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Abstract
To achieve their goals, future thermonuclear reactors such as ITER and DEMO are expected to
operate plasmas with a high magnetic field, triangularity and confinement. To address the
corresponding challenges, the concept of the high-field (BT ⩽ 5 T), high-current (IP ⩽ 2 MA)
COMPASS Upgrade tokamak was established, and the device is currently being constructed in
Prague, Czech Republic. This contribution provides an overview of the priority physics topics
for the future physics programme of COMPASS Upgrade, namely: (i) characterisation of
alternative confinement modes, (ii) a power exhaust including liquid metals, (iii) operation with
a hot first wall and (iv) the influence of plasma shape on pedestal stability and confinement. The
main scenarios are presented, as predicted by METIS and FIESTA codes. Pedestal pressure and
density are estimated using EPED, multi-machine semi-empirical scaling and a neutral
penetration model. Access to detachment is estimated using a detachment qualifier.
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1. Introduction

Thermonuclear reactors such as ITER and European DEMO
will operate in conditions which have been optimised to
achieve high fusion power and Q>> 1. As such, some
parameters of their baseline scenarios will lie outside the range
explored by currently operated machines.

Apart from the evident case of a major radius R, the
plasma triangularity δ is a notable example of such a para-
meter. ITER is expected to operate with δ = (δu+ δl)/2= 0.5
(δu = 0.43 and δl = 0.58) [1], which is significantly higher
than what is routinely achieved in single-null plasmas in con-
temporary tokamaks. Triangularity is known to affect the prop-
erties of ELMyH-mode [2], in particular, the presence of large
edge localised modes (ELMs) [3], pedestal height [4] and the
power decay length [5]. Another such important parameter
is the toroidal magnetic field BT—both ITER and European
DEMO expect BT ∼ 5 T [1, 6], which is twice the typical
values operated, e.g. at ASDEX Upgrade (AUG), DIII-D or
JET. To achieve a conventional value of q95 ∼ 3− 4, operat-
ing at high BT also requires operation with a high poloidal
magnetic field, Bp ∼ 1 T. Multi-machine scaling of the scrape-
off layer power decay length λq [7] indicated that λq ∼ B−1.19

p
(being independent of R), leading to predictions of very short
λq ∼1 mm for ITER. Even though gyrokinetic simulations
suggest significantly higher values (∼5 mm) [8], the projec-
ted heat flux footprint would result in an intolerable loading of
the divertor targets [9] unless dedicated counter-measures are
adopted. This is a strong motivation for intensive research in
the field of power exhausts, such as the development of real-
time systems for divertor heat flux control, which has been
demonstrated on AUG [10], TCV [11], Alcator C-Mod [12],
COMPASS [13] and elsewhere. However, with the exception
of Alcator C-Mod [12], effective heat flux control has not been
established in scenarios with very short power decay lengths.

To fill gaps in the parameter space of the contemporary
machines, a new device, COMPASS Upgrade, was proposed
[14] and is currently under construction at the site of the former
COMPASS tokamak at the Institute of Plasma Physics of the
CzechAcademy of Sciences in Prague. It is a medium-sized (R
= 0.894 m, a = 0.275 m), high-field (BT ⩽ 5 T), high-current
(IP ⩽ 2 MA) full-metal tokamak. The baseline plasma shape
is designed to mimic the ITER plasma shape (δu = 0.43, δl =
0.58, κ= 1.8), with the possibility to establish plasmas with a
wide range of triangularities (0.35< δ < 0.65) and even negat-
ive triangularity plasmas with a dedicated set of plasma-facing
components (PFCs). COMPASS Upgrade will belong to the
new generation of high-field tokamaks, together with SPARC
[15], Italian DTT [16] and ITER (their comparisons are sum-
marised in table 1). Strong synergy among these machines is
expected, especially within the Eurofusion consortium, where
COMPASS Upgrade and I-DTT can complement each other
in a similar manner to AUG and JET in the past.

For details of the machine design we refer the reader to
an engineering overview [17]. Similarly, the progress in dia-
gnostics design has been already reported [18]. The purpose of
this work is to present the priority physics topics, which will

be investigated at this facility, to describe the main scenarios
of the future machine and a brief literature overview of the
respective topics.

2. COMPASS Upgrade tokamak concept

The design of COMPASS Upgrade [17] was, to a large extent,
inspired by Alcator C-Mod [19], which is unfortunately no
longer in operation. It will achieve a high toroidal magnetic
field using copper coils, which will be pre-cooled to cryogenic
temperatures, requiring the presence of a cryostat. As such, the
maximum discharge flat-top duration will be approximately
3 s for the nominal value of 5 T. The starting temperature of
the first wall components Twall will be variable (regulated by
the additional in-vessel heating circuits), with hot wall cap-
ability in the later phases of commissioning (Twall ⩽ 500 ◦C).
This will allow one to investigate the effects of the hot wall
on the plasma discharges [20, 21] as well as enabling one to
develop and test materials and diagnostics compatible with
such high temperatures (which are considered for next-step
devices [22, 23]).

COMPASSUpgrade is designed to be a completely carbon-
free machine, with the PFCsmanufactured from either Inconel
or tungsten. This is an advantageous situation in comparison
to devices which have been originally operated with carbon
PFCs and later upgraded to full-metal components (and which
typically still exhibit remaining carbon content in the plasma).
As such, COMPASS Upgrade will be capable of fully avoid-
ing the deposition of hydrocarbon layers in shadowed regions
of the first wall. Note that these layers can otherwise store sig-
nificant numbers of hydrogen isotopes [24] and could com-
plicate investigations of wall saturation at elevated first wall
temperatures.

