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Abstract

In the initial stages of ITER operation, ELM mitigation systems need to be commissioned. This
requires controlled flat-top operation in type-I ELMy H-mode regimes. Hydrogen or helium
plasma discharges are used exclusively in these stages to ensure negligible production of
neutrons from fusion reactions. With the expected higher L-H power threshold of hydrogen and
helium plasmas compared to corresponding D and D/T plasmas, it is uncertain whether
available auxiliary power systems are sufficient to operate in stable type-I ELMy H-mode. This
has been investigated using integrated core and edge/SOL/divertor modelling with JINTRAC.
Assuming that the L-H power threshold is well captured by the Martin08 scaling law, the
presented simulations have found that 30 MW of ECRH power is likely required for the
investigated hydrogen plasma scenarios, rather than the originally planned 20 MW in the 2016
Staged Approach ITER Baseline. However, past experiments have shown that a small helium
fraction (~10%) can considerably reduce the hydrogen plasma L-H power threshold. Assuming
that these results extrapolate to ITER operation regimes, the 7.5 MA/2.65 T hydrogen plasma
scenario is likely to access stable type-I ELMy H-mode operation also at 20 MW of ECRH.
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1. Introduction

The ITER Pre-Fusion Power Operation (PFPO) is an import-
ant step in the ITER research plan [1] to demonstrate full
technical capability of the ITER tokamak and to prepare for
the main D and D-T campaigns. It is intended to demon-
strate stable H-mode operation, as well as to commission sev-
eral systems, such as auxiliary heating and current drive, fuel-
ling, various diagnostics, edge localised mode (ELM) mitiga-
tion, and divertor heat flux control. PFPO will consist of two
sub-phases. The first one, PFPO-1, will operate with at least
20 MW of electron cyclotron resonance heating (ECRH) and
current drive (ECCD), and a selected set of diagnostics, fuel-
ling and scenario control capabilities. The second sub-phase,
PFPO-2, will operate with the full set of resources planned for
baseline operation, including the ECRH capability of PFPO-1,
33 MW of hydrogen neutral beam injection (NBI) and 20 MW
of ion cyclotron resonance frequency (ICRF) auxiliary heat-
ing and current drive®. All plasmas during PFPO will have
hydrogen or helium as main ion species to ensure non-active
operation.

This paper presents modelling of PFPO scenarios mainly
intended for commissioning of the ELM mitigation systems.
Unmitigated ELMs can severely damage the divertor, caus-
ing melting and cracking of the tungsten monoblock sur-
faces [3-6], especially during the high plasma current (15 MA)
required for ITER baseline operation [6, 7]. One ELM mitig-
ation technique that will be tested is resonant magnetic per-
turbations [1, 7, 8]. These are generated by a set of 27 in-
vessel control coils, which can be used either to trigger smal-
ler and more frequent ELMs or to fully or partially sup-
press the ELMs [7]. Artificially increasing the ELM frequency
reduces the ELM energy fluence, with the ELM energy con-
tent AWgy being inversely proportional to the ELM fre-
quency at constant Py, [7]. Since the control coils will first
be installed prior to PFPO-2 [1], alternative ELM mitiga-
tion techniques will be tested during PFPO-1, such as pel-
let pacing [9, 10] and vertical plasma oscillations [11, 12],
which are also methods for artificially increasing the ELM
frequency.

For successful commissioning of the ELM mitigation sys-
tems, operation in stable type-I ELMy H-mode is required.
The presented scenarios are 5 MA/1.8 T and 7.5 MA/2.65 T,
both operating with hydrogen as main ion species. Whether
20 MW ECRH is sufficient for stable ELMy H-mode operation

6 Following significant delays of the ITER experimental programme, an
updated research plan is being formulated at the time of writing this paper (pre-
liminary studies in support of the new research plan have been reported [2]).
The updated research plan will likely impact the selection of scenarios dur-
ing PFPO, the available auxiliary heating systems in different stages of ITER
operation, and the wall material composition. All work presented here is based
on the assumptions of the 2018 research plan [1].

or an additional 10 MW ECRH is required will be investig-
ated. Methods for lowering the L-H power threshold will also
be considered. The presented modelling only studies flat-top
stages of the scenarios, starting from L-mode and setting up
the density and auxiliary power required for triggering an L—
H transition. The H-mode is sustained until the edge balloon-
ing parameter « stabilises, which is then compared against the
expected critical level for type-1 ELM destabilisation, .

All simulations are performed with integrated core, edge,
scrape-off layer and divertor modelling using JINTRAC [13],
developed by EUROfusion. JINTRAC is unique in this cap-
ability, and it has been used for analysis of experiments
in the past where interplay between core and edge/diver-
tor physics is of importance [14, 15]. The two primary
components of JINTRAC, JETTO (integrated core plasma
model) and EDGE2D/EIRENE (scrape-off layer, private
region, divertor, and wall model), have been well valid-
ated against experiments, see e.g. [16-18] (JETTO) and [19—
21] (EDGE2D/EIRENE). Several core-only modelling efforts
have been done in the past to assess the performance of
PFPO plasmas [22-26]. In particular, one of these studies,
[22], assessed type-I ELMy H-mode access for ITER 7.5
MA/2.65 T scenarios with both hydrogen, helium and deu-
terium plasmas using ASTRA [27]. The modelling, which
included 20 MW of ECRH and 33 MW of NBI, demonstrated
type-I ELMy H-mode access with helium and deuterium plas-
mas, with the hydrogen plasma scenario only reaching mar-
ginal H-mode access. The presented work expands this ana-
lysis by including (a) integrated modelling of both core, edge,
scrape-off layer and divertor, (b) scenarios with an additional
10 MW of ECRH, (c) potential lowering of the L-H power
threshold by the presence of a helium fraction (see details in
section 2.3), and (d) similar studies of the 5 MA/1.8 T hydro-
gen plasma scenario.

