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ARTICLE INFO ABSTRACT

Keywords: COMPASS Upgrade is a new medium size, high magnetic field tokamak (R = 0.9 m, B = 5T, I, = 2 MA) currently
Cc')MPASS-U. . under design in the Czech Republic. It will provide unique capabilities for addressing some of the key challenges
High magnetic field in plasma exhaust physics, advanced confinement modes and advanced plasma configurations as well as testing

Tokamak design

. new plasma facing materials and liquid metal divertor concepts.
Thermonuclear fusion

This paper contains an overview of the preliminary engineering design of the main systems of the COMPASS
Upgrade tokamak (vacuum vessel, central solenoid and poloidal field coils, toroidal field coils, support structure,
cryostat, cryogenic system, power supply system and machine monitoring and protection system). The
description of foreseen auxiliary plasma heating systems and plasma diagnostics is also provided as well as a
summary of expected plasma performance and available plasma configurations.
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Table 1

Overview of COMPASS-U engineering parameters.
Quantity Value
By Toroidal magnetic field <5T
I, Plasma current <2MA
Rgeom Major radius 0.9m
a Minor radius 0.27 m
A Aspect ratio 3.3
8 Triangularity 0.3-0.6
K Elongation <18
v Plasma volume 2.1m?
S Plasma surface at separatrix 13 m?
Ty Vacuum vessel operation temperature <500 °C
Pypr NBI heating power (initial phase) 4 MW
Pgcru ECRH heating power (initial phase) 1-2 MW
tflat-top Flat-top length 2-10s
% Poloidal magnetic flux swing 6.7 Wb

1. Introduction

Next step fusion devices and future fusion power plants based on the
tokamak concept are expected to operate at high magnetic field (B> 5T
is expected) and Pse,Bi/(gAR) ratio (see Tables 1 and 3 for definition). In
contrast to this, present-day tokamaks all over the world can only reach
much lower magnetic fields. The existence of such a machine would be
an indisputable benefit for fusion research and would allow in-depth
studies of many reactor relevant topics.

COMPASS Upgrade (COMPASS-U), a medium-size tokamak (R =
0.894 m, a = 0.27 m), entered the final design phase in the first half of
2020. Delivery of its main systems, machine assembly and commis-
sioning followed by the first plasma is expected in the period 2021—23.
COMPASS-U will provide unique capabilities: high magnetic field (B =
5 T), plasma current (I, = 2 MA) and plasma density (ne ~ 10%° m~3)
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combined with extensive auxiliary plasma heating power: starting with
4 MW of neutral beam injection (NBI) and 1 MW of electron cyclotron
resonant heating (ECRH) with foreseen future extensions up to in total
18 MW of combined NBI and ECRH heating power. In addition, the
device will be operated with a hot metallic first wall and a vacuum vessel
(up to 500 °C).

Due to its capabilities and plasma conditions, the COMPASS-U
tokamak will be able to efficiently support physics aspects of the ITER
operation as well as to address some of the key challenges for DEMO
construction and operation. Namely, it will focus on the divertor physics
at DEMO-relevant conditions including plasma exhaust with extreme
heat fluxes and advanced confinement modes. In addition, research of
advanced materials for Plasma Facing Components (PFC) including
liquid metal divertor concepts in later operational phases is envisaged.

Section 2 of this paper presents an overview of the preliminary
design of individual tokamak subsystems: an Inconel 625 vacuum vessel
and its heating system, a central solenoid (CS) and poloidal field (PF)
coils manufactured with a hollow copper conductor, demountable
copper toroidal field (TF) coils equipped with bolted and sliding joints, a
massive stainless steel support structure, a cryogenic system providing
cooling of the support structure and coils down to 80 K, a vacuum
cryostat providing thermal insulation of the hot vacuum vessel from the
cold coils and support structure, a machine monitoring and protection
system, and a power supply system.

Auxiliary plasma heating systems are described in Section 3. Section
4 is devoted to a brief overview of plasma diagnostics planned for
COMPASS-U and Section 5 summarizes the anticipated plasma param-
eters of this new device.

2. Engineering design

The main engineering parameters of COMPASS-U are summarized in

44 m
6.6 m

Fig. 1. Cut through the COMPASS-U tokamak.
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Fig. 2. Cut through the COMPASS-U vacuum vessel, the passive stabilizing
plates and the PFCs.

Table 1.

The design of COMPASS-U has undergone significant changes on the
way from the conceptual design [1] to the preliminary design of the
machine, even though the main parameters have been kept the same.
The major differences are reduction of the vacuum vessel wall thickness,
movement of the central solenoid inside of the TF volume, enlargement
of the TF coils and modification of their joints, significant change in the
support structure design allowing vertical disassembly of the machine
and modification of the cryostat. An overview of the machine is shown
in Fig. 1.

2.1. Vacuum vessel and in-vessel components

The preliminary design of the COMPASS-U vacuum vessel is based on
a single wall structure made of Inconel 625. It has a D-shaped cross-
section with a 23 mm thick cylindrical inner wall, 35 mm thick flat
top and bottom lids and a 30 mm thick outer wall consisting of a cy-
lindrical middle part and upper and lower inclined parts. The vacuum
vessel body has an outer diameter of 2.75 m and is 1.52 m high with a
total weight of approx. 6 t. A 3D view of the vacuum vessel is shown in
Fig. 2.