The device will be equipped with a closed lower divertor
featuring tungsten PFCs, which will be optimised to handle
elevated heat fluxes in high-power scenarios. Later, this diver-
tor will house a full toroidal ring of PFCs based on liquid metal
(LM) technology. An initial open divertor with PFCs made of
a combination of Inconel and tungsten will be installed on the
top, as shown in figure 1. The flexibility of the open diver-
tor geometry will allow one to achieve some of the special
regimes, such as the compact radiative divertor (CRD) (see
section 4.7).

While the material properties of tungsten for the PFCs have
not been specified yet at the time of writing, it will be largely
based on the specification of the ITER divertor monoblocks
[25]. The shape of the divertor PFCs at the lower outer ver-
tical target was inspired by those at AUG [26], featuring a
relatively long poloidal extent (120 mm) but narrow toroidal
length (25 mm).

An important difference between COMPASS Upgrade and
Alcator C-Mod is the auxiliary heating system. While Alcator
C-Mod relied on a combination of lower hybrid and ion cyclo-
tron RF systems, COMPASS Upgrade will be equipped with
positive neutral beam injection (NBI) and electron cyclo-
tron resonant heating (ECRH) heating systems. While NBI is
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Table 1. A comparison of nominal parameters of currently constructed high-field tokamaks.

Machine R/a (m) BT (T) IP (MA) Pin (MW) tpulse (s) Q First plasma

COMPASS-U 0.9/0.28 5.0 2.0 6 1–3 — 2026
SPARC [15] 1.9/0.6 12.2 8.7 25 10 11 2026
I-DTT [16] 2.2/0.7 6.0 5.5 45 100 — 2029
ITER 6.2/2.0 5.3 15 75–100 1000 10 2030s

Figure 1. Plasma shapes of the USN early H-mode (a) and LSN ITER-like H-mode (b).

considered as a primary heating system, injecting neutrals with
80 keV energy [27], ECRH (using 140 GHz gyrotrons) will be
utilised mainly to maintain high purity of the core plasma. One
of the NBI units will be steerable, allowing counter-injection
with respect to the standard direction of the plasma current.
While these heating methods have clear advantages in terms
of coupling of power into the plasma, their performance signi-
ficantly deteriorates at high densities. The ECRH system has a
maximum cutoff density of 2.5×1020 m−3 (this densitymay be
lower for specific scenarios, depending on the heating scheme
used). In the NBIs, the location of power deposition of 80 keV
neutrals is shifting towards the edge plasma for densities above
∼3×1020 m−3 [28]. Predictions of plasma density and its con-
trol are therefore one of the essential points of the focus of the
scenario development (see section 5).

3. Main scenarios

COMPASS Upgrade has a mission to be a flexible tool to sup-
port ITER and DEMO. This ambition is reflected in the main
scenarios, which are considered for its operation (see table 2).

In the first phase of operation, the machine will likely oper-
ate with reduced power supplies, limited heating systems (1–
3 MW of NBI and 0–1 MW of ECRH) and an incomplete
coverage of the PFCs—e.g. without the closed lower divertor.
As such, two principle scenarios are envisaged for this phase:
early L-mode and early H-mode. Both are designed to run as

upper single-null (USN) plasmas (see figure 1(A)) at reduced
value of BT = 2.5 T and IP = 0.8 MA, with strike points on
the upper initial open divertor.

Once the machine reaches the full capacity of the power
supply systems, auxiliary heating (4+2 MW of NBI and
ECRH) and complete set of the PFCs, the main lower single-
null (LSN) scenario, dubbed ITER-like H-mode (BT = 4.3 T, IP
= 1.3 MA), will mimic the ITER baseline scenario. In addi-
tion, high-performance H-mode (BT = 5.0 T, IP = 1.6 MA)
will attempt to achieve the top performance of the machine
(e.g. in terms of pedestal pressure). The profiles of temperat-
ure, density and pressure for these main scenarios are shown
in figure 2. All these scenarios feature a practically identical
plasma shapewith δl= 0.58, δu= 0.43,κ= 1.8 andR/a= 3.3.
Simulations in METIS [29] and FIESTA [30] were performed
to estimate the plasma parameters of these scenarios.

4. Access to modes with improved confinement

High-confinement regimes are expected as baseline scenarios
for practically all future thermonuclear reactors. Traditionally,
Type I ELMy H-mode was considered the best candidate,
serving, e.g. as a baseline scenario for ITER. Recently, altern-
ative high-confinement regimes became the subject of intens-
ive research [31] since they avoid the complications related
with the impact of large ELMs while keeping the bene-
fits of high-energy confinement. These alternatives to ELMy

3
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Table 2. The main scenarios for the COMPASS Upgrade physics programme. Auxiliary heating power Pin is shown as PNBI + PECRH.

Name Scenario BT (T) IP (MA) Pin (MW) ne (m−3) q95 βn Te,ped (eV)

Early L-mode #3100 2.5 0.8 0+0 9.0×1019 3.2 0.67 —
Early H-mode #3210 2.5 0.8 2+0 12×1019 3.6 1.52 840
ITER-like H-mode #24 300 4.3 1.3 3+1 19×1019 3.8 1.19 820
High perf. H-mode #5400 5.0 1.6 4+2 20×1019 3.4 1.15 1360

Figure 2. Profiles of electron temperature (a), electron density (b) and the total pressure (c) for the main scenarios.