2. Modelling assumptions

2.1. Integrated modelling structure

JINTRAC [13]is an integrated tokamak plasma model for sim-
ulation of the whole plasma, including core, pedestal, scrape-
off layer (SOL), and private region (PR). It includes mod-
els for heating and current drive, self-consistent equilibrium
calculation, transport (neoclassical and anomalous), fuelling
(gas puffing and pellet injection), pumping, sputtering, atomic
physics, sawteeth and ELMs. The two main components
of JINTRAC are JETTO [28] and EDGE2D/EIRENE [29-
31]. JETTO is a 1.5-dimensional core plasma model that
simulates the plasma inside the last closed flux surface,
whereas EDGE2D is a 2D SOL/PR Braginskii fluid model,
and EIRENE simulates neutrals in the SOL/PR, includ-
ing models for gas puffing, pumping, sputtering and recyc-
ling. EDGE2D/EIRENE is generally more computationally
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Figure 1. 2D geometric set-up for the presented JINTRAC simulations.
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Figure 2. Block diagram of the JINTRAC integrated modelling structure. Arrows represent where data is passed between modules. In
italics are different codes/databases integrated with JINTRAC, whereas models for e.g. magnetohydrodynamics (MHD), edge transport

barrier (ETB) and L-H power threshold are intrinsic to JETTO.

demanding than JETTO for a given interval of plasma time.
For numerical efficiency, JINTRAC typically utilises a par-
tial coupling scheme between the codes, where JETTO and
EDGE2D/EIRENE are fully coupled only during short inter-
vals. In between the coupled phases, JETTO runs stand-alone
for a selected interval (usually 2-20 times the coupled time
interval). Fluxes are then rescaled at the EDGE2D/EIRENE
boundary to compensate for the inactive time interval.

Figure 1 presents the geometric assumptions of the mod-
elling, including first wall and divertor, fuelling and pump-
ing surface locations. The EDGE2D grid, shown in blue
and orange in the figure, is fixed, effectively fixing the geo-
metry of the separatrix. Figure 2 shows an overview of the
different components of JINTRAC, with arrows representing

direct communication between modules. Boundary conditions
between JETTO and EDGE2D/EIRENE are applied at the last
closed flux surface. The following subsections describe how
each component of JINTRAC is set-up in more detail, and
which data that is communicated between them.

2.2. Heating and current drive

The 7.5 MA/2.65 T hydrogen plasma scenario is planned
for PFPO-2, and is heated by a combination of ECRH and
NBI. The 5 MA/1.8 T scenario is part of PFPO-1, and con-
sequently does not include heating by NBI. Neither of the
presented cases include heating by ICRF or lower hybrid (LH)
waves. Heating by conventional ICRF schemes is not efficient
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for the 7.5 MA/2.65 T hydrogen scenario [1, 32], whereas
the 5 MA/1.8 T first H-mode scenario in the PFPO-1 phase
has no installed ICRF power. However, there is a possibil-
ity that efficient heating based on three-ion schemes exists
for the hydrogen scenarios with He-3 and He-4 minorities
at 8.8 MA/3.13 T [33, 34]. As for LH heating and current
drive, the launched wave spectra have a negative parasitic lobe
that drives a counter-current near the edge, reducing the cur-
rent drive efficiency to values below NBI current drive for
ITER [35]. In addition, with the LH absorption primarily being
in the edge plasma, the internal inductance is reduced, narrow-
ing the operational space for MHD stability for ITER [36].
Two different ECRH power schemes are considered. The first
scheme is 20 MW using the present baseline design of the
ITER ECRH systems. In the second scheme, 10 MW of ECRH
power is added to the baseline, assuming an upgrade of the
ITER heating systems that is being assessed [1].

ECRH/ECCD is modelled predictively using the GRAY
model [37]. The equatorial EC launchers operate in O-mode
in the 7.5 MA/2.65 T scenarios, which gives less parasitic
absorption and more efficient ECCD compared to X-mode
operation during H-mode confinement, and X-mode in the 5
MA/1.8 T scenario. Some of the presented cases use the upper
launcher for the suggested 10 MW ECRH upgrade, which
operates in X-mode in scenarios where it is active. NBI heating
and current drive is modelled with PENCIL [38], operating at
full power (16.5 MW on each of the two negative ion source
injectors), injecting hydrogen at ~870 keV.

The bootstrap current is evaluated from neoclassical theory
with NCLASS [39]. The total plasma current is set as a bound-
ary condition in the simulations, with the inductive current and
the corresponding loop voltage being adapted such that it com-
pletes the bootstrap and auxiliary currents to reach the set tar-
get value. With only flat-top stages being modelled, the total
current is set to a constant level of either 5 MA or 7.5 MA
depending on the scenario. The self-consistent handling of
inductive current drive profiles and loop voltage together with
current diffusion is described in [28].

2.3. L-H transition

The assumed L-H power threshold scaling law is based
on Martin08 [40], with a correction P;_g = PLfH,Manin08 X
(2/Aegr) for hydrogenic plasmas [41]:

Pr_y1 = 0.0488 (11 20) %11 BY3B SO (2 /A ), (1)

line tor

where line-averaged electron density (7 20)1ine has the unit of
10%° m—3, the toroidal magnetic field By, is in T, the cross sec-
tional area of the last closed flux surface S is in m?, and

{nm + 2np + 3n7)

Aetr =
nyg +np +nrt

2
Since no deuterium or tritium is present in any of the PFPO
scenarios, the correction factor 2 /A,y = 2. The scaling law of
equation (1) is expected to have a larger uncertainty at low
density, when (n.) < ne min = 0.4ngw [42], corresponding to
a density (n.) ~ 2.5 x 10" m~2 for the 7.5 MA scenario, and

(ne) ~ 1.6 x 10 m~=3 for the 5 MA scenario. The density
domain (ne) 2 ne min Where the L-H power threshold follows
the above scaling law is commonly referred to as the high-
density branch of the L-H transition.