The vacuum vessel is equipped with 16 equatorial ports of two types:
larger funnel-shaped ports (350 mm wide and 500 mm high in the
narrowest section) and narrow radial ports (200 mm wide, 500 mm
high). There are also 16 lower and 16 upper divertor ports of three
different types (DN160 inclined by 0°, 15° and 60° with respect to the
horizontal plane) and 8 lower and 8 upper vertical ports (DN100). All
port extensions connecting the vacuum vessel and the cryostat have
flexible middle sections allowing differential thermal movement of the
vacuum vessel. See Fig. 13 for more details.

There are 8 Inconel 625 supports bolted to the lower part of the
vacuum vessel connecting it to the lower part of the support structure.
The supports are flexible in the radial direction to allow free thermal
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expansion of the vacuum vessel.

The vacuum vessel size is substantially larger than the plasma size to
secure enough space for in-vessel equipment (divertor cryopumps,
instrumentation of the future liquid metal divertor, etc.). Passive sta-
bilizing plates (PSPs) are therefore introduced to assure the plasma
vertical stability. The passive stabilizing structure consists of two 20 mm
thick Glidcop Al-60 (dispersion strengthened copper with high strength
at 500 °C) loops in anti-parallel connection through a coaxial bridge.
Each stabilizing loop is connected to a 20 mm thick Inconel support
structure bolted to pads welded to the vacuum vessel.

The stabilizing effect of the PSPs was assessed using the stability
parameter f;, as defined in [2]. It is the ratio of the stabilizing to the
destabilizing force gradient in vertical coordinate. f; > 1 is strictly
required for controllable plasma, a requirement of f; > 1.5 for all plasma
scenarios was selected in COMPASS-U design. The analysis was per-
formed with FIESTA simulation code [3]. fs = 1.85-2.05 is reached for
planned scenarios including the negative triangularity scenario - see
Section 5.2 for more details. Possible later removal of the lower PSP is
considered as one of options how to accommodate larger high perfor-
mance plasma with negative triangularity (fs ~ 1.7 in such a case).

Temperature stabilization of the vacuum vessel is secured using a
gaseous heating medium (He and CO, being the main candidates)
running through Inconel heating pipes welded to the inner surface of the
vacuum vessel. Foreseen operation temperature of the vacuum vessel is
in the range from room temperature to 500 °C.

The outer side of the vacuum vessel is thermally insulated using 20
mm thick thermal multi-layer insulation (MLI) consisting of 30-40
layers of metallic reflectors and glass fibre separators. Electromagnetic
forces from disruption-induced currents within the insulation are
reduced by using low-conductivity metals (silver coated stainless steel or
titanium) as a reflector and having additional insulating cuts in the
reflector layers.

An extensive electromagnetic modelling of plasma disruption events
expected in the COMPASS-U tokamak was conducted [4,5]. List of
disruption sequences which are considered as the most severe for the
mechanical design of the vacuum vessel was proposed [4]. All of the
critical disruption sequences presume the maximal toroidal field By=5T
and pre-disruptive plasma current I, = 2 MA. The following disruption
events are represented in the critical disruption sequences: current
quench of 3 MA/ms rate, thermal quench (maximal expected plasma
energy Wr = 830 kJ and quench time trg = 0.1 ms), slow 35 ms vertical
displacement event (VDE) towards passive stabilizing plates, fast 1.55
ms VDE into the divertor region and halo currents bounded by FxTPF =
0.75, where F is the halo current fraction and TPF is the toroidal peaking
factor. Electromagnetic loading resulting from disruptions was used as
an input for the subsequent static [6] and transient structural analyses
verifying the mechanical design of the vacuum vessel.

COMPASS-U will have metallic PFCs. A large part of the vacuum
vessel will be covered by Inconel tiles (possibly with tungsten coating),
such as the PSPs, most of the inner (high field side) wall and 8 outer (low
field side) wall poloidal rib limiters. High heat flux regions such as the
divertor, 8 poloidal guard limiters at the inner wall, and one main outer
wall poloidal limiter will be made of bulk tungsten tiles. A lower closed
divertor is foreseen for the initial phase of operation. The installation of
a second upper closed or open divertor is planned for later operational
phases, followed by the installation of a divertor based on liquid metal
technology.

All PFCs will be heated and cooled mainly by inter-shot radiation at
elevated temperatures. Passive cooling through flexible copper anchors
attaching PFC supports to the heating/cooling tubing of the vacuum
vessel is considered for low temperature vacuum vessel operation.

2.2. Central solenoid and poloidal field coils

Plasma break-down and ohmic current drive are secured by 8 iden-
tical CS segments wound around the central part of the TF coils (,,TF
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Fig. 3. Poloidal cut through COMPASS-U with labelled CS segments and
PF coils.

core“). The CS segments are electrically connected in pairs: CS1U +
CS1L, CS2U + CS2L, CS3U + CS4U, CS3L + CS4L (see Fig. 3). Each CS
segment has 29 turns of half-hard CuAg0.1 (OF) hollow conductor with
outer dimensions 24 x 21 mm and with an elliptical cooling channel.
The inner diameter of each CS segment is 0.75 m and the total winding
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length is ~90 m. Maximum coil current is +50 kA.

The CS segments are placed inside two tie tubes made of Nitronic 50
alloy and pressed together via a preload mechanism embedded inside
the upper part of the inner tie tube. The preload mechanism is based on
80 stacks of heavy duty Belleville washers providing a preload capacity
of several MN. The CS assembly is shown in Fig. 4.