H-mode are mainly (i) enhanced D-alpha (EDA) H-mode [32],
(ii) I-mode [33], (iii) quiescent (QH)-mode [34], (iv) quasi-
continuous (QCE) mode [35], (v) the X-point radiating regime
(XPR) [10], (vi) the compact radiative divertor (CRD) [36] and
(vii) negative triangularity [37]. All these modes will be stud-
ied at COMPASS Upgrade.

4.1. ELMy H-mode

The access to ELMy H-mode can be characterised by a multi-
machine regression by Martin [38] in terms of the minimum
required heating power PL−H and its dependence on ne and BT

PL−H(MW) = 0.0488n0.72e

[
1020 m−3

]
B0.8
T [T]S0.94

[
m2
]
(1)

where S is the separatrix surface. This scaling, however, char-
acterises only the high-density branch of the dependence. For
densities below the optimal value nL−H,min the PL−H rises
sharply with decreasing density [39]. The optimum density
was characterised by Ryter [40]:

nL−H,min
[
1020 m−3

]
= 0.07I0.34p [MA]B0.62

T [T]a−0.95 [m]

×
(
R
a

)0.4

. (2)

Numerically, the values of nL−H,min read 0.6, 1.0 and 1.2
×1020 m−3 and PL−H read 0.9, 1.9 and 2.5 MW for the early
H-mode, ITER-like H-mode and high-performance H-mode
scenarios, respectively. As shown in figures 3(A)–(C), the
required power is well within the capabilities of the heating

schemes of COMPASS Upgrade by considering the radi-
ated power Prad to be ∼30% of the injected power Pinj (for
early H-mode, even Prad ∼ 0.5Pinj should still allow H-mode
access).

4.2. EDA H-mode

EDA H-mode is a type of stable, ELM-free H-mode with a
good confinement, which makes it a perspective candidate for
future thermonuclear reactors. The access to EDA H-mode
was thoroughly studied at Alcator C-Mod, where this mode
was discovered [41]. Recently, it was also achieved at AUG
using ECRH and adequate fuelling [42]. The conditions for
power PL−EDA required to access this mode were established
in [32] (using Alcator C-Mod data):

PL−EDA(MW) = 0.054
√
ne,L [1020 m−3]B0.85

T [T]S0.84
[
m2
]
.

(3)

This represents the high-density branch of the L-EDA
threshold, which was accessible in Alcator C-Mod for dens-
ities above 8×1019 m−3 (at BT = 5.4 T). Note that both the
requirements for the minimum power and the optimum dens-
ities are very similar to those of ELMy H-mode. The main dis-
tinction between access to ELMy and EDAH-mode at Alcator
C-Mod was a pedestal collisionality ν∗ [3], which was typic-
ally higher in EDA H-mode (ν∗ ⩾ 4 [43]). In practice, ν∗ was
influenced by a particular plasma shape: κ= 1.4–1.5, δu= 0.2,
δl = 0.8 for ELMyH-mode and κ= 1.6–1.7, δu,l = 0.3–0.5 for
EDAH-mode. Complementary factors were the L-mode dens-
ity at the time of transition ne,L, with EDA H-mode occurring
more likely for ne,L > 1

4nGW, and high q95 > 3.5 [44].
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Figure 3. Power thresholds for accessing the ELMy H-mode, EDA H-mode and I-mode for the early H-mode scenario (a), ITER-like
H-mode scenario (b), high-performance H-mode (c) and I-mode (d). Dotted horizontal lines indicate available heating power, and dashed
lines indicate power crossing the separatrix, including 30% of the core radiated power.

Figure 4. Pedestal stability calculations using the MISHKA code
for the ITER-like H-mode.

Given the limited experience with EDA H-mode, it is cur-
rently not feasible to make reliable predictions, which would
be able to make distinctions between ELMy and EDA H-
mode. The default plasma shape of COMPASS Upgrade is
closer to that used for EDA H-mode access at Alcator C-
Mod, and the availability of ECRH appears to be relevant to
the experimental recipe for EDA H-mode at both AUG and
Alcator C-Mod. However, unlike Alcator C-Mod, COMPASS
Upgrade will be equipped with a divertor cryopump and addi-
tional pumping capacities via the large NBI ducts, which may
reduce ν∗ and enable access to ELMy H-mode. The predicted
pedestal profiles were analysed using the MISHKA code [45]
to assess the pedestal stability, as shown in figure 4. For
ITER-like H-mode, the pedestal is marginally unstable with

respect to the ballooning limit, which suggests an ELMy H-
mode regime.

The sparseness of the available experimental data repres-
ents a formidable challenge for the design of future scenarios
in COMPASS Upgrade but, at the same time, it justifies the
need for a new machine, which will be able to fill the gaps
defined by the parameter spaces of the currently operated and
past machines.

4.3. I-mode

I-mode [33] is characterised by the presence of an edge trans-
port barrier for energy but absence of such a barrier for
particles, which allows a high core temperature to be reached
but prevents accumulation of impurities. The lack of a dens-
ity pedestal makes I-mode an ideal tool for investigation of
scrape-off layer (SOL) conditions at low collisionality. The
transport in the edge plasma is regulated by the weakly-
coherent mode, which prevents the plasma from becoming
peeling–ballooning unstable. Just like EDA H-mode, it is a
perspective candidate for future machines due to the absence
of ELMs, although some intermittent transport appears in the
form of pressure relaxation events [46]. Currently, the studies
of I-mode focus on its compatibility with detachment [47]. The
power threshold PL−I for I-mode access observed at Alcator
C-Mod (where this mode was discovered) was reported by
Hubbard et al [48] as:

PL−I,Hubbard (MW) = 0.162B0.26
T [T]ne

[
1020 m−3

]
S
[
m2
]
.
(4)

