associated PF and Div coil waveforms
computed in steps 2 and 3, to extrapolate the time-resolved plasma and
vessel eddy currents from plasma breakdown through to the end of the
discharge.

5) Steps 2 and 3 are repeated to obtain the final optimised null-field
and flat-top discharge equilibria employing both: the updated EFIT PF
and Div coil currents computed in steps 2 and 3, and the vessel eddy
currents computed in step 4.
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This paper focuses on the phase 2 of SMART development, employ-
ing target operational conditions achievable following the initial
commissioning and testing in phase 1. Equilibria are computed at two
time points within the discharge; a null-field configuration, computed
immediately preceding breakdown, and a steady-state discharge equi-
librium, computed during the plasma current flat-top. The former of
these is presented in Section 4.2 with relation to plasma breakdown and
start-up procedures, while the latter are introduced in Section 4.3,
including a discussion on the degree of achievable plasma shaping.
However, before presenting these equilibria, an overview of the PFC and
Div current waveforms employed to achieve them is presented in Sec-
tion 4.1.

4. SMART phase 2 operation
4.1. Typical discharge procedure

Thermal considerations due to ohmic losses and power supply sta-
bility place strict constraints on the design of the solenoid current
waveform and the length of the discharge [37]. These constraints must
be balanced against the requirements for breakdown and the target
equilibrium conditions, I, Rgeo,a, &, 5. As such, modelling of representa-
tive start-up and discharge procedures play a key role in the design of the
PF and Div coil sets.

Predicted discharge procedures for SMART have been developed
employing the model described in Section 3. The temporally resolved
Sol, PF and Div coil current waveforms for the phase 2 baseline case (see
Fig. 6(b)) are shown in Fig. 3(a), while the associated plasma current
and net vessel eddy current are presented in Fig. 3(b), and the loop
voltage induced via the solenoid is shown in Fig. 3(c).

The full discharge procedure for the phase 2 baseline scenario,
shown in Fig. 3(a), comprises four stages: a null-field stage between t =

— 20 ms to t = 0 ms, denoted blue, a breakdown and burn-through
stage between t = 0 ms to t = 15 ms, denoted red, a transition stage
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Fig. 3. Time history of the phase 2 baseline discharge, showing the (a) Sol, PF
and Div coil current waveforms and (b) the time-resolved plasma current.
Operational stages consist of a null-field stage betweent = — 20 ms tot = 0
ms, denoted blue, a breakdown and burn-through stage betweent =0 mstot =
15 ms, denoted red, a transition stage betweent = 15 ms tot = 35 ms, denoted
orange, and the flat-top discharge stage from t = 35 ms to t = 135 ms, denoted
green. Operating Conditions: I, = 100 kA, B, = 0.3 T, 7z = 100 ms. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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between t = 15 ms to t = 35 ms, denoted orange, and the flat-top
discharge stage from t = 35 ms to t = 135 ms, denoted green.

Stage 1 initiates with the solenoid, PF and Div coils ramping into
their optimised null-field configuration fromt = — 40 mstot = — 20
ms. The particular configuration of PF and Div coil currents is designed
to minimise the on-axis poloidal magnetic field By as required for ohmic
breakdown, see Section 4.2 for more details. The optimised null-field is
maintained for a further 20 ms until t = 0 ms to allow time for eddy
currents to decay, shown in Fig. 3(b).

Stage 2 begins at t = 0 ms with a steep initial solenoid ramp from
4000 Ato 0 A (-266 A/ms) betweent =0 — 15 ms, designed to maximise
the solenoid induced breakdown loop voltage, shown in Fig. 3(c). The PF
and Div coil currents maintain their null-field configuration until the
end of the initial solenoid ramp, as such the loop voltage Vj,,, induced is
uniquely defined by the solenoid ramp and can be computed as shown in
Eq. (5).

HolsoiNsol

Vloop = A:al L
Sol

(5)

Where, Is, is the rate of change of solenoid current with respect to
time, Ng,; = 240 is the number of solenoid windings, Ls,, = 1.55 m is the
solenoid length, Ag, is the solenoid cross-sectional area and y, is the
vacuum permeability. From this, the induced toroidal electric field can
also be computed as E; = Vjo0p/Ls Where L, = 2R is the toroidal path
length at any given radius R. A maximum loop voltage of Vj,,, =2.8 Vis
induced, resulting in breakdown occurring within 3 ms following ramp-
down, the details of which are discussed in Section 4.2. Following
breakdown, the plasma current grows at ~ 3.5 MA/s, coinciding with
the induction of eddy currents in the vessel structure, both shown in
Fig. 3(b). By the end of the initial solenoid ramp-down at t = 15 ms the
induced eddy current reaches a vessel averaged value of ~ 40 kA, pri-
marily located within the inboard vessel wall adjacent to the solenoid
[36].