JET experiments have shown that both Py _y and ne i, are
sensitive to the detailed strike-point configuration [43]. It was
observed that by moving the outer strike point outwards from
the horizontal target (HT) to the vertical target (VT) plate,
Ne,min/NGw Was reduced from around 40% to around 30%
when operating JET at 3.0 T and 2.5-2.75 MA. The VT config-
uration also indicated a stronger density scaling than the 0.717
exponent of the Martin0O8 scaling in the high-density branch.
On the other hand, the HT configuration showed similar Py _yg
scaling with respect to density as the MartinO8 scaling, but
a value roughly 25% lower than Py _y Marinos- It was hypo-
thesised that the mechanism behind the dependence of Py _y
with respect to strike-point configuration is different degree
of turbulence suppression by E x B shear in the edge region.
It is non-trivial to translate these dependencies to ITER scen-
arios due to differences in divertor geometry between JET and
ITER. However, the JET results can give an indication of the
order of magnitude differences in Py _y and 7 min With respect
to strike point configuration. The specific values of Pr_p and
Nemin assumed in the presented ITER model have resulted
from compromises between several aspects of their respective
observed dependencies in past experiments, details of which
is beyond the scope of this paper.

JET experiments [44] have suggested that adding a cer-
tain fraction of helium can reduce Py _y of hydrogen plasmas.
Therefore, we will also consider the cases with and without
added helium, assuming a 15% reduction of P;_y when
(nue) = 0.1(n¢). Above all, to facilitate the access to H-mode,
the basic assumption for L-H power threshold is to operate at
densities close to ne min ~ 0.4nGw, as PL_u ~ (ne)%"17 [40].
It should be noted that JET experiments on helium plasmas
have shown that ¢ i, can range between 0.4ngw and 0.7ngw
depending on the strike-point configuration [45]. This obser-
vation would need further investigation to determine how it
extrapolates to ITER plasmas and strike-point configurations.
The results presented here assume a reduction of Pr_g by a
helium minority at (e) > 0.4ngw ~ 2.5 x 10" m—3 (cases D
and E, as presented below).

H-mode access is determined by comparing Py _p against
Pnet = PECRH +PNBI +Pohm - Prad - <de/dI>, where Prad is
the combined impurity radiation and bremsstrahlung from the
core plasma (inside the last closed flux surface), and (dW,, /dr)
is the time derivative of the total stored energy W,,, averaged
over a time window of 5-50 ms for numerical stability. During
H-mode (Pye; = PL—n), the diffusivity of the transport barrier
domain is continuously lowered according to

Dy et = Dy nevass + [0 + ksup (1 —0)] Dy anom-—— (3)

Here, s is the ion species index, Dy ncrass is the neoclas-
sical particle diffusivity, Dj anom 15 the unsuppressed anomal-
ous diffusivity in the transport barrier, kgyp = 1.0 x 1072 is a
numerical suppression factor, and
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Pyt — PL—n
0 = exp ( PLHALH) , (@]
where 0.05 < Ap_y <0.1 is a factor that sets the rate at
which the suppressed transport barrier is approached for Ppe; >
Py _y. Similarly, a transport barrier forms in the heat diffus-
ivities, X and x;j. Both the anomalous particle and heat dif-
fusivities includes a 10% Bohm correction for enhanced ETB
transport (see details in section 2.5). When the edge ballooning
parameter « exceeds i, the ETB diffusivities are smoothly
up-scaled on feedback against « to prevent it from growing far
above . (see details in section 2.6).

2.4. Fuelling and impurity seeding

Fuelling by hydrogen gas puffing alone is sufficient for low
density plasmas ({n.) <2 x 10" m~?). However, at high gas
fuelling rates there is a risk of detachment due to excess-
ive cooling of the edge plasma. A detached plasma con-
figuration is generally avoided in the presented simulations.
Although detachment access can potentially reduce divertor
heat loads, conventional detachment techniques might also
reduce core plasma density control. For numerical efficiency,
EDGE2D/EIRENE does not include the molecular reactions
necessary to accurately model detachment. In order to reduce
the risk of detachment access, some of the presented scen-
arios do hydrogen fuelling by a combination of gas puffing
and pellet injection (cases D and E, summarised in section 2.7).
The additional pellet injection also allows for access to higher
densities, as will be demonstrated for case E. Pellet ablation
and deposition is modelled with HPI2 [46].

In order to avoid unacceptable levels of NBI shine-through
power in lower density regimes that can reduce the life expect-
ancy of the NBI shield blocks, a neon minority can be intro-
duced to the core plasma to increase the beam stopping cross
section [47]. The required concentration of neon depends on
the total density of the plasma, with higher densities requir-
ing less neon for sufficient beam stopping. In these simu-
lations, neon gas rates are adapted to reach stabilised total
shine-though power below about 1.8 MW while avoiding full
divertor detachment. The simulations also consider critical
upper limits associated with excessive impurity radiation, for
instance a reduction of the net power flux across the separat-
rix due to core radiation, limiting the possibility to sustain
stable ELMy H-mode operation, or a fully detached plasma by
excessive edge/SOL cooling. Neon is also more efficient than
H and He at sputtering tungsten from the divertor, potentially
adding significantly to the impurity radiation.

SANCO [48] is used for modelling impurity atomic phys-
ics in the core, including radiation and ionisation/recombin-
ation, and EIRENE is used in the SOL and private region.
Helium and neon atomic data is based on [49], and tungsten
data is based on [50], which both exist in the ADAS database’.
Charge state bundling schemes have been used both for neon
(5 charge state levels) and tungsten (6 charge state levels),
rather than following all ionisation stages for these impurities,
as this significantly reduces the computing power required for
SANCO.