Another scaling method was derived by Happel at AUG
[49]. Assuming that the key quantity for accessing any of the
high-confinement regimes is actually the power density (rather
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Figure 5. The operating window for I-mode in terms of the required power to achieve it in the unfavourable configuration at optimal density
nL−H,min (a), and as a difference between the power threshold for H-mode access and the power threshold for I-mode access PLI,WIN (b).
The white line indicates PLI,WIN = 0, and the black line indicates PLI,WIN = 0.5 MW.

than the input power itself), this scaling can be extended to
allow predictions for machines with different separatrix areas:

PL−I,Happel (MW) = 0.099B0.39
T [T]n1.36e

[
1020 m−3

]
S
[
m2
]
.
(5)

As in ELMy H-mode, these scalings characterise only
the high-density branch of the dependence. The scaling for
optimum density for I-mode access has not been published
but data from Alcator C-Mod suggest that it is similar to
equation (1) and that similarly to ELMy H-mode, the power
threshold rises sharply below this optimum [50].

There are several aspects of PL−I worth attention. The
dependence on BT, which has a lower exponent than in
PLH (equation (1)), makes I-mode a perspective candidate
for future high-field machines such as SPARC and ARC.
However, in any of the scenarios envisaged for COMPASS
Upgrade, PL−I ⩾ PL−H when∇B drift points towards the act-
ive X-point, which prevents stable I-mode operation. For this
reason the I-mode scenario requires ∇B drift to be pointing
away from the active X-point (as shown in figure 5), which
effectively doubles PL−H (note that equations (4) and (5)
were developed using experimental data obtained in this con-
figuration). In COMPASS Upgrade, the reversal of BT will
also require reversal of the IP direction for the LSN plasmas
because of the single toroidal bevel front shaping for the diver-
tor PFCs. For USN plasmas, this will not be necessary since
the top open divertor will accept both directions of plasma heli-
city. Since operating the NBI systems with reversed IP should
result in high first-orbit losses [51], the LSN I-mode scenario
will make use of the steerable NBI unit and ECRH heating.

The operating space for I-mode in terms of plasma heating
for different values of BT and IP is shown in figure 5. The win-
dow for I-mode access is defined as a difference between the
threshold for H-mode (in an unfavourable configuration) and
I-mode access:

PLI,WIN = 2PL−H −PL−I,Hubbard. (6)

PLI,WIN is calculated at optimal density, which coincides with
nL−H,min. The best conditions for accessing I-mode are at high

BT and low IP. For BT < 4 T, the operating window for I-mode
is smaller than 0.5 MW, which is considered too small for
practical exploitation, even with the use of dedicated real-time
control systems. On the other hand, a plasma current below
0.8 MA at high BT yields q95 > 6, which cannot be considered
as ITER- or DEMO-relevant scenarios. These boundary con-
ditions define an optimal I-mode scenario with BT ∼ 4.3 T,
IP ∼ 0.8 MA and ne = 1×1020 m−3, requiring 4 MW of aux-
iliary heating power (as shown in figure 3(d)). This operating
point should be available for both LSN (with 2 MW of ECRH
and 2MWof co-injection NBI power) and USN plasmas (with
6 MW of total heating power).

4.4. QH-mode

QH-mode [52] is another example of a stable ELM-free
regime, where intermittent ELMy transport is replaced by con-
tinuous transport driven by an edge harmonic oscillation. QH-
mode is particularly attractive, because it serves as an entry
point to the wide pedestal H-mode, which features superior
pedestal parameters and confinement properties [53]. The key
access condition toQH-mode appears to be a sufficient amount
of E×B rotational shear, which was traditionally achieved
by counter-injection of NBI. However, recent experiments
at DIII-D have proved that QH-mode can also be achieved
with NBI co-injection [34].The operation with NBI counter-
injection in COMPASSUpgradewill be possible for both USN
and LSN using the steerable NBI unit. Unlike the other modes
described earlier, to our knowledge, there is not yet a formu-
lated access condition for QH-mode in terms of the required
injected power, and its compatibility with plasma detachment
has also not been demonstrated yet; both of these topics will
be studied at COMPASS Upgrade.

4.5. QCE mode

QCE mode (previously dubbed the small ELM regime) was
developed at AUG in highly shaped plasmas with high sep-
aratrix density. In this mode the size of ELMs reduces and the

6
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Figure 6. A scenario demonstrating the CRD plasma configuration at the upper initial open divertor with large effective poloidal flux
expansion (a) and the strike point in close vicinity to the target plate (b).

intermittent ELM transport is replaced by a continuous flow
of filaments to the divertor. While these filaments are signi-
ficantly smaller than the filaments of large ELMs, they fea-
ture increased power decay length compared to the inter-ELM
values [5]. Recently, QCEmodewas also achieved at JET [54].
At the time of writing, no generalised conditions for access to
QCE mode were formulated; however; the magnitude of high
triangularity, which was required for QCE access at AUG, is
actually on the lower boundary of the range of triangularities
available for COMPASS Upgrade. The access to this regime
will therefore probably be only limited by the achievable sep-
aratrix density (and related limitations of the auxiliary heating
systems).

4.6. X-point radiating regime

XPR has recently been discovered at AUG [10]. Typically, it is
accessed from ELMy H-mode by injection of impurities (such
as Ar) in the divertor region. Once the X-point radiator (a con-
centrated ring of radiation in the vicinity of the X-point) forms,
a real-time feedback system is used to keep it at optimal dis-
tance above the X-point. This regime appears to be very prom-
ising for future reactors as it combines relatively good confine-
ment with high radiated power (up to 90%) in the edge plasma
and the absence of ELMs. The design of the bolometry system
at COMPASS Upgrade will be optimised to allow the required
real-time control and subsequent investigation of its stability
in the case of very narrow power decay lengths.