COMPASS-U will have 5 upper and 5 lower poloidal field coils in up-
down symmetric arrangement (PFla, PF1b, PF2, PF3 and PF4)-see
Fig. 3. The innermost coils PFla and PF1b are connected in series to a
common power supply. PF coil diameters range from 1.2 m to 2.9 m and
winding length from 120 m to 360 m. Maximum current of the PF1-PF3
coils is +£25 kA and +30 kA for the PF4 coil. Similarly to the CS seg-
ments, PF coils are wound from a half-hard CuAg0.1(OF) hollow
conductor with a circular cooling channel. Conductor dimensions are 15
x 15 mm and 20 x 17 mm for the PF1-PF3 and PF4 coils, respectively.
The parameters of the coils are summarized in Table 2.

All the CS, PF and TF coils will be cooled down to ~80 K prior to the
plasma discharge to reduce their resistivity by a factor of ~5-7. Gaseous
helium flowing through the cooling channels inside the coil conductors
will be used as a coolant. The PF coils are divided into several cooling
segments to limit the coolant pressure drop to AP ~1 bar.

Electrical insulation of the CS and PF coils is achieved by 1 mm thick
conductor insulation (kapton tape + S2 glass tape), 0.6 mm additional
inter-layer insulation (S2 glass tape, CS coils only) and 3 mm ground
insulation (S2 glass tape). The coils will be vacuum pressure impreg-
nated using epoxy resin.

2.3. Toroidal field coils

Up to 5 T toroidal magnetic field (at R = 0.894 m) will be produced
by 16 p-shaped coils with 7 turns each (112 turns in total). The coils will
be manufactured from 20 mm thick full-hard CuAg0.1 (OF) plates with
required yield strength higher than 300 MPa at 80 K. The coils will be
insulated by a 1 mm thick layer of E glass which will be vacuum pressure
impregnated by epoxy resin. In addition, the coils will have 5 mm thick
ground insulation. The overall dimensions of the TF coil assembly are:
~3.6 m diameter, ~2.5 m height and ~24 t weight.

The TF coils have to be dismountable to allow winding of the central
solenoid and insertion of the vacuum vessel and PF coils inside the TF
volume. The TF coils therefore consist of the central TF core with 16
lower limbs and 16 separate upper limbs. The upper outer limbs are
attached to the lower limbs via midplane bolted joints and to the TF core
via sliding electrical contacts. The outer bolted joints secure rigid

Inner tie tube

Fig. 4. Vertical cross-section of the CS with a detailed view of the preload mechanism and an overall view of the central solenoid including the tie tubes.
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Table 2
Overview of parameters of CS segments and PF coils.
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Coil Current range [kA] Conductor w x h [mm] Diameter [m] Turns Winding length [m] cooling segments
8xCS + 50 24 x 21 0.8 29 90 1
2xPFla + 25 15 x 15 1.2 32 120 2
2xPF1b + 25 15 x 15 1.3 32 137 2
2xPF2 + 25 15 x 15 1.5 32 155 2
2xPF3 + 25 15 x 15 2.1 36 233 3
2xPF4 + 30 17 x 20 2.9 40 360 5
connection of the coils at the outer side and turn-to-turn transition of the
Table 3

An overview of expected COMPASS-U operational parameters.

Initial phase Full heating

Quantity Low High High
current current current
I Plasma current 0.8 MA 2 MA 2MA
qos Safety factor 6.3 2.5 2.5
B, Poloidal magnetic field at 06T 1.2T 1.2T
the outer midplane
Pgsep/R Ratio of heating power and ~ 3-5 MW/ 4-7 MW/ 12-16 MW/
major radius m m m
PgepBy/ Ratio of heating power and ~ 14-25 21-32 58-80 MW
R major radius multiplied by =~ MW T/m MW T/m T/m
toroidal magnetic field
PsepB/ Divertor challenge 0.7-1.2 2.6-3.9 7-9.7 MW
(gAR) quantifier MW T/m MW T/m T/m
TE Energy confinement time 30-40 ms 60-90 ms 50 ms
Ne Line averaged electron 2.1-2.2 x 2.2-2.8 x 2.2-2.8 x
density 10 m= 10 m— 10*° m~3
Ne.Gw Greenwald density limit 35x10%°  87x10%° 87 x10%
m3 m3 m3
Te Central electron 2.5-5.5 2.5-4.5 7-8 keV
temperature keVv keVv
T; Central ion temperature 2.5-5 keV 2.5-4 keV 4-6 keV
Pn Normalized beta 0.8-1.2 0.8-1.1 1.7-1.8
Tle,ped Pedestal top electron 0.9-1.7 x 1.4-2.6 x 1.9-2.4 x
density 102 m~ 10 m3 10 m3
Teped Pedestal top electron 0.1-0.5 0.1-0.9 1-1.2 keV
temperature keVv keV
Tiped Pedestal top ion 0.1-0.5 0.1-0.9 1-1.2 keV
temperature keV keV
Ppea Pedestal top pressure 13-30kPa  22-75kPa  80-90 kPa
V¥ped Pedestal collisionality 0.4-12 0.1-6 0.12-0.14
Emax Peak Type I ELM energy 0.3-0.6 0.5-1.6 1.7-1.9MJ/
fluence MJ/m? MJ/m? m?
Aq Heat flux decay length at 1-2.5 mm 0.5-1 mm 0.5-1 mm

the outer midplane

Crown structure

Cooling pipes

TF coils. The inner force-free sliding connection was selected for the
inner joint as this would be a highly stressed area in case of rigid
connection and the design of such a bolted joint would be very chal-
lenging. A TF coils overview and detailed views of the joints are shown
in Fig. 5.