2.5. Transport

Core heat and particle transport for both the main plasma
and impurity species are handled by NCLASS [39] (neoclas-
sical transport) and EDWM [51] (anomalous transport). In
EDWM, saturated wave modes and resulting transport coeffi-
cients are predicted from linear growth rates, frequencies and
other plasma parameters using quasi-linear theory. Only ion
scale turbulence is considered in EDWM, such as ion tem-
perature gradient and trapped electron modes. The simula-
tions consider corrections to turbulence from collisionality and
E X B shear. Five modes are considered in the poloidal mode
spectrum, namely k, py = {0.15,0.2,1/0.1,0.4,0.5}, where
ki is the poloidal wave number, and py = cs /€ n is the
hydrogen gyro-radius (csy is the thermal sound speed, and
Qc y is the hydrogen gyro-frequency). A Casati-filter [52] for
rescaling of the flux contributions from each mode is applied,
similar to what has been implemented in the quasi-linear trans-
port model QuaLiKiz [53].

A Bohm semi-empirical anomalous heat diffusivity [54]
has been added on top of the EDWM and NCLASS diffus-
ivities with a correction factor of 0.1, i.e.

Xi/e = Xi/e,NCLASS T Xi/e,.EbWM 1 0.1Xi/e.Bohm-  (5)
Similarly, the particle diffusivities has a correction

Xe,Bohm Xi,Bohi
Dy = Dy nerass + Dy ppwm + 0.1 (pror) ——m
Xe,Bohm + Xi,Bohm

(6)

where &(pror) = 1.0 — 0.7 por. The additional Bohm-terms are
introduced to enhance transport in the edge/pedestal region,
where EDWM frequently underestimates heat diffusivities.
The specific Bohm correction factor of 0.1 and the linear
weight function &(py) on the particle diffusivities match
simulations of JET experiments with EDWM + Bohm pre-
dictive transport. During H-mode confinement, the EDWM
and Bohm terms are suppressed by a factor according to
equation (3).

The particle diffusivity of ion species s in the scrape-off
layer is determined from the computed diffusivity at the last
closed flux surface D; g, (including edge transport barrier in
H-mode confinement). A diffusivity Dy,q is set at the EDGE2D
boundary surface. The full diffusivity profile then follows

Dy soL (x) = {Db“d + (Dssep = Dona) Ysfo ™ forDy.sep > Dina
D; e18,30L (X) for Dy sep < Dna;
(7N
Dy sep forx < Agrs,
Dy Et8,50L (X) = { Dy anh (x)  for Apre < x < Aprg + Apnh, (8)
Dond forx > Agrs + Aann,

Dbnd - Ds se
Ds,tanh (x) = Ds,sep + %

x [l—l—tanh (27r {MAETB) - 1D] C))
Atanh
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Figure 3. Particle diffusivity in the SOL for two different cases of Dy sep (diffusivity at the separatrix of ion species s, calculated by JETTO).

where x is the distance from the separatrix along the mid-plane.
The model parameters are Dy,g = 0.3m? s~!, Ysor = 2.5 x
1073, Agrg = 0.5cm, Aoy = 0.3 cm, and Agop, = 7.81 cm.
The thermal diffusivity profiles are defined by the same model
function (continuations of Xe sep and X sep, respectively), with
the same values of Ysor, Agrs, Awmn and Agop as for
the particle diffusivity, but with e bnd = Xibna = 1.0m?s~!.
Similarly, a smoothening is applied to diffusivities at the
boundary between the ETB and the core (see details in [55]).

2.6. Equilibrium & MHD

The equilibrium was calculated from predicted pressure and
current drive in the core plasma (inside the separatrix) by solv-
ing the Grad—Shafranov equation for a fixed separatrix geo-
metry using ESCO [28]. The separatrix geometry was cal-
culated for the 15 MA/5.3 T baseline scenario [56], using
the free-boundary equilibrium solvers CORSICA [57] and
DINA [58]. It is assumed that the same separatrix shape can
be used for the flat-top cases studied in this paper, which all
have the same I, /Byor ratio as the 15 MA/5.3 T scenario. A
Kadomtsev model [59] has been used for sawtooth triggering
and relaxation.

JETTO includes a continuous ELM model, which has been
used with the assumption o > agi = 1.8 for triggering of
type-I ELMs. Ideal MHD calculation of similar scenarios
have predicted slightly higher values for o between 2.0 and
2.5 [60]. The way that the continuous ELM model in JETTO
gradually increases transport when o > a.; means that « sat-
urates at a level slightly above ag;. For this reason, a value
Qerit = 1.8 < 2.0 has been selected. H-mode operation with
o < ot corresponds more closely to an ELM-free or type-
IIT ELM regime, with no up-scaling of the edge transport bar-
rier. Since the primary purpose of the presented studies is
to determine conditions for access to type-I ELMy H-mode
regimes, the impact of discrete ELMs (mitigated or uncon-
trolled) on divertor and plasma facing components is beyond

the scope of this paper (more detailed studies on these top-
ics are presented in [7]). Divertor particle and power loads are
only indirectly impacted by type-I ELMs via the up-scaling
of the edge diffusivities in the continuous ELM model, which
extend a given distance into the SOL as illustrated in figure 3.

2.7 Summary of scenarios

A total of 6 cases have been modelled with JINTRAC, labelled
as follows:

e Case A: 5 MA/1.8 T hydrogen plasma with no added helium
and 30 MW of ECRH.

e Case B: 7.5 MA/2.65 T H-plasma with no added helium, and
20 MW of ECRH + 33 MW of NBL

e Case C.1: 7.5 MA/2.65 T H-plasma with no added helium,
and 30 MW of ECRH + 33 MW of NBI.

e Case C.2: Repetition of part of the case C.1, but with a smal-
ler amount of neon being gas puffed for assisting the beam
stopping.

e Case D: 7.5 MA/2.65 T H-plasma with ~10% added helium,
and 20 MW of ECRH + 33 MW of NBI.

e Case E: 7.5 MA/2.65 T H-plasma with ~10% added helium,
and 30 MW of ECRH + 33 MW of NBI.