Stage 3 is a transitional stage from t = 15 — 35 ms where the PF and
Div coils swing into their discharge configuration. The solenoid executes
a secondary intermediate ramp from O A to -600 A (-40 A/ms) until t =
30 ms, maintaining a plasma current growth of ~ 3.0 MA/s as required
to reach the target flat-top plasma current of 100 kA. Net vessel eddy
currents reduce to = 20 kA, primarily situated adjacent to the outboard
midplane and vessel caps, being induced via the PF1 and Div1 coil sets.

Stage 4 represents the main discharge phase, lasting for 7; = 100 ms
between t = 35— 135 ms where the plasma current and shaping pa-
rameters have reached their target values. The PF and Div coil sets
maintain the discharge configuration, while the solenoid continues into
a final shallow tertiary solenoid ramp from — 600 A to — 2200 A (-16 A/
ms), maintaining a constant flat-top current of I, = 100 kA. Plasma
current decay arises from both internal resistive losses, wheren, = 4.6 x
107 [@ m™1], for Zs; = 2, and inductive losses to the vessel walls
through the RZIp model, see discussion surrounding Eq. (4).

Following stage 4, the solenoid and all coil sets are ramped to zero
current and the plasma decays within ~ 50 ms. Depending upon the
target equilibrium shape, the precise configuration of the PF and Div coil
currents changes for stages 3 and 4; however, the optimised null-field
and start-up procedure (stages 1 and 2) remain similar for all phase 2
discharges.

4.2. Breakdown

SMART is capable of non-inductive breakdown via a dedicated ECRH
pre-ionisation system, however standard operation of SMART is ex-
pected to employ a traditional inductive breakdown for reliability.
Ohmic breakdown of plasmas is generally described via Townsend
avalanche theory [55], and more specifically the Lloyd criterion for
magnetised plasmas [56], which states that the minimum electric field
Epq required for breakdown of hydrogen or deuterium gas at pressure P
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(Torr) can be estimated as Eq. (6).

1.25 x 10*P

" = In(510PL,) ©®
where L, is the connection length [26,45], defined:
B
L. = 0.25a, <—¢> %)
By

Here, a. is the effective minor radius, defined as the distance be-
tween Ry, to the closest vessel wall, while B, and B, denote the vacuum
(null-field) poloidal and toroidal magnetic field strengths, respectively.
The connection length physically represents the helical field-line path
between two points separated by a straight line path of length a., and
therefore functions as the maximum distance a particle may be accel-
erated over, with respect to the traditional Paschen Pd diagram.

In addition to Eq. (6), two empirically validated formulae are widely
employed as metrics for reliable breakdown, where Eq. (8) refers to
discharges employing pre-ionisation [57] and Eq. (9) refers to purely
ohmic discharges [58,59].

E,,,Z—: >100  [Vm™'] ®)

Ed,% >1000  [Vm™'] 9
[

From Egs. (6), (7) and (9), it can be seen that, for a given operational
pressure range, the required electric field for ohmic breakdown is
reduced by minimising By. This is achieved through configuring the PF
and Div coil currents such that the vacuum magnetic field is minimised
prior to solenoid ramp-down, forming a null-field region on-axis, as
discussed previously with respect to Fig. 3(a). Optimisation of this null-
field is performed by RZIp, accounting for the eddy currents induced in
the vessel due to the initial solenoid ramp-up.

Figure 4 (a) shows the optimised null-field By at time t = 0 ms for the
phase 2 baseline discharge shown previously in Fig. 3(a), while Fig. 4(b)
and (c) show 2D maps of the breakdown metric described by Eq. (9), and
connection lengths attained through field-line tracing within the vac-
uum vessel, respectively.

The poloidal magnetic topology in Fig. 4(a) exhibits a relatively
homogeneous ‘D-shaped’ region where By ~ 2 G, situated between —
04<Z<+404 and 02<R<0.7, centred on Rg, This zone is
bordered by six approximately equidistant By minima, which represent
magnetic cusps at points where the field induced by adjacent coils di-
verges. While of note, these minima are likely spatially unstable and
temporally transient during the solenoid ramp-down and are therefore
not considered when computing breakdown criteria. Instead, a null-field
zone of size 25 cm by 25 cm and centred on the inboard last closed flux
surface (LCFS), is defined within the central poloidal field plateau,
denoted by the white dashed lines. For the purposes of calculation,
breakdown criteria (By, L, 7pq) are averaged over this 6.25 cm? region as
it represents the location of minimum average poloidal magnetic field
during the initial solenoid ramp-down. Note, this null-field region does
not represent a physical boundary, rather a convenient nomenclature for
discussion of breakdown characteristics. Beyond the central plateau
there exists a discontinuity in the magnetic topology at the vessel walls,
particularly visible at the outboard mid-plane wall, between the PF1 coil
set, and arising due to eddy currents induced during the initial solenoid
ramp-up into the null-field configuration.