The sliding joint design is based on similar concepts used in MAST
[7] and Alcator C-mod [8] tokamaks. The sliding surface is provided by
four 0.75 mm thick copper felt pads soldered to a flexible finger
machined at each upper TF limb turn. Reliable contact with a U-shaped
groove machined to each TF core turn is secured by two stainless steel
spring plate stacks inserted inside each joint. The spring plate stacks
provide ~5 MPa contact pressure at each copper felt pad. Vacuum and
low temperature compatible lubricant will be applied to each pad prior
to machine assembly.

Cooling of the TF coils down to 80 K is achieved by gaseous helium
running through copper tubes soldered into grooves machined in each
TF turn. There are 3 separated circuits in each turn: in the TF core, in the
lower outer limb and in the upper outer limb. Separate parallel
connection of odd and even turns in these 3 segments is foreseen and
therefore 6 separated cooling loops will be used. This topology permits
the possibility of TF cooling with reduced power even in case of fault of
some of the cooling segments.

16 TF coils create an acceptable TF ripple below 0.5 % at the plasma
separatrix position without additional ferritic inserts and provide
enough space for large vacuum vessel midplane ports and near-
tangential injection of neutral heating beams (ripple induced fast ion
losses < 3.3 % of NBI power). The current limit of the coils is 200 kA,
producing 5 T at the major axis of the machine for 2-3 s flat-top length
with 340 MJ energy available from the flywheel generators. The resis-
tance of the TF winding cooled to 80 K is expected to be ~0.8 mQ.

Midplane bolted joint

Fig. 5. TF coils with detailed view of the sliding and bolted joint. The CS is not shown in this figure.

v
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[ Upper compression disc

Upper rib assembly

* r1b

* side plates

* parallel keystones
* weld pins

Column assembly
¢ column
* parallel keystones

C-frame connection parts

* adjustable parallel
keystones

* M42 bolts

Vertical stiffeners

Lower rib assembly

* 1ib

* side plates

« parallel keystones
* weld pins

Flexible support

Fig. 6. 1/16 of the COMPASS-U support structure.

2.4. Support structure

The most massive component of COMPASS-U is its support structure,
made of stainless steel AISI 304(L)N and 316(L)N. Increased nitrogen
content of these steels is important for reaching acceptable strength of
the material at cryogenic temperatures (>400 MPa yield strength at 80 K
is expected) and to keep the relative magnetic permeability close to 1.
The major role of the support structure is to counteract the extreme
forces produced by the TF coils (~4-5 MN both in the vertical and radial
directions and ~1 MN in the toroidal direction from each TF coil), CS
stack (<7 MN vertical force), individual PF coils (<1.5 MN vertical
force) and the vacuum vessel during plasma disruption (<4.1 MN ver-
tical, <0.8 MN lateral, <0.2 MN toroidal force). The support structure
has to minimize the mutual movement of the TF sliding joints and allow
vertical (dis)assembly of the machine. The overall dimensions of the
support structure are ~4.5 m diameter, ~4.5 m height and ~190 t
weight.

The support structure consists of 16 C-frames, each consisting of a
lower rib assembly, a vertical column and an upper rib assembly-see
Fig. 6. The three parts of each C-frame are connected via a bolted
connection and a set of keystones. All C-frames are held together by 2
large compression disks placed at the bottom and top of the support
structure. Torsion of the support structure is reacted by a set of vertical
stiffeners placed between the C-frames at the outer side of the support
structure. Two massive “wedge plates” create an interface between the
C-frames and the TF coils. The CS tie tubes and PF holders are bolted to

these wedge plates. The whole structure is supported at the base of the
cryostat using 16 flexible supports placed under the C-frames.

Cooling of the support structure is obtained via gaseous helium
running through stainless steel pipes welded into machined grooves in
the major components of the support structure. Cool-down of the sup-
port structure has to be synchronized with the cool-down of the coils to
prevent the creation of thermal stresses or gaps in between the support
structure and the coils and is expected to take ~1 week.

2.5. Cryogenic system

The COMPASS-U cryogenic system provides cooling of all coils (to
increase the electric conductivity) and the support structure (to increase
its strength and follow the thermal expansion of the coils). Gaseous
helium was selected as the main cooling medium to prevent the danger
of thermal shocks and damage of the cooled components by phase
changes in the coolant.

Three separate cooling loops are planned:

1) high pressure loop for CS coils cooling, AP ~4 bar, mass flow ~80 g/
S,

2) medium pressure loop for PF coils cooling, AP ~1 bar, mass flow
~160 g/s,

3) low pressure loop for the TF coils and support structure cooling, AP
~0.1 bar, mass flow ~800 g/s.
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Fig. 7. An overall view of the cryostat resting on 8 columns.

Coolant will be circulated in the cooling loops by turbocirculators.
Heat exchange from liquid nitrogen is foreseen as the main “cold
source”. Future extension by a cycle-based cooler for additional sub-
cooling of some cooling loops is possible if needed. The total required
cooling power is ~100 kW at 80 K.

The turbocirculators, heat exchanger, control valves, temperature,
mass flow and pressure sensors will be located in a vacuum cold-box
placed below the tokamak. The cold-box will be connected to the
tokamak cryostat via vacuum feedthroughs and a flexible duct to protect
the equipment from vibration. The coldox will have its own vacuum
pumping system allowing its maintenance without the necessity of
breaking the main cryostat vacuum.