All of the presented JINTRAC simulations were running on
Intel(R) Xeon(R) CPU E5-26650 @ 2.40 GHz processors on
a single core. Depending on the numerical precision used for
the core—edge coupled time stepping scheme, each second of
plasma time took between 2 days and 2 weeks to simulate. The
presented simulations only present the initial stages of flat-top
operation, with less than 8 seconds of plasma seconds in each
scenario. This is sufficient to demonstrate L—H transition and
convergence of the edge ballooning parameter c.
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Figure 4. ITER 5 MA/1.8 T hydrogen plasma. The horizontal axis in each of the plots is time [s], offset such that # = 0 corresponds to the
time of full auxiliary power injection. Auxiliary heating is done by ECRH only.

3. Results

3.1. 5 MA/1.8 T scenario

The 5 MA/1.8 T scenario is planned for the PFPO-1 stage of
operation, where NBI is unavailable [24]. Consequently, aux-
iliary heating is done by microwave frequency only. Case A
in figure 4 was run with 30 MW ECRH. As demonstrated in
figure 4(a), the edge ballooning parameter exceeds cit. The
net power difference above the L—H threshold is still increas-
ing towards the end of the simulation, indicating that type-I
ELMy H-mode can be maintained for long-pulse operation.
In the early phases of H-mode operation, before 7~ 1 s, the
line averaged electron density is below ne min. The Martin08
P1_p scaling law has been assumed also in this regime, which
is likely an underestimation of the power threshold. For this
reason, the transition to H-mode might occur later in practice
than what the modelling shows. As long as the plasma can be

sufficiently fuelled to reach the high-density branch of Py _y,
the modelling assumptions do not change the conclusion that
the scenario can operate in stable ELMy H-mode.

The results of the presented 30 MW case indicate that a
corresponding 20 MW case would not be able to operate in
H-mode. This can be understood from comparing figures 4(c)
with 4(d). At the end of the simulation, P, is about 4.9 MW
above Pr_y. An additional margin of 3.4 MW (dW, /dt at
the end of the simulation in figure 4(d)) can be expected
in steady-state conditions, where dW, /dt — 0, totalling to
Pyt — PL_p ~ 8.3 MW. Dropping auxiliary power by 10 MW
in these conditions would then place the net power about
1.7 MW below the power threshold. However, it should be
noted that the density operates at a level above the lower limit
of the high-density branch, as seen in figure 4(b). Assuming
operation exactly at (n) = ne min ~ 0.4nGw, equation (1) pre-
dicts a power threshold P _y = 20.1 MW. The estimated core
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Figure 5. Core profile data for case A at the end time of the simulation (r =2.88s).

radiation losses exceed the ohmic heating by almost 0.3 MW.
Subtracting this from 20 MW of auxiliary power results in a
net power of 19.7 MW during steady-state conditions, which
is 0.4 MW less than Py _g.

The benefit of helium seeding has not yet been explored for
this scenario. Assuming a 15% (i.e. about 3 MW) reduction of
P1_p by helium seeding, keeping the same assumptions about
the ohmic heating and impurity radiation as demonstrated in
the presented case in figure 4, would bring the net power about
2.6 MW above the power threshold during 20 MW ECRH
operation. Comparing figures 4(a) and (c), this is very close to
the power difference at which a exceeds a.,; in the demon-
strated case. However, taking into account uncertainties in
the underlying power threshold assumptions, it is not evident
that an ELMy H-mode operational space exists in the helium
seeded 5 MA/1.8 T hydrogen plasma scenario at 20 MW
ECRH.

Since there is no NBI heating for this scenario, neon is
not required for beam stopping. However, neon puffing is
still used for suppressing the divertor power loads. As can
be seen in figure 4(h), the neon concentration at the sep-
aratrix finishes around 0.15%, which is significantly lower
than the corresponding concentration levels for the NBI scen-
arios (see figures 6(k) and 10(k)), which is of the order of
a few percent. Reduced lifetime of the divertor would be
expected for long-pulse operation with power loads above

about I0MW m~2 [1]. However, the divertor power loads
never exceed 5MW m~—2, besides single bursts on the inner
divertor target plates during the initial stage of the H-mode, as
seen in figures 4(j) and (k).

Tungsten sputtering from the divertor was not included dur-
ing the L-mode phase of the simulation, as can be seen in
figure 4(g). It was included at the start of the dithering phase,
at 1= —0.12s. During the H-mode phase, there were two
instances of rapid increase of the strike point ion temperature
and the tungsten sputtering yield from the divertor, atr ~0.45 s
and r=1.88s, as seen in figures 4(/)—(n). However, the asso-
ciated tungsten radiation in the plasma volume remained at
modest levels, below 400 kW, throughout most of the H-mode
phase.

Figure 5 shows miscellaneous core 1D profile data for
the 5 MA/1.8 T scenario at the end time of the simulations
(t=2.88s). The additional 10 MW on the upper EC launcher
gives no power absorption inside pyr = 0.35, with a peak res-
onance around pyr = 0.38, as seen in figure 5(d). The non-
monotonic electron temperature profile of figure 5(a) is aresult
of both the off-axis ECRH and sawtooth crashes up to pyo ~
0.5 (domain with g~ 1 in figure 5(c)). There is some degree
of impurity accumulation, as seen in the peaked impurity
density profiles of figures 5(g) and (/). However, core impurity
concentrations are relatively low, with less than 0.1% of neon,
and less than 2x10~° of tungsten, as seen in figures 5(j) and
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Figure 6. ITER 7.5 MA/2.65 T hydrogen plasma simulations without a helium minority. The horizontal axis in each of the plots is time [s],
offset such that 7 =0 corresponds to the time of full auxiliary power injection.