From the null-field magnetic topology it is possible to compute both
the breakdown metric (described by Eq. (9)), and the spatially resolved
connection length, shown in Fig. 4(b) and (c), respectively. From Fig. 4
(b) it can be seen that the breakdown metric is highest immediately
adjacent to the inboard vessel wall. This arises partly from the increased
By, and partially from the reduced toroidal path length, which increases
the toroidal electric field strength, the radial profile of which is
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Fig. 4. Contour plots of (a) the phase 2 baseline optimised null-field By, (b) the empirical breakdown metric E(,,];—f; and, (c) the spatially resolved connection length L,
obtained via field-line tracing. All data presented in panels (a-c) is computed prior to the initial solenoid ramp-down at z = 0 ms. The vacuum vessel is denoted in
grey, coils and solenoid in blue and the 25 x 25 cm null-field region is denoted by the white dashed box. Operating Conditions: I, =100 kA, B, = 0.3 T, 75 = 100
ms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

computed from the maximum loop voltage as described previously in
Fig. 3(c).

A generally similar trend can be observed in Fig. 4(c), where
connection lengths decrease with increasing radius, again due to
reducing B. In addition there also exists an asymmetry about the mid-
plane with generally longer connection lengths above Z = 0.0 m. This
asymmetry arises due to the vertical B-field being aligned in the —Z
direction, resulting in a net downwards drift in the connection length
path, and hence longer lengths for paths starting in the upper portion of
the vacuum vessel. These trends are further punctuated by three local-
ised regions of high connection length (L, > 3000 m) situated adjacent
to the PF2 coils. The largest of these structuresat R = 0.6 m, Z = 0.4 m
coincides with a By minima in Fig. 4(a) and as such, is a spatio-
temporally transient feature. The smaller structures at R = 0.7 m, Z =
— 0.5 m do not correspond to By minima, but instead represent
connection paths which form helical trajectories around the PF2 coils,
negating the axial or radial drifts. Such paths are only stable in the
absence of collisions and for a steady-state By, and therefore also
represent transient features.

Accounting for the results presented in Fig. 4(b) and (c), breakdown
is most likely to occur on the inboard side of the vessel above the mid-
plane, near R = 0.2 m, Z = 0.4 m. Note however, that these figures
represent the upper limits for both the breakdown metric and connec-
tion length as they utilise null-field conditions prior to the solenoid
ramp-down. During ramp-down, the rapidly changing solenoid current
and subsequent eddy currents induced within the inboard wall result in
an increased By, leading to increased connection lengths and reduced
breakdown metrics. Averaging the breakdown metric within the null-

field region provides an estimated value of E¢g—‘;‘ = 3358 Vm !, safely
exceeding the minimum threshold for ohmic breakdown by a factor of 3.
Performing the same procedure for the connection length within the
null-field region via Eq. (7) yields a mean connection length of L, =
100.5 m, agreeing with other similarly sized machines. For the purposes
of reliability and safety, these lower null field region averaged values are
employed in Section 4.2, ensuring conservative operational estimates.
From the null-field averaged By and L. extracted from Fig. 4(a) and
the maximum Vj,,, presented in Fig. 3(a), it is now possible to estimate
the expected operational range for SMART phase 2. Fig. 5 shows the
Paschen breakdown curve and associated avalanche timescales for
SMART phase 2, where the maximum achieved Ey,,, is computed as the
maximum induced Vy,,, over a circular path length at the inboard LCFS,
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Fig. 5. Phase 2 baseline breakdown criteria illustrating the Paschen breakdown
curve in black, computed employing L. = 100.5 m, and corresponding
avalanche timescale in blue. The maximum induced toroidal electric field
during the initial solenoid ramp-down Ej,,, = 2.26 Vm~! is denoted by the red
dashed lines. Pressures for which breakdown is not possible are denoted by the
greyed out regions. Operating Conditions: I, = 100 kA, By, = 0.3 T, 7; = 100
ms. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

where R = 0.21 m.