4.7. Compact radiative divertor

The CRD regime has recently been achieved at AUG [36]
as a variant of the XPR. In this regime, the X-point is posi-
tioned close to the divertor plates, which leads to a large flux
expansion in the vicinity of the strike points. This plasma con-
figuration leads to reduced surface heat fluxes and, moreover,

facilitates detachment via impurity seeding. The regime is typ-
ically accompanied by small ELMs at high frequency; how-
ever, it retains the confinement quality of Type I ELMy H-
mode. CRD scenarios will make use of the upper open diver-
tor, where the X-point can be positioned in close proximity to
the divertor target, leading to a large flux expansion, as shown
in figure 6.

5. Predictions of pedestal properties

5.1. Pedestal density

Predictive modelling of pedestal density represents a remark-
able blind spot in contemporary fusion research. While there
are sophisticated tools to predict the pedestal pressure (such
as EPED [55]), our literature review yielded only sparse cues
on how to predict pedestal density. Design considerations for
future machines such as ITER or SPARC [56] typically cir-
cumvent this problem by performing a scan of pedestal densit-
ies and selecting a scenariowith themaximumpressure (which
is needed to achieve the desired high Q). However, due to lim-
itations of the heating systems, reliable predictions of natural
H-mode plasma densities [57] are essential for the design of
scenarios of COMPASS Upgrade.

Concerning ELMy H-mode, measurements at JET (with
a carbon wall) and DIII-D yielded the following scaling by
Schneider [58]:

ne,ped|DIII−D,JET

[
×1019 m−3

]
= 2.4I0.8P [MA]B0.5

T [T] . (7)

Experience with the tungsten wall at AUG suggested agree-
ment with the parametric dependencies. However, the abso-
lute pre-factor was twice as large, leading to the following
estimate:

ne,ped|Schneider
[
×1019 m−3

]
= 4.8I0.8P [MA]B0.5

T [T] . (8)

7
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Figure 7. Predictions of the pedestal density as a function of the separatrix density by the neutral penetration model and the semi-empirical
scaling models for the ITER-like H-mode scenario.

Table 3. Predictions of pedestal density in ELMy and EDA H-mode discharges compared to the ECRH cutoff density ncutoff. All densities
are given in [1019 m−3 ].

Scenario ne,ped|Schneider ne,ped|Walk,IP ne,ped|Walk,Bp ne,ped|EDA ncutoff

Early H-mode 6.3 11.5 9.0 17.6 12
ITER-like H-mode 11.5 21 13.5 22.7 21
High perf. H-mode 15 28 18 27 25
IP = 2 MA, BT = 5 T 19 34 23 33 25

Measurements of the pedestal density in ELMy H-mode
discharges at Alcator C-Mod were investigated by Walk [59].
Again, an approximately linear dependence on plasma current
was identified and a re-calibration of equation (7) to match
Alcator C-Mod data yields an even larger absolute pre-factor:

ne,ped|Walk,Ip

[
×1019 m−3

]
= 8.7I0.8P [MA]B0.5

T [T] . (9)

Walk has also investigated the dependence of pedestal dens-
ity on the poloidal magnetic field Bp. With a great level of
approximation, his results can be characterised as:

ne,ped|Walk,Bp

[
×1019 m−3

]
= 25± 10Bp [T] . (10)

Note that the last two scaling laws were derived on a single
machine and, as such, may lack dependencies on paramet-
ers which are fixed for a given tokamak. However, given the
close proximity of the design of COMPASS Upgrade and
Alcator C-Mod, we neglect these dependencies in the first
approximation.

In EDA H-mode, the scaling reported by Tolman et al [3]
from Alcator C-Mod suggests:

ne,ped|EDA

[
×1020 m−3

]
= 3.57I0.52P [MA]n0.52e,L

×
[
×1020 m−3

]
B−0.38
T [T] . (11)

Interestingly, in this regime the pedestal density depends on
the density at L-H transition ne,L. This allows for some optim-
isation; however, it is not expected that ne,L could be lower
than the optimum density nL−H,min predicted by Ryter.

Recent initial simulations performed by a neutral penetra-
tion model [60] allowed one to make predictions of pedestal
density as a function of the separatrix plasma ne,sep density
and separatrix neutral density n0,sep ∼ 1×1016 m−3 (deduced
from dedicated KN1D simulations [28] and Alcator C-Mod
measurements [61]). The results for ITER-like H-mode are
summarised in figure 7. Using the separatrix density predicted
by METIS (ne,sep = 10×1019 m−3 for the ITER-like H-mode
scenario) the predicted pedestal density is located between
the predictions of ne,ped|Walk,Ip and ne,ped|Walk,Bp models. The
METIS calculations were adapted to match the prediction of
the neutral penetration model.

The predictions of the pedestal density in ELMy and EDA
H-modes are summarised in table 3. It can be seen that for early
H-mode and ITER-like H-mode all the scalings for ELMy
H-mode predict densities which are below the ECRH cutoff
density ncutoff (note that this density varies according to the
heating scheme used for a given BT). However, achieving
EDA H-mode can already be challenging and may require
reduction of the plasma current. For reference, the scenario
#6400 with maximum engineering parameters of the machine
is also presented. Here, efficient heating of H-mode discharges
would be problematic, and this was the primary reason for the

8
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development of scenarios with reduced plasma current as the
baseline H-mode scenarios.