(k), respectively. The higher temperatures of the deep core
also suppresses impurity radiation in these regions, with radi-
ation being the highest in the edge (see figures 5(e) and (f)).
Figure 4(i) shows the time trace of the total radiation dens-
ity at the separatrix. Comparing these values to those of the
other presented scenarios (figures 6() and 10(/)), which has
higher neon seeding in order to reduce NBI shine-through,
the radiation density is an order of magnitude lower for the
5 MA/1.8 T scenario.

3.2. 75 MA/2.65 T scenario without helium

The 7.5 MA/2.65 T hydrogen plasma scenario is planned for
PFPO-2, including heating and current drive from both EC
and NBI. The result of the JINTRAC simulations of cases B,
C.1 and C.2, which do not include any helium, are presen-
ted in figures 6 and 7. It is apparent from figure 6(a) that
case B, accessing H-mode with 20 MW of ECRH, is likely
not to be able to reach type-I ELMy H-mode, with the edge
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Figure 7. Core profile data for cases B, C.1 and C.2 at the end time of the simulations (case B: 1 =6.80s, case C.1: t =4.90s, case C.2:

t=2905).

ballooning parameter o remaining below the estimated i
This conclusion agrees with previous studies of the same scen-
ario using core transport modelling with ASTRA [22]. Both
cases C.1 and C.2 have a-parameters exceeding o, indicat-
ing that 30 MW of ECRH is required for stable ELMy H-mode
operation of the hydrogen plasma without a helium minor-
ity. It should be noted that the line-averaged electron dens-
ity of case B (see figure 6(b)) stabilises about 14—16% above
the lower limit of the high-density branch 7 in, meaning
that it is theoretically possible to reach 11% ~ 4 MW lower
PL_y when operating exactly at (ne) = e min. According to
figure 6(c), case B stabilises at around 4 MW net power above
the L-H power threshold, meaning that the margin above the
threshold could in principle be doubled, which might be suffi-
cient to operate at a stable ELMy H-mode. However, consid-
ering the narrow operation margins of case B, combined with

the uncertainty of 7 min in ITER, access to ELMy H-mode at
20 MW ECRH cannot be taken for granted.

Case C.1 was excessively seeded with neon to reduce the
NBI shine-through, with the final shine-through power around
0.2 MW (see figure 6(f)), well below the estimated long-pulse
shine-through limit at 1.8 MW, and the neon core impurity
radiation finishing close to 12 MW (see figure 6(g)). This
should be compared to case C.2, which is the same case as
C.1, but with reduced neon seeding. The NBI shine-through
for this case stabilises around 0.9 MW, and the neon core
impurity radiation at around 6.5 MW, meaning that there is
a net gain of about 4.8 MW input power compared to case
C.1. However, this relative gain is cancelled in Ppe to some
extent by differences in dW, /dz. The net power Ppe, which
is compared against Pp_y in figure 6(c), is calculated as
Pax + Pohm — (dW,/dt), where W, is the total stored

rad
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Figure 8. Difference between recombination and ionisation rates for all six cases. The colourmaps have been truncated at

+5%x 102 m3s7 .

energy. Neither case C.1 nor C.2 have reached stationary con-
ditions, which would have been indicated by dW,,/dr~ 0 in
figure 6(d). However, the simulations have run sufficiently
long to conclude that type-I ELMy H-mode is accessible in
the 30 MW ECRH scenario, as « has already stabilised above
Cerit, and a reduction of (dW,,/dr) will only increase the margin
above the L-H power threshold.

As mentioned in section 2.4, there is a risk of reaching
regimes of full detachment if the edge region is cooled down
significantly by gas puffing and impurity radiation. To verify
that neither of the presented scenarios has reached full detach-
ment, including Case C.1, which was excessively seeded by
neon, the recombination rates are compared against the ion-
isation rates for all cases in figure 8. Full detachment would
be indicated by a region around the separatrix, in particular
around the x-point, where Siec > Sion. All of the cases have a
limited domain in the private region where Si. > Sion. This
means that the modelling indicates that the scenarios are only
partially detached at most.

In figure 6(k), the neon concentration is calculated as a frac-
tion of the electron density. This value stabilised around 6%
for cases B and C.2, whereas it reached 9% (and increasing)
towards the end of case C.1, indicating an almost pure neon
plasma at the separatrix for that case (the full neon concen-
tration profile at the end time of each simulation can be seen
in figure 7(m)). Although neon is more efficient at sputtering
tungsten from the divertor than hydrogen, case C.1 did not
show higher tungsten radiation compared to cases B and C.2
(see figures 6(h) and (j)). This could be a consequence of the
high neon radiation in the SOL (figure 6(i)), which keeps the
strike point ion temperature down and reduces the overall sput-
tering from the divertor. Case B demonstrated relatively high

strike point ion temperatures (figures 6(o) and (p)) and tung-
sten sputtering yield (figure 6(q)). However, with tungsten core
impurity radiation below the MW range, the tungsten content
in the plasma volume is not sufficient to substantially impact
the H-mode operation. The maximum power loads on the inner
and outer divertor target plates stabilise at a few MW m~2 (see
figures 6(m) and (n)), besides a couple of discrete bursts, par-
ticularly on the outer target plates in cases C.1 and C.2. The
bursts in divertor power loads are associated with particle and
heat fluxes in the outer part of the plasma due to large predicted
anomalous transport following sawtooth crashes.