2.6. Cryostat

COMPASS-U is enclosed by a cryostat made of stainless steel AISI
304L. It is divided into five major parts: cryostat lower base, lower,
middle and upper vertical sections and upper lid. The lower base of the
cryostat rests on 8 massive stainless steel columns that are attached to
the 800 mm thick steel-reinforced concrete slab of the experimental hall.
There are many large service ports in the lower and upper vertical
cryostat section allowing good accessibility of the machine during
shutdowns without the necessity of lifting the cryostat. The overall di-
mensions of the cryostat are 4.7 m diameter, 6.6 m height, ~100 m®
volume. The cryostat is shown in Fig. 7.

The cryostat will be kept at room temperature and will be covered by
MLI insulation on the inner surface to reduce the radiative thermal
loading of the cryo-cooled components of the machine.

Fusion Engineering and Design 169 (2021) 112490
2.7. Machine monitoring and protection

Extreme conditions of operation of individual tokamak systems
(temperature ranging from 80 to 800 K, large forces, demanding vacuum
conditions, peak magnetic field up to 15 T, cyclic loading, average
neutron fluxes ~10'° neutrons/cm?/year) present a major challenge for
the machine monitoring and protection system which has to guarantee
reliable and safe operation of the machine.

An extensive set of engineering sensors is planned for temperature
monitoring: ~800 platinum resistance temperature sensors for moni-
toring of cold components, >100 type E thermocouples for monitoring
of the hot vacuum vessel and optical fibre detectors for monitoring the
TF sliding joints in real-time.

More than 300 single axis and rosettes of foil strain gauges in the
quarter bridge connection with a dummy strain gauge will be bonded to
the coils and support structure to monitor their static and dynamic
loading during cool-down and plasma operation. ~30 strain gauges with
mineral insulated cables will be spot welded to the vacuum vessel.
Movement of the coils and vacuum vessel will be monitored by ~30
displacement sensors.

The resistances of the TF coils and their sliding and bolted joints will
be monitored by 3-4 voltage taps placed on each TF turn. Off-line
resistance measurement is planned prior to each discharge using
several kA current fed to the coils. The resistances of the CS and PF coils
will be measured at their feeders and also evaluated from their
temperature.

2.8. Power supply system

COMPASS-U will be powered by 4 flywheel generators (GG) with a
combined output capability of 263 MW and 490 MJ, connected to the 2
MW public grid available on-site. The 2 existing GGs (2 x 50 MVA, 2 x
50 MJ) will feed the 6 kV grid powering the PF converters, while the 2
new GGs (2 x 102 MVA, 2 x 195 MJ) will feed the 10.4 kV grid pow-
ering the TF converters. Junctions between the grids will be imple-
mented for GG redundancy. 38 MW, 58 MJ combined capacity is
reserved for the auxiliary plasma heating systems. Schematic overview
of the power supply system is shown in Fig. 8.

The PF power supplies will be based on insulated-gate bipolar tran-
sistors (IGBT). The whole system consists of 3-phase transformers (2 x
53 MVA) connected to 2 parallel 12-pulse diode rectifiers effectively
forming a 24-pulse supply with choke coils for balanced current distri-
bution. These feed a common 950 V DC-link shared by all 12 parallel
IGBT H-bridge converters. Water cooled IGBT (with flyback diode
modules) at a nominal frequency of 1 kHz will be used. A common
capacitor bank of 1 MJ, the IGBT energy dissipator (100 kA/1 s, 250 KA/
40 ms), a redundant thyristor crowbar (410 kA) and an output LC filter
(t > 5 ps) will be part of the system. The output parameters of the PF
converters are +25/430/450 kA, 40900 V full-load.

The TF power supplies will be thyristor based. The whole system
consists of 3-phase transformers (2 x 85 MVA) connected to 2 parallel
12-pulse thyristor converters effectively forming a 24-pulse supply with
choke coils for balanced current distribution. All 32 converter blocks
will be equipped with fuses at the DC outputs, current commutators for
transformer loss of voltage protection and resistive crowbar circuits. The
output of the TF converter is 0+-199.5 kA, 0+-780 VDC no-load.

3. Plasma heating systems
3.1. Neutral beam injection

NBI is planned to be the main auxiliary plasma heating system for the
initial phase of COMPASS-U operation. Two existing NBIs from the
COMPASS tokamak [9] (NBI 1 and NBI 2) with ion energy 40 keV will be
upgraded and reinstalled on COMPASS-U to provide up to 2 x 0.5 MW
power with pulse length up to ~0.7 s. At least one of these NBIs will be
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Fig. 8. Schematic overview of the power supply system.
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Fig. 9. Midplane cut through COMPASS-U with indicated positioning of NBIs. R, [cm]

Fig. 10. Fraction (in %) of NBI power lost to shine-through for the various
scenarios in COMPASS-U (having different volume average densities), as a
function of tangency radius (Riap)-

used for diagnostic purposes and positioned in a (near) perpendicular
direction.