The Paschen curve in Fig. 5 is calculated employing the null-field
averaged connection length of L, = 100.5 m, and exhibits an absolute
Paschen minimum field of 0.68 Vm™!. This is safely below the previously
calculated toroidal E-field Ejo, = 2.26 Vm~!, shown by the red dashed
line, and computed from the maximum induced loop voltage Vjo,, = 2.8
V at the centre of the null-field region (R = 0.21 m). From this com-
parison, SMART phase 2 is predicted to possess an operational range of
between 3 <P <83 mPa (0.02 <P <0.63 mTorr), with an optimal
pressure of 7 mPa (0.05 mTorr).

While the Paschen minimum is indeed achieved, to achieve break-
down the E-field must be sustained for a suitable timescale such that
electron avalanche may proceed to completion. This avalanche time-
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Fig. 6. Phase 2 discharge equilibria, (a) employing negative triangularity (6 = — 0.50, k = 1.75, A = 1.97), (b) employing baseline configuration (6 = + 0.20, x =
2.00, A =1.85) and (c) employing positive triangularity (6 = + 0.47, x = 1.51, A = 1.85). All equilibria are computed during the plasma current flat-top at t = 40
ms (see Fig. 3). The vacuum vessel is denoted in grey, while coils and solenoid are shown in teal. Operating Conditions: I, = 100 kA, By = 0.3 T, 7z = 100 ms. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

scale 7,4 can be estimated through considering the evolution of the
electron density during the avalanche [56], and is computed as:

ln(n,,,,/neo)

- VDe(a - I/LL) (10)

Thd

Here, n,y =1 m~3 is the initial background electron density, ny is the
electron density at the ‘completion’ of breakdown, Vp, = yEj, /P is the
electron drift velocity, where  ~ 43, and « is the 1st Townsend coeffi-
cient given by:

B,P

a:ATP‘exp< ¢ ) an
Eloop

where Ay = 510 m™1Torr™! and B, = — 1.25x 10* Vm!Torr! for

deuterium plasma discharges [45], with previous work showing that
these values of A7 and By, also hold to within 2% for hydrogen discharges
[56], as employed in SMART phases 1 and 2. For the 7,4 profile shown in
Fig. 5, an electron density of nyg = 0.15n, (where n, is as computed from
the Greenwald limit) was chosen to mark the ‘completion’ of break-
down. This density represents a reasonable estimate for the density at
which the electron-ion collision frequency exceeds the electron-neutral
collision frequency [56]. Note however, that the target electron density
was maintained constant for varying prefill pressure and as such the
breakdown densities npq and avalanche timescales at lower pressures
likely represent a slight overestimation.

Given these conditions, the avalanche timescales computed for
SMART phase 2 range over three orders of magnitude, achieving a
minimum of 7,3 = 2.13 ms for a prefill pressure of 0.07 mTorr, slightly
higher than the optimum pressure suggested by the Paschen minimum
alone. Notably, an avalanche timescale of between 2 — 3 ms is signifi-
cantly below the initial stage 2 solenoid ramp-down timescale of 15 ms,
providing adequate time for breakdown and burn-through of the
remaining neutral species to occur.

4.3. MHD equilibria and shaping

Following breakdown, the plasma current grows at a rate of
> 3.0 MA/s, reaching the target flat-top current of 100 kA by t = 35 ms
as shown previously in Fig. 3(b). Flat-top discharge equilibria are
computed at time t = 40 ms, allowing for stabilisation of the plasma and
vessel eddy currents following the PF and Div coil swings. Figures 6(a-c)
present equilibria demonstrating the range of plasma shaping achiev-
able within SMART phase 2, including: a negative triangularity config-
uration (6 = — 0.50), a baseline configuration (6 = + 0.20), and a
positive triangularity configuration (§ = + 0.44), respectively.

The baseline equilibrium, shown in Fig. 6(b), represents the pro-
spective ‘standard’ phase 2 discharge configuration; designed to mini-
mise the aspect ratio (A = 1.85) and maximise the elongation (x =
2.00), with a moderately positive triangularity (5 = 0.20). The highly
elongated shape offsets the reduced aspect ratio, resulting in a moderate
plasma volume of 0.8 m3, filling approximately 46% of the usable in-
ternal volume, accounting for the internal PF and Div coil radial and
axial limits. Further, the low aspect ratio enforces a higher average B,
across the plasma, leading to a higher average magnetic helicity (B;/By)
and resulting in a relatively high edge safety factor of qg5 = 6.6.