Core profile data for cases B, C.1 and C.2 is shown in
figure 7. Case C.1 has significantly higher ion temperature
(figure 7(b)), which could be explained by the lower anomal-
ous ion diffusivity (figure 7(g)). Neither of the cases show the
same non-monotonicity of the electron temperature as case A.
This is because the additional 10 MW ECRH is injected from a
hypothetical equatorial launcher in O-mode, allowing for more
on-axis electron heating. There is a non-monotonic depos-
ition of the NBI power density, but the relatively spread out
absorption in py, does not affect the shape of the electron or
ion temperature profiles significantly. Again, sawtooth crashes
extend to pr = 0.5, as seen in figure 7(d). While impurity
radiation profiles for cases B, C.1 and C.2 are qualitatively
the same as the ones for case A, they are between 1 and 2
orders of magnitude larger (compare figures 6(4) and (i) with
figures 4(e) and (f), respectively). This is due to the additional
requirement for neon to reduce the NBI shine-through, which
in turn sputters tungsten from the divertor more effectively
than hydrogen. The hydrogen fraction is significantly lower in
cases B, C.1 and C.2 compared to case A (compare figures 7(/)
with 5(i)), and case C.1 in particular, where it is as low as 16%
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Figure 9. Neoclassical and anomalous pinch velocity components for hydrogen and neon at the end time of the simulations (case B:
t=06.80s, case C.1: t=4.90s, case C.2: t =2.905s). The total pinch velocity is the sum of the neoclassical and anomalous components.

at the separatrix. This is again due to the higher neon content
of these cases.

The electron temperature peaks at py,; ~ 0.1 rather than on-
axis, as seen in figure 7(c). This non-monotonicity cannot be
attributed to the sawtooth crashes, since the peaking is well
inside the g & 1 domain (p; < 0.5). Figure 9 shows the hydro-
gen and neon pinch velocity profiles for the three cases at
the final time of the simulations, split into neoclassical and
anomalous components. All cases show a positive neoclas-
sical pinch velocity inside of py = 0.1, and a weakly negat-
ive neoclassical pinch outside. The anomalous pinch is pos-
itive in the same domain, but with lower pinch velocity than
the neoclassical values, and negative anomalous pinch velo-
cities are also found at py, = 0.1 for all cases, except for the
hydrogen pinch for cases C.1 and C.2. For the total pinch velo-
city (figures 9(c) and (f)), all three cases show the same trend,
which tends to accumulate the plasma towards p, =~ 0.1. The
particle diffusivity balances this accumulation to some extent.
However, it is not enough to flatten the off-axis density peak.
Neon transport has a similar impact on the electron density as
hydrogen, since the charge densities are comparable. The steep
on-axis T, gradient, as seen in figure 7(a), is contributing to the
neoclassical pinch [39].

3.3. 75 MA/2.65 T scenario seeded with helium

In the two cases presented in figure 10 (cases D and E), the
7.5 MA/2.65 T hydrogen plasma has been seeded with helium
for presumed lowering of the L-H power threshold, as dis-
cussed in section 2.3. This increases the net power above the
threshold for improved H-mode quality. Figure 10(a) confirms
that stable type-I ELMy H-mode operation is reached both for
the 20 MW and the 30 MW ECRH cases. Unlike cases A, B,
C.1 and C.2, the cases D and E use a combination of hydrogen

gas puffing and pellet injection to fuel the plasma, as discussed
in section 2.4. The pellet injection rate is adapted for reaching
target averaged electron densities. The target density for the
20 MW ECRH case (case D) is set close to ne min, Wwhereas the
target density for the 30 MW ECRH case (case E) is between
55 and 60% above e iy, corresponding to (n.) /ncw between
62 and 64%, as seen in figure 10(b). The higher target density
for case E is chosen to demonstrate a wider operational space
with 30 MW ECRH, although it increases the L-H power
threshold by up to about 40% = 12 MW.

The NBI power is gradually increased until it finally
reaches its full power at = 0, as demonstrated in figure 10(e).
The NBI shine-through power stabilises around 1.3—-1.5 MW
for both cases (figure 10(f)), which is below the assumed limit
of 1.8 MW for long-pulse operation. Slightly lower neon con-
tent is required for sufficient beam stopping in case E com-
pared to case D because of the higher averaged density. This
is also reflected in the lower neon core radiation of case E
in figure 10(g). However, the neon radiation in the SOL and
private region is similar for the two cases, stabilising around
20 MW, as seen in figure 10(i). As for the 7.5 MA/2.65 T
cases with no helium (cases B, C.1 and C.2), the tungsten radi-
ation is negligible compared to the neon radiation, as seen in
figures 10(h) and (j).

The maximum power load on the divertor target plates
stabilises around 2-6 MW m~? (see figures 10(m) and (n)),
which is well within acceptable long-pulse operational lim-
its. However, there are frequent bursts in the power loads, in
particular at the outer target during the initial stages of the H-
mode. Again, the largest bursts coincide with wide sawtooth
crashes, inducing significant particle and heat fluxes in the
outer core plasma via bursts in anomalous diffusivity. Since
the bursts are very short and drop in frequency during later
stages of the H-mode confinement, they are unlikely to cause
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Figure 10. ITER 7.5 MA/2.65 T hydrogen plasma simulation with a helium minority. The horizontal axis in each of the plots is time [s],
offset such that 7 =0 corresponds to the time of full auxiliary power injection.

significant reduction of the divertor lifetime. The ion temper-
ature of the strike points are also sustained at relatively low
levels at the order of 1 eV, with the exception of discrete
bursts, as seen in figures 10(0) and (p). This causes a very low
tungsten sputtering yield of the order 10~° (see figure 10(g)),
which is 2-3 orders of magnitude lower than any of the other
presented cases.