The new NBIs will be connected to the wide midplane ports in units
combining two 1 MW ion sources positioned symmetrically around the
machine midplane and inclined vertically by 5-7°. The pulse length of
these injectors is >1 s. The NBI 3 unit, equipped with one 1 MW ion
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Fig. 11. Fraction (in %) of NBI power lost in scenario 4.4 (B, = 4.3 T, I, = 1.4
MA, n. = 1.5 x 10%* m™3) of COMPASS-U, as a function of NBI injection
tangency radius (Rian). The cases with and without Toroidal Field Ripple (TFR)
effects were considered. Regarding the Charge-Exchange (CX) simulated losses,
the estimated separatrix neutral density was about 107 m~3,

source (and prepared for later installation of the second ion source), will
be positioned in a co-current configuration for the standard plasma
current direction. The NBI 4 unit, equipped with two 1 MW ion sources,
will be equipped with a movable stand allowing positioning of the unit
in both co- and counter-current directions. The achievable tangency
radius (Riap) range will be about -0.6-0.6 m. The installation of another
2-4 MW of NBI heating is planned for later operational phases. An
overview of the NBI positioning is shown in Fig. 9.

The NBI power deposition has been shown to be satisfactory within
the expected range of density for operation: 1.0-3.0 x 102° m~3. This is
illustrated in Fig. 10. The shine-through remains below 3 % of the
injected power in the most unfavourable case (low density, perpendic-
ular injection).

The NBI efficiency in terms of power density deposition has also been
studied with the EBdyna code [10] in terms of the percentage of beam
lost to the combined effect of the toroidal field ripple (TFR) and
charge-exchange (CX) in the edge region. In particular, the NBI has been
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Fig. 13. Three different sections with viewports to the vacuum vessel of
COMPASS-U for plasma diagnostics.

calculated to be able to achieve low momentum injection using a
balanced geometry. This is reflected in Fig. 11. As can be derived from
the plot, a reasonable choice in terms of losses for a balanced injection
scenario would be a combination of Ria, = -30 cm and 30 cm. The ratio
of injected power should then be lowered for the co-injection beam to
compensate for the 38 % of losses in the counter-injection case.

Although the power fraction lost to CX is rather large, it occurs in the
edge region of the radial power deposition profile. A simple transport
simulation evaluates the associated overall reduction of core tempera-
ture to be less than 5 %.

The losses of fast ions and neutrals on the PFCs are expected to
remain below 0.2 MW/m? in co-injection geometry, well within the
acceptable range for the PFCs. However, the induced sputtering of im-
purities might be a concern and will require monitoring by spectroscopy.

3.2. Electron cyclotron resonant heating
Use of the ECRH system is planned to prevent impurity accumulation

Toroidal projection Power deposition
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Fig. 12. Examples of 140 GHz ECRH beam trajectory and power deposition profile (left) with direct injection for COMPASS-U scenario 3.4 (B, = 2.5 T, X2-mode) and

(right) with toroidal steering for scenario 4.4 (B, = 4.3 T, 01-mode).
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in the core, help access H-mode and provide additional heating of the
plasma; it will be also used to suppress neoclassical tearing modes and
help shaping the plasma profile; and finally, it can be used to assist
plasma breakdown, if needed. COMPASS-U is supposed to operate
mainly in the range of toroidal magnetic fields between ~2.5 Tand 5 T,
thus the ECRH must be able to provide efficient central deposition over
this range. 105—140 GHz dual-frequency solution was selected as this
enables operation in the low and high magnetic field limits. Toroidal
steering of the beam will be used in the intermediate magnetic field to
move the resonance position towards the plasma centre. Depending on
the scenario, different wave polarizations (X-mode or O-mode) and
different injection strategies were selected based on calculations with
the TORBEAM code [11]. An example of the ECRH absorption profile is
shown in Fig. 12. Simulations with the ASTRA code [12] to study the
effect of ECRH on transport and plasma performance are ongoing.

The initial available power will be 1-2 MW and this will be increased
gradually up to 6-10 MW at full performance. To provide the required
power, 1 MW gyrotrons will be used, with some fraction of them capable
of dual frequency operation, and with a pulse length up to 5 s. The power
will be transmitted from the gyrotrons to the tokamak by evacuated,
corrugated waveguides. The cut-off density for 140 GHZ is ~2.4 x 10%°
m~3, which is ~30 % of the Greenwald density for a 2 MA plasma
current.

170 GHz ECRH is considered for some of the gyrotrons planned for
the later operational phases as this can provide central energy deposi-
tion for scenarios around ~3 T where central deposition of 105—140
GHz is not possible. Such a frequency would also enlarge the operational
space in terms of plasma density up to ~3.6 x 102 m~3,

4. Plasma diagnostics

From the first phase of operation, the COMPASS-U tokamak will be
equipped with a new set of modern, high-speed and high-resolution
diagnostics, ensuring its standard operation and enabling cutting edge
research in tokamak physics. This diagnostic set will be extended step-
wise, depending on the planned increase of plasma performance via the
addition of several MW of auxiliary heating and on the envisaged in-
crease of the vacuum vessel operational temperature up to 500 °C.
Developed plasma diagnostics should reflect three main aspects: a)
compatibility with unique features of the COMPASS-U device, see the
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detailed analysis in [13]; b) reliable operation of COMPASS-U in all
expected plasma scenarios; ¢) a physics programme based on divertor
operation at high plasma and neutral densities and high heat flux
densities.