5.2. Pedestal pressure

Pedestal structure predictions from the EPED model [55] are
shown as a function of pedestal density and global normal-
ised beta. For the βN = 1.1 case, both the simplified EPED1
model and the full EPED1.6 model (where both the kinetic
ballooning mode and peeling–ballooning mode constraints are
directly calculated for each case) predictions are shown in
figure 8. At low density (<3 × 1020 m−3), the pedestal is
predicted to be limited by current-driven peeling modes, and
the predicted pressure increases with density. At high density,
the pedestal is limited by pressure-driven ballooning modes,
and the predicted pressure decreases with density. Optimal
pedestal pressure is achieved at a density near the transition
(∼3 × 1020 m−3), and, near that density, pedestal pressures
approaching the EPED predicted ITER baseline value (pped ∼
100 kPa) and greater than the highest value achieved in any
prior experiment are predicted. The current record was meas-
ured by Alcator C-Mod with pped ∼ 80 kPa [62].

6. Plasma shapes

Recent studies have highlighted the role of triangularity on
various plasma properties. High triangularity leads to stabil-
isation of the peeling–ballooning instability in the edge, pro-
ducing regimes with small ELMs or with quasi-continuous
transport [5]. High triangularity is also believed to increase the
pedestal height [4]. As such, ITER will operate with δ ∼ 0.5,
which is higher than what is routinely operated on contempor-
ary machines in single-null plasmas. The ITER plasma shape
served as a reference for the plasma shape of all main scen-
arios, which will be one of the unique features of COMPASS
Upgrade. In addition, the positioning of PFCs will allow a
wide range of triangularities, 0.35 < δ < 0.65 (as demon-
strated in figure 9), enabling detailed studies of the importance
of δ.

Apart from single-null plasmas, COMPASS Upgrade will
also be capable of achieving alternative divertor configura-
tions, such as double null or snowflake, as already reported
in [17].

7. Power exhaust

7.1. Divertor heat fluxes

Following the pioneering study by Eich [7], a number of
multi-machine scalings of H-mode power decay length have
been developed [63, 64] using various quantities as scaling
factors. For the purpose of our predictions, we have selected
the Brunner scaling [63], because it was developed on a sim-
ilar machine (Alcator C-Mod) and it also allows one to predict
λq for L-mode and I-mode scenarios. Nevertheless, the pre-
dictions of λq for COMPASS Upgrade via different scaling

formulas were quite similar; for the scenarios considered in
this work it was in the range of 0.6–1.2 mm.

Such small values of λq enable the ability to deliver
extremely high surface heat fluxes onto the divertor targets in
the range of qsurf ∼ 100 MW m−2 in fully attached plasmas.
These fluxes are relevant to off-normal conditions in next-step
devices, for example, in case of accidental loss of detachment.
Since the divertor tiles for COMPASS Upgrade are inertially
cooled, the presence of such heat fluxes imposes a constraint
on the duration of the discharge flat-top so that the surface tem-
perature of the divertor tiles remains sufficiently low to prevent
damage to the PFCs (here, considered as Tsurf < 2000 ◦C).
The surface heat flux can be predicted using an energy bal-
ance between the power crossing the separatrix and reaching
the divertor plate:

qpeak,surf = ft
Psep (1− frad,SOL)

2πλintRt fx,pol
, (12)

where f t is the fraction of power reaching the particular diver-
tor target (assuming 2:1 power sharing for the outer and inner
target, respectively), Psep is the power crossing the separatrix,
frad,SOL is the radiated fraction in the SOL, λint is the integral
power decay length equal to λq+ 1.64× S [7] (here, assum-
ing S = λq/2), Rt is the major radius of the target (equal to
∼0.625 m and 0.810 m for the inner and outer vertical targets,
respectively) and fx,pol is the poloidal flux expansion (typically
equal to 6.5 for the bottom closed divertor).

The evolution of surface temperature due to impinging
heat flux can be estimated using a simple 1D model of heat
conduction [65]

Tsurf (t) = Tsurf,0 + qpeak,surf
2√
π

√
t

cvκs
, (13)

where cv and κs are heat volumetric capacity and heat
conduction, respectively (with approximate values of 2.49
MJm−1 K−1 and 172 W m−1 K−1 for tungsten), and Tsurf,0

is the initial surface temperature (assumed to be equal to 20
◦C). This model can be easily inverted to provide a time delay
tcrit,1D needed to reach the critical temperature, Tsurf,crit = 2000
◦C. Table 4 shows the predictions for selected scenarios. The
early L-mode and H-mode scenarios should not be signific-
antly limited in duration by the heating of the PFCs; however,
the high-performance H-mode scenario allows only a flat-top
duration below 300 ms, which is not sufficient for physics
studies. One solution is to introduce impurities such as nitro-
gen in the divertor region to enhance power dissipation. This
process is capable of increasing frad,SOL up to 90%—such val-
ues were achieved on Alcator C-Mod [66] and AUG tokamaks
[10]. Table 4 shows the calculations for a more conservative
value of frad,SOL = 80%. In such a case all the scenarios allow
for a flat-top duration longer than 1 second, which is the pulse
limit of the NBI sources.

The simplified 1D model was cross-checked for selected
cases against a more complex 3D model consisting of a com-
bination of the PFCflux code [67] (predicting the heat flux dis-
tribution on divertor tiles) and a 3D ANSYS model for heat

9



Nucl. Fusion 64 (2024) 076028 M. Komm et al

Figure 8. Predictions of pedestal pressure as a function of pedestal density for the high-performance H-mode calculated by EPED1 and
EPED1.6.

Figure 9. (a)–(e) Scenarios with plasma triangularities ranging from 0.35 to 0.65. Upper and lower triangularity values are mentioned in
each panel title.