Similarly to case A, cases D and E show some degree of
non-monotonicity of the temperature profiles (figures 11(a)
and (b)), due to a combination of sawtooth crashes and off-axis

heating. Cases D and E used a magnetic reconnection factor
of 1.0 for the Kadomtsev model, whereas the other cases used
a reconnection factor of 0.3. The main reason for the higher
reconnection factor was to make a pessimistic assumption
about the impact of sawteeth on the scenarios, such as higher
amplitude oscillations of the plasma state and their impact on
e.g. tungsten sputtering. The lower reconnection factor is more
in agreement with experimental results from JET. The higher
reconnection factor of Cases D and E could cause steeper pres-
sure gradients across the ¢ =1 boundary close to pir = 0.5
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Figure 11. Core profile data for cases D and E at the end time of the simulations (case D: r=5.04 s, case E: t =5.08s).

(see g~ 1 domain in figure 11(d)). With neon gas puffing
being overall lower in cases D and E compared to the corres-
ponding cases with no helium (cases B, C.1 and C.2), both
the neon density (figure 11(i)), concentration (figure 11(m))
and radiation density (figure 11(g)) are lower (compare against
figures 7(j), (m) and (h), respectively). The tungsten dens-
ity and radiation levels are exceptionally low for cases D
and E compared to other cases, with densities of the order
10'° m~3 and radiation densities below 1 W/m? in most of the
core plasma, which is a result from the low sputtering yield.
However, with the neon concentration being of the order of a
few % in the core plasma, it is enough to significantly reduce
the hydrogen concentration, as seen in figure 11(/). Case D,
which operates at lower density than case E, and consequently
requires more neon for sufficient beam stopping, has a core
concentration of hydrogen of less than 50%.

4. Conclusions and discussion

ITER will undergo a PFPO phase, during which stable H-
mode confinement will be demonstrated and several opera-
tional systems will be commissioned. For the commissioning
of ELM mitigation systems, stable operation in type-1 ELMy
H-mode is required. The presented paper investigates the pos-
sibility to operate the 7.5 MA/2.65 T and 5 MA/1.8 T hydro-
gen plasma scenarios for this purpose, using core plasma and
edge/SOL/divertor integrated modelling tools. Furthermore, it
is tested whether the currently planned ECRH power capacity
is sufficient for stable ELMy H-mode operation or a proposed
10 MW upgrade of the EC systems is required. The L-H power
threshold of the hydrogen plasma is expected to be a factor
~2 larger compared to equivalent deuterium plasma scenarios.
Operation at low density and seeding the plasma with a helium
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minority are both methods used to attempt to reduce the power
threshold for easier H-mode access. While H-mode access
and margin to the L-H transition can be estimated with core
plasma modelling, a complete assessment of the viability of
these scenarios in ITER requires full core/edge/SOL model-
ling, which is done for the study presented in this paper. Many
of the strategies followed to lower the L-H transition have
direct implications on the SOL and plasma—wall interaction
(PWI) aspects with effects (such as full detachment or excess-
ive W contamination of the core plasma) that can counter bal-
ance the expected effects from core plasma simulations and
make, in practice, the scenarios for H-mode access and sus-
tainment in ITER not viable. The modelling performed in this
paper identifies which of such strategies will lead to realisable
PFPO H-mode scenarios with core-edge-PWI factors taken
into account.

The 5 MA/1.8 T scenario is planned for the early stages
of PFPO, during which only electron cyclotron resonance
power systems are available for auxiliary heating, whereas
the 7.5 MA/2.65 T scenario is also assisted by NBI heat-
ing. Neon is seeded by gas puffing to reduce NBI shine-
through and to prevent excessive power loads to the diver-
tor. Excessive neon seeding can potentially impede access to
type-I ELMy H-mode by reducing the margin of net power
above the L-H power threshold via core impurity radiation.
The presented modelling, which includes self-consistent treat-
ment of neon seeding, tungsten sputtering from the divertor,
impurity transport, and atomic physics, is used to investig-
ate whether the neon seeding can be optimised for sufficient
beam stopping and divertor cooling without compromising
ELMy H-mode access for the different scenarios. All mod-
elled cases start from L-mode confinement at reduced aux-
iliary power, eventually ramping up to full input power to
demonstrate a stable L-H transition. Once a quasi-stationary
H-mode flat-top has been reached, the edge ballooning para-
meter « is compared against the estimated threshold, i, for
triggering type-1 ELMs (using a continuous ELM model in this
paper).

Modelling results indicated that the 7.5 MA/2.65 T hydro-
gen plasma scenario might more readily access ELMy H-
mode either through seeding by helium or a 10 MW upgrade
of the EC systems. The success of the helium seeded scen-
ario without the ECRH power upgrade relies on the assump-
tions that a) the lower limit of the high-density branch of
the L-H power threshold is similar to or lower than 0.4ngw,
and b) a 10% helium minority reduces Pr_p by 15%. Both
assumptions are based on results from JET experiments, for
which it is unknown how well they extrapolate to ITER oper-
ation regimes. In particular, the lower limit of the Pp_g
high-density branch has shown to vary significantly with the
strike-point configuration at JET. The 10 MW ECRH upgrade
allows for operation in ELMy H-mode at higher density,
which has been demonstrated for the helium seeded case.
This relaxes the assumption that the lower limit of the P _g
high-density branch 7 i, is at 0.4ngw, giving more confid-
ence in robust access to H-mode based on the assumed Py _y
scaling.

The 5 MA/1.8 T hydrogen plasma scenario has a lower
Greenwald density compared to the 7.5 MA/2.65 T scen-
ario due to the lower plasma current. The scenario can con-
sequently operate at a lower absolute density while stay-
ing above the lower limit of the Pp_p high-density branch.
However, the lower available auxiliary power means that the
10 MW ECRH upgrade is still likely required to operate in a
stable ELMy H-mode. With an expected L-H power threshold
at around 20 MW at (n,) = ne min = 0.4ngw, H-mode confine-
ment can at best be marginally reached with 20 MW of ECRH,
not allowing access to type-1 ELMy H-mode operation.
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