The presented design of the vacuum vessel, see Section 2.1 for de-
tails, allows all the required views for plasma diagnostics, as indicated in
Fig. 13. There are 16 toroidal sectors of three different types, each
having a tall midplane port (wide-angle or narrow) as well as divertor
ports (sloped either horizontally towards the divertor targets; at 15°
towards the X-point; or at 60° towards the plasma centre) and every
second sector having also a vertical port above and below the plasma
centre. The wide-angle diagnostic ports are toroidally paired, facilitating
toroidal views through the plasma. However, a near-future plan to
operate the tokamak at elevated temperatures above 300 °C represents a
major challenge for diagnostic design. Taking into account the tokamak
size, it leads to the same temperature range for both the PFCs and the
vacuum vessel, which is, moreover, enclosed in the cryostat.

The initial set of diagnostics for COMPASS-U contains a set of mag-
netic sensors, a microwave interferometer, overview (visible) and
interlock (near infrared) cameras, impurity and working gas spectro-
scopic monitors and hard X-ray and neutron detectors. Other diagnostic
tools, which are important for later physics studies, will be added
stepwise when available, e.g., high resolution Thomson scattering (core
and edge), high-speed infrared and visible light cameras, AXUV diodes
and metallic bolometers, soft X-ray detectors, a Zeff diagnostic, core and
edge charge exchange recombination spectroscopy, electron cyclotron
emission diagnostics, a microwave reflectometer, flush mounted Lang-
muir and divertor rail probes, reciprocating drives with probe heads and
a neutral particle analyser.

The set of magnetic diagnostics will ensure plasma position, shape,
current and MHD real-time control. The majority of the magnetic sen-
sors will be located inside the vacuum vessel and, therefore, to ensure
high-temperature compatibility, they will consist of metallic and
ceramic components only and utilize mineral insulated cables and
fibreglass insulated wires. Furthermore, sensors based on a new tech-
nology of Thick Printed Copper (TPC) [14] will be used as well for the
detection of fast plasma fluctuations. The first such prototypes have
been manufactured and passed electromagnetic as well as temperature
tests. The main plasma control set of magnetic sensors will consist of
Rogowski coils (full and partial) at 4 different toroidal positions, 2 sets of
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Fig. 14. An overview of the achievable range of core ion temperature and normalized beta during the initial phase of operation (4 MW of NBI heating and 2 MW of

ECRH heating were applied).
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Fig. 15. Typical range of electron density and temperature outer mid-plane profiles expected in COMPASS-U during the initial phase: the low current (I, = 0.8 MA)
scenario is in dashed lines and the high current (I, = 2 MA) scenario is in full lines.

23 large-area coils for local magnetic field measurement, 23 pairs (for
redundancy) of flux loops, and diamagnetic loops at 5 different toroidal
positions. Furthermore, Rogowski coils for measurement of currents in
the stabilizing plates and poloidal currents in the VV are included, 3
arrays each of 16 fast, low area coils for fast plasma fluctuations (with
one array being the TPC coils), 56 saddle loops and a variety of indi-
vidual large and small area coils distributed in the toroidal direction to
provide toroidal resolution of fast and slow plasma instabilities as well.
The ex-vessel diagnostics will consist of 1 full and 1 partial Rogowski
coil for VV current measurements and a set of flux loops mounted on
every PF coil.

A robust microwave interferometer design, which is resilient to vi-
brations, was chosen for real-time density feedback. Current technology
progress permitted the design of a microwave solution at 400 GHz,
providing an unambiguous channel (phase change less than 21) working
well for line-averaged electron densities up to 5 x 10?° m™3, The
interferometer antenna system will be oriented horizontally, having a
concave reflecting mirror embedded in the PFCs on the central column.

The set of overview and interlock cameras will provide general in-
formation about plasma discharge behaviour and possible plasma-wall
interaction and will protect the PFCs in real time against local over-
heating, e.g. caused by fast particles or by the auxiliary plasma heating
systems. Their set-up will consist of collection and relay optics, based on
a high-temperature compatible first mirror placed near the plasma, and
focusing optics, collocated with the camera outside the cryostat.

Basic spectroscopy monitors of the impurities and working gas will
be based on two different concepts, which have already been used on the
COMPASS tokamak. Fast monitors viewing selected spectral lines will
use photomultipliers equipped with appropriate interference filters.
Slow monitors will use six compact spectrometers for visible light, near-
infrared and near-ultraviolet spectral regions.

Detection of hard X-ray and neutron radiation will be mainly based
on scintillators and gas proportional counters. In the early phases of the
tokamak operation, their role will mainly consist of monitoring the
runaway electron population and providing warnings against potential
damage of the PFCs caused by runaways. Monitoring of neutron fluxes
(mainly from D + D) will become an increasingly important task
following the gradual installation of several MW-class plasma heating
NBIs. The aforementioned detectors will either be located at the walls of
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the experimental hall or shielded in the diagnostic room (spectrome-
ters), where several direct line-of-sight channels towards the tokamak
will be provided.

5. Predicted plasma performance
5.1. Plasma parameters

Detailed integrated transport modelling with the METIS code [15]
yields density and temperature profiles during the flat-top with 4 MW of
NBI heating and 1-2 MW of ECRH heating. We consider a set of equi-
libria covering magnetic fields and currents ranging from 2.5 Tto 5 T
and 0.8 MA to 2 MA, respectively. The pressure and current function
(RB’) radial profiles as obtained from the transport simulations in METIS
are used as inputs for the free boundary code FIESTA [3]. Fig. 14 gives
an idea of the overall machine performance for a large range of toroidal
fields and plasma currents.