Table 4. Predictions of divertor surface heat fluxes and the critical time tcrit required to reach a surface temperature of 2000 ◦C (with initial
temperature 300 K).

Early L-mode Early H-mode ITER-like H-mode High perf. H-mode

Psep (MW) 0.7 1.8 3.2 4.7
λq (mm) 1.98 1.37 1.0 0.81
qsurf,1D( frad,SOL = 0%) (MW m−2) 3.1 17 37 76
qsurf,3D( frad,SOL = 0%) (MW m−2) 8.4 32 74 148
qsurf,1D( frad,SOL = 80%) (MW m−2) 0.61 3.4 7.4 15
tcrit,1D( frad,SOL = 0%) (s) >10 4.5 1.0 0.23
tcrit,3D( frad,SOL = 0%) (s) >10 5.9 0.54 0.08
tcrit,1D( frad,SOL = 80%) (s) >10 >10 >10 5.7

conduction in the tungsten tiles with temperature-dependent
thermal properties. The prediction of peak heat fluxes and
critical times are labelled as qsurf,3D and tcrid,3D, respectively,
in table 4. The 3D model takes into account the shaping of
the W divertor tiles (0.5 mm toroidal bevel), leading to an
increase in the peak surface heat flux by a factor of ∼1.9. An

additional increase by an approximate factor ∼1.5 occurs due
to temperature dependence of the material constants (in par-
ticular κs, which decreases with increasing temperature). It
also models the heat diffusion in the bulk material (enabled
by the relatively small poloidal extent of the heat flux foot-
print due to short λq), which can extend tcrit. However, this
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beneficial mechanism is dependent on the ratio of heat dif-
fusion time scale and the actual tcrit and, therefore, it scales
unfavourably with the impacting heat flux. Altogether, these
additional effects partially compensate each other and can
be crudely approximated by the following semi-empirical
relation:

tcrid,3D/tcrid,1D ≈ 0.6
√
tcrid,1D ≈ 0.6

√
π

2

× (Tsurf,crit −Tsurf,0)

√
cvκs

qpeak,surf
. (14)

7.2. Detachment

Detachment is a regime of SOL transport, which is character-
ised by extensive volumetric power dissipation. As such, it is
the preferred regime for ITER and next-step devices, since it
allows one to protect the divertor PFCs from excessive particle
and heat fluxes. Despite its popularity, practical detection of
detachment is the subject of a wide spectrum of approaches:
for example, by measuring the reduction of target Te [68],
probe saturation current roll-over [69] or the movement of the
CIII radiation front [11]. However, a reduction in divertor heat
fluxes may not always be proof of detachment; a very similar
effect can also be achieved by core radiation [70], which is
expected to be essential, e.g. for DEMO. Compelling experi-
mental proof of detachment can be obtained by detecting sig-
nificant pressure gradients between upstream and downstream
locations [71].

COMPASS Upgrade will have a prominent advantage for
investigation of detachment and its effect on heat fluxes.
As documented in section 7.1, the high-power scenarios are
expected to generate extremely large heat fluxes in attached
conditions. Therefore, substantial power dissipation will be
required to prevent overheating of the divertor PFCs. Even if
a large fraction of Psep will be dissipated, the impacting sur-
face heat fluxes will be on a par with ITER’s material limit of
10 MW m−2. This will allow to one investigate such heat and
particle fluxes by the divertor diagnostics in contrast to many
contemporary machines, where heat fluxes in detached plas-
mas typically yield poor signal to noise ratio measurements
[69].

A detachment qualifier qdet [72, 73] is a simplified metric
capable of predicting the transition into the detachment state:

qdet = 1.3
Psep

R
0.005
λint

(
1.65
R

)0.1
((

1+
∑
z

fzcz

)
p0,div

)−1

,

(15)

where cz is the impurity concentration, fz is the radiation effi-
ciency of the respective impurity and p0,div is the divertor neut-
ral pressure. Detachment is predicted for qdet < 1. Assuming
nitrogen seeding (fN2 = 18) and Psep = 3.1 MW (correspond-
ing to ITER-like H-mode with 30% core radiated fraction), the
detachment operating space is presented in figure 10. Should
the divertor neutral pressure reach 6 Pa (which was a pressure
relevant to detached plasmas in Alcator C-Mod), the required

Figure 10. The detachment qualifier qdet as a function of the
nitrogen concentration cN2 and divertor neutral pressure p0,div.

concentration of nitrogen in the divertor volume is about 7%.
For early H-mode, detachment is predicted for divertor pres-
sure above 5.6 Pa, even in the absence of any impurities. These
initial results will, in future, be compared to detailed predic-
tions of SOLPS-ITER modelling.

7.3. Liquid metals

One of the possible alternatives to solid PFCs is to employ
metal sponges (i.e. capillary porous structures) wetted by an
LM. Recent experiments in the two quasi-stationary plasma
accelerator devices [74] have indicated that liquid Sn sustains
the energy fluence ϵ⊥ = 3MJm−2, which is beyond the expec-
ted peak ELM energy fluence of unmitigated Type I ELMs
on ITER [75]. Remarkable power handling capabilities were
demonstrated on the COMPASS tokamak for both liquid Li
and liquid LiSn alloy at divertor surface heat loads q⊥ =
12 MW m−2 (relevant to ITER steady-state heat loading) and
under more modest ELMs with a local peak energy fluence ϵ⊥
= 15 kJm−2 [76].