In addition to the baseline case, two further highly shaped equilibria
were developed, shown in Fig. 6(a) and (c), outlining the most negative
and most positive triangular discharge configurations achievable within
the constraints of the coil geometry and phase 2 power supply limits.
Aligning with the SMART mission goals, design priority was given to
optimising for the triangular configurations, achieving a minimum
negative triangularity of 6 = —0.50 and a maximum positive triangu-
larity of § = + 0.47. Beyond these values no stable equilibria were
obtained within the PF and Div coil current limitations. In both cases,
enhanced triangularity was achieved at the cost of reduced elongation,
where k = 1.50 for the +6 case and « = 1.75 for the —§ case, arising from
the increased current in the Divl or PF2 coil sets, respectively. While
these reductions in elongation result in reduced minor radii, this is
accompanied by an increased Rg,; maintaining an aspect ratio of A =
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1.85 for the +65 case, while the —& case exhibits an increased aspect ratio
of A =1.97 due to Ry, increasing faster than a. Finally, both shapes
exhibit edge safety factors lower than the baseline configuration, arising
due to the reduced average B, across the plasma. This effect is most
pronounced in the safety factor gos = 4.3 for the —§ configuration, as
compared to ggs = 5.7 for the +§ configuration.

A major advantage of the SMART device, with regards to plasma
shaping, arises from the flexibility in the positioning of the primary
shaping coil sets (PF2 and Divl). While representing a greater engi-
neering challenge, the decision to place the primary shaping coils within
the vacuum vessel greatly reduces the coil current requirements to
achieve the above highly-shaped equilibria. As the current requirements
on the PF1 coil set are significantly lower than the other coil sets it may
remain external to the vessel, increasing the internal volume and
reducing the poloidal ripple. An analysis of the SMART device in which
all coils were external to the vessel has shown unacceptably high current
demands on the Divl and PF2 coil sets, while simultaneously predicting
reduced shaping parameters. Finally, it was found that the axial sepa-
ration of the internal PF2 coil set significantly impacted the degree of
achievable negative triangularity. Enhanced negative triangularities
were achieved primarily through reducing the axial separation of the
PF2 coil set, which form the —§ X-points, as compared to the Div1 coil set
which form the +6 X-points. This enabled ‘sharper’ —§ X-points and
‘flatter’ outboard flux surfaces as compared to the positive triangularity
cases.

The shaping characteristics presented in Fig. 6(a—c) in combination
with the operational parameters shown previously in Table 1 place the
expected capabilities of SMART phase 2 in line with previous generation
small-to-mid size spherical tokamaks. SMART phase 3 aims to expand
upon these capabilities, through improvements to the central solenoid
and PFC power supplies, and will be capable of achieving triangularities
in excess of +0.5 for operating conditions of By =1 T, I, = 500 kA and
7z = 500 ms. The unique capability to achieve such highly shaped
plasmas within a spherical tokamak, in particular negative triangularies,
will enable quantification of the MHD stability, radial transport, and
edge physics in high g plasmas, ensuring that SMART directly contrib-
utes to prospective future commercial spherical tokamak projects.

5. Conclusions

Two-dimensional axisymmetric simulations of the discharge pro-
cedures and target shaped equilibria in the novel SMall Aspect Ratio
Tokamak (SMART) device have been performed employing the Fiesta
toolbox. This work focused on phase 2 of the SMART design process,
representing the first stage capable of highly-shaped plasma configura-
tions. Three prospective phase 2 discharge configurations were exam-
ined; a baseline configuration for which the aspect ratio (A= 1.85) is
minimised and the elongation is maximised (x = 2.07) and a pair of
highly triangular configurations, achieving triangularities in the range —
0.50 < § < +0.47 for a 100 kA plasma column. Modelling of the
baseline configuration start-up procedure and discharge configuration
was performed, including a self-consistent consideration of induced
vessel eddy currents through a rigid current displacement model (RZIp).
A maximum loop voltage of Vj,,, = 2.8 V was achieved for a solenoid
ramp of 4 kA, in the absence of pre-ionisation. Analysis and optimisation
of the pre-ramp null-field configuration estimated connection lengths of
~ 100 m, corresponding to an operational prefill pressure range of
between 3 <P <83 mPa (0.02 <P < 0.63 mTorr), with an optimal
pressure of 7 mPa (0.05 mTorr). Further analysis of the Townsend
breakdown for these conditions revealed a minimum avalanche time-
scale of 2.12 ms, significantly below the 15 ms start-up timescale,
demonstrating the capacity for purely ohmic breakdown in the SMART
device. The highly shaped configurations and discharge thresholds
presented here represent the potential for SMART to produce many high
impact contributions to spherical tokamak research, including transport
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and edge stability studies. Looking forward, continued modelling and
development of the SMART device aims to improve upon these targets,
while enabling the training of the next generation of fusion engineers
and physicists.
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