The energy confinement time used comes from [16] [ITERH98 P(y,
2)]. Heat diffusivity profile shapes are obtained from a Bohm gyro-Bohm
scaling. The ratio of heat transport between electrons and ions is based
on the ITG-TEM (Ion Temperature Gradient - Trapped Electron Mode)
diagram [17]. The pedestal energy content is obtained according to the
difference between the L-mode and H-mode energy confinement time
scaling laws [18]

1 w

b (TE.H - TE.L) P
\4

P —
ped —
TEH

1
3
where V is the plasma volume and W the stored energy in the plasma.
Several scenarios are investigated with respect to the foreseen plasma
parameters (see Table 3). In the initial phase, 4 MW of NBI heating and
1-2 MW of ECRH will be available. The high current scenario combines
the target values of By (5 T) and Ip (2 MA), however it requires operation
at low Greenwald density fraction (~ 0.3) to maintain efficient heating.
At lower plasma current (0.8 MA), higher density fractions (~ 0.6) will
become available. Thanks to the large poloidal magnetic field B,
COMPASS-U will achieve an ITER-relevant range of power decay lengths
in the inter-ELM attached H-mode scrape-off layer (SOL), according to
the multimachine scaling presented in [19] (~ 0.5-1 mm). Moreover,
the product Pse;B/(qAR), often used as a divertor challenge quantifier,



P. Vondracek et al.

Scenario 6.6, t = 2.00 s Scenario 7.4, t = 2.00 s

1.00-,

Z[m)
Z[m)

-0.25-

-0.50 -

-0.75-

-1.00-

08
RIm]

Z[m)

Fusion Engineering and Design 169 (2021) 112490

Scenario 11.0, t = 2.15 s

Scenario snowflake, t = 1.80 s

Z[m)

-0.25- -025-

-0.50 - -0.50 -

-075- -075-

-1.00- -1.00-

o8
R[m]

o 12 14

08 1.
RIm]

Fig. 16. Examples of COMPASS-U plasma equilibria calculated using the FIESTA code. From left to right: high triangularity single null, medium triangularity double
null, negative triangularity single null (I, = 1 MA), single snowflake (I, = 1.5 MA).

will reach ITER and DEMO levels (e.g. 9.2 MW T/m is planned for Eu-
ropean DEMO [20]) with the foreseen extension of the heating power in
later operational phases (14-18 MW). This will make the device an ideal
testbed for various power exhaust strategies and divertor concepts.

COMPASS-U will be able to reach very high pedestal pressures
especially if Super H-mode access can be realized [21]. High pedestal
electron temperatures (see Fig. 15) should provide efficient impurity
screening during SOL and divertor region impurity seeding experiments.
The collisionality is expressed as

%
R
qosR (—)
a

where density and temperature are measured at the pedestal top and
expressed in m > and eV, respectively, and A is the Coulomb logarithm
for electron-electron collisions. The wide range of pedestal collision-
alities will allow for studies of Edge Localized Mode (ELM) properties (as
well as ELM mitigation and suppression) for different ELM types [22]

Ne Aee

Vg = 6.93 x 10718

e

and [23].

5.2. Plasma equilibrium

The segmented CS and the set of PF coils close to the plasma column
provide a broad range of possible plasma configurations: lower or upper
single null and double null configurations with variable plasma trian-
gularity (6 < 0.6). Lower, upper or double snowflake and negative
triangularity configurations (6 > —0.3 within the present location of in-
vessel components, 5 > -0.5 with modification of the PFCs and PSPs) are
achievable for a limited range of plasma current.

Several examples of plasma equilibria reconstructed using the
FIESTA code are shown in Fig. 16.

5.3. Neutronics and radiation

The majority of ionizing radiation produced by COMPASS-U will
come from beam-target produced neutrons during NBI operation. The
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Fig. 17. Vertical cut through COMPASS-U and the experimental hall with a map of neutron flux.
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typical expected neutron rate with 4 MW NBI heating ranges from 1 x
10'* neutrons/s to 1.8 x 10> neutrons/s depending on the plasma
scenario. This represents a yearly production of 3 x 10'® neutrons for
the expected scenario distribution.

Monte Carlo simulations were carried out with the MCNP code [24]
to calculate both the neutron and gamma fields inside the experimental
hall. The detailed CAD model of COMPASS-U was elaborated and con-
verted into the MCNP format with the SuperMC program [25]. The
obtained spatial distribution of the neutron flux inside the experimental
hall is shown in Fig. 17.

An increase of the experimental hall wall thickness to 1.5 m of boron-
doped concrete will be provided prior to the assembly of COMPASS-U to
provide sufficient radiation shielding.

6. Conclusions

The COMPASS-U tokamak passed successfully its Preliminary Design
Review in spring 2020. It aims to become a compact flexible tokamak
with parameters relevant to next step fusion devices: high magnetic
field, large PsepBi/(gAR) ratio and high power flux densities in the
divertor area, featuring metallic PFCs and operation with a hot first wall.

The preliminary design of COMPASS-U comprises: an Inconel vac-
uum vessel allowing operation at up to 500 °C; copper TF, CS and PF
coils cooled by gaseous helium down to 80 K increasing their conduc-
tivity by a factor of 5-7 compared to room temperature; a cooled
stainless steel support structure withstanding ~70 MN electromagnetic
forces (equivalent to the weight of the Eiffel tower); a power supply
system capable of 263 MW of power and 490 MJ of energy. The auxiliary
plasma heating is based on a combination of 80 keV NBIs and 105—140
GHz dual frequency ECRH. The overall design provides large flexibility
in terms of plasma performance and magnetic configuration.
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