To interpret these experiments, a new simulation model
dubbed HeatLMD [77] was developed, combining treatments
of LM PFC, 3D heat conduction, sputtering, evaporation
and vapour shielding of the incident plasma. HeatLMD was
used to interpret recent LM experiments at AUG [78] and
was also utilised to predict the behaviour of the LM diver-
tor on the COMPASS Upgrade tokamak, including scenarios
with extremely high-power density in the attached divertor
q⊥ ∼ 100 MW m−2 [79]. Further coupling with COREDIV
[80] simulations predicted, for fully attached plasmas, that
both the eroded Li and Sn might, however, cause unaccept-
ably strong central plasma cooling and dilution within one
second of plasma duration, even if the LM PFC was iner-
tially cooled by a thick tungsten mass. Despite substantial dif-
ferences in atomic mass between both metals, the effect on
the plasma core cooling is expected to be very similar; the
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Figure 11. Surface particle flux to the first wall for the ITER-like H-mode scenario (without shoulder formation).

differences in cooling factors are compensated by different
predicted LM concentrations in confined plasma. Future refin-
ing of this model, by including additional physics mechan-
isms using codes such as SOLPS-ITER, BIT1 and ERO 2.0,
is planned to verify this prediction.

COMPASS Upgrade will be equipped with a divertor
manipulator, mainly for material testing purposes [81], where
different concepts of an LM divertor tile will be tested (differ-
ent capillary porous materials and structure shapes, and differ-
ent LMs). The pre-conceptual design of the LM divertor mod-
ule is currently under development with the objective to con-
tribute to the alternative DEMO divertor solution based on LM
technology. Once an optimal solution for COMPASS Upgrade
conditions is determined, a full toroidal ring of the LMD will
be installed in the lower closed divertor.

8. Hot first wall operation

COMPASS Upgrade will have a unique capability to operate
with elevated first wall temperature Twall, up to 500 ◦C using
in-vessel pipes with pressurised He or CO2. This will allow
one to explore conditions relevant to DEMO and future ther-
monuclear power plants, where high first wall temperature will
help to optimise the power extraction [22, 23, 82].

An increased Twall is known to significantly reduce the
wall saturation time, meaning the time after which the wall
is no longer capable of storing more impacting plasma
particles. Recent investigation of this phenomena at the
QUEST tokamak [83] suggests that at Twall = 500 ◦C, andwith
the first wall flux exceeding Γwall ∼1021 m−2 s−1, the wall sat-
uration time can be reached within less than 10 seconds and,
therefore, possibly within the duration of the discharges of
COMPASS Upgrade (assuming the wall saturation time scales
as ∼

√
Γwall). The first wall fluxes for COMPASS Upgrade

were estimated for the ITER-like H-mode scenario using
simplified SOLPS-ITER simulations [84], where the fluxes
were extrapolated to the first wall using the assumption of

λn = 5 mm (based on the relation λn =
21
4 λq [85]), as shown

in figure 11. Experimental observations from Alcator C-Mod
suggest that such magnitudes of the particle flux are realistic
[86].

This estimate suggests that some parts of the first wall, such
as the upper stabilising plate or the divertor targets, are likely
to reach wall saturation. Wall saturation may become even
more likely in the case of shoulder formation [87], which can
substantially increase the first wall fluxes. However, at the time
of writing, no scaling law capable of predicting the density or
particle flux profile in this regime exists. As such, it awaits to
be investigated in detail at COMPASS Upgrade using, e.g. the
midplane reciprocating manipulator.

The elevated Twall will also aid experiments with LM com-
ponents based on Li: at 500 ◦C the evaporation from the
first wall components in combination with the presence of
colder areas of the vessel (such as the NBI ducts) will pre-
vent the formation of deposited layers, which may otherwise
have detrimental effects on machine operation (e.g. by redu-
cing the transparency of diagnostic optical elements). In addi-
tion, installation of a cold trap in the private flux regions is
considered. The coating effect will not be present for Sn-based
LM components; the evaporation rates of Sn are expected to
be significantly lower than those of Li and, subsequently, the
expected thickness of the deposited layers should not repres-
ent an operational issue. Moreover, the deposited Sn layer can
be efficiently cleaned by a low-pressure Ar arc discharge [88].

Finally, the development and operation of tokamak and dia-
gnostics systems [18] capable of withstanding such elevated
temperatures represents a vital aspect of preparation for the
operation of next-step devices.

9. Conclusions

COMPASS Upgrade will serve as a flexible tool to address
the challenges associated with future thermonuclear reactors,
thereby aiding their design and operation. Possessing a strong
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magnetic field of 5 T, it can explore the properties of con-
ventional ELMy high-confinement mode as well as alternat-
ives such as EDAH-mode, I-mode, QH-mode, QCEmode and
the XPR. One of the objectives of the research at COMPASS
Upgrade will be investigation of the compatibility of such
alternative regimes with acceptable power exhaust solutions.
The auxiliary heating scheme (ECRH and NBI heating) is fit-
tingly compatible with the heating mix of ITER and DEMO.

One of the key areas of research will be the domain of the
power exhaust, in particular the development of real-time con-
trol systems for detachment control and the development of
LM technology, which is an alternative approach to conven-
tional PFCs. These studies will be enabled by the ability to
achieve a short power decay length⩽1mm and extremely high
divertor surface heat fluxes ∼100 MW m−2.

The device will be capable of achieving a wide range of
positive triangularity, 0.35< δ < 0.65, allowing one to invest-
igate the role of plasma shape on confinement.

COMPASS Upgrade will also have a unique opportunity to
operate with a hot first wall (Twall ⩽ 500 ◦C), which will allow
one to study plasma–wall interactions in reactor-relevant con-
ditions and to test the compatibility of the tokamak subsystems
and diagnostics with such conditions.
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