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Abstract. ELM mitigation to avoid melting of the tungsten (W) divertor is one of the main factors affecting
plasma fuelling and detachment control at full current for high Q operation in ITER. Here we derive the ITER
operational space, where ELM mitigation to avoid melting of the W divertor monoblocks top surface is not
required and appropriate control of W sources and radiation in the main plasma can be ensured through ELM
control by pellet pacing. We apply the experimental scaling that relates the maximum ELM energy density
deposited at the divertor with the pedestal parameters and this eliminates the uncertainty related with the ELM
wetted area for energy deposition at the divertor and enables the definition of the ITER operating space through
global plasma parameters. Our evaluation is thus based on this empirical scaling for ELM power loads together
with the scaling for the pedestal pressure limit based on predictions from stability codes. In particular, our
analysis has revealed that for the pedestal pressure predicted by the EPED1+SOLPS scaling, ELM mitigation to
avoid melting of the W divertor monoblocks top surface may not be required for 2.65T H-modes with
normalized pedestal densities (to the Greenwald limit) larger than 0.5 to a level of current of 6.5-7.5 MA, which
depends on assumptions on the divertor power flux during ELMs and between ELMs that expand the range of
experimental uncertainties. The pellet and gas fuelling requirements compatible with control of plasma
detachment, core plasma tungsten accumulation and H-mode operation (including post-ELM W transient
radiation) have been assessed by 1.5D transport simulations for a range of assumptions regarding W re-
deposition at the divertor including the most conservative assumption of zero prompt re-deposition. With such
conservative assumptions, the post-ELM W transient radiation imposes a very stringent limit on ELM energy
losses and the associated minimum required ELM frequency. Depending on W transport assumptions during the
ELM, a maximum ELM frequency is also identified above which core tungsten accumulation takes place.

1. Introduction

Integrated simulations of ITER H-mode plasmas including gas and pellet fuelling for core
and edge density/divertor power load control and pellet pacing for ELM control have been
carried out [1]. In these studies it was shown that the flexibility of the fuelling systems is
appropriate to achieve high Q operation in ITER [1]. These simulations also showed that
ELM control to ensure appropriate divertor target erosion lifetime is one of the main factors
affecting plasma fuelling and detachment control at full current high Q operation in ITER. At
lower plasma currents, the power fluxes during ELMs at the ITER divertor are not expected
to cause large scale W divertor melting [2]. For these lower current levels the requirements
for the control of ELMs, such as through frequency control by pellet pacing, are determined
by the control of the tungsten concentration in the core plasma required to keep plasma in the
H-mode regime [2, 3]. In the present work we extend the analysis in [2, 3] by performing
integrated simulations of ITER plasmas including the requirements for core and edge plasma
fuelling to ensure appropriate fusion performance and control of divertor power loads
together with requirements for ELM control by pellet pacing to avoid melting of the W
divertor monoblocks top surface (MTS) and acceptable core W plasma levels. To determine
the ELM control requirements to avoid melting of the W divertor MTS, we have evaluated
first the H-mode operational space for which ELM control is not required to avoid such
melting. This has been done by applying the empirical scaling for the ELM power flux in [4],



where the peak ELM energy density at the divertor (¢) is found to be proportional to the
pedestal plasma pressure with € ~ K p,.q, where K = 1-4.5 covers the range of experimental
data and inner-outer divertor ELM power deposition asymmetries, and the expected pedestal
plasma parameters in ITER are evaluated from MHD stability predictions [5]. This approach
is based on global plasma parameters and provides a refined evaluation with respect to the
approach in [2], which considered the area over which ELMs deposit their energy at the
divertor as a variable parameter. The estimate of the H-mode operational space with
acceptable ELMs is described in section 2. We note here that in the present study we have
incorporated the effects of the optimized shape of the ITER divertor target and of the W
monoblocks on the acceptable ELM loads to avoid W MTS melting and those related to the
divertor power fluxes during ELMs from the detailed evaluation in [6]. We have, however,
not analyzed the issues related to the melting of the edges of divertor monoblocks due to the
gaps between them; for details on this topic and on the issues related to the optimization of
the ITER divertor geometry the readers is referred to [7].

As discussed in [2], in the range of plasma parameters where uncontrolled natural
spontaneous ELMs do not lead to large scale W divertor melting, the limitations on the ELM
size and frequency are determined by the requirements of the control of plasma
contamination by tungsten caused by ELMs. In section 3 we derive scalings for tungsten
influx to the plasma core in ITER as a function of the ELM energy loss size from combined
simulations by ASTRA, STRAHL, and SOLPS codes described in [3, 8]. Using these
scalings we estimate the tungsten influx from the ELMs in ITER H-modes for a range of
plasma conditions by applying the continuous ELM and pellet models [1]. In such time
averaged simulations neoclassical effects cause the efficient screening of tungsten in the
pedestal [3]. Including the time-varying W source during ELMs and the mechanisms for W
outflux and influx during them is, however, expected to lead to more stringent limits on ELM
energy losses on the basis of previous studies [3]. Therefore, simulations including the effect
of the time-varying W influx during the ELM as well as the effects of pellet pacing on the
fuelling efficiency of high field side pellets are performed to refine the above estimates with
more realistic modelling assumptions and with a more up to date design of the ITER fuelling
systems. In section 4, we describe the impact of discrete pellets and ELM modelling
assumptions on the pellet injection requirements to achieve the required level of ELM
control. Finally, in section 5 we discuss the results of the modelling presented in the paper
and reach conclusions.

Throughout this paper we use the following units: seconds for time, 7, At, MW for the
input and radiated powers P, MJ for plasma energy and ELM energy losses W, AW, m, m’
and m’ for size a, R, area S and volume ¥, respectively, MA for the plasma current I,, T for
the toroidal magnetic field B, 10"”m™ for the plasma density n, keV for the electron and ion
temperatures 7, kPa for the plasma pressure p, Hz for the frequencies of ELM and injected
pellets, f; and MJm™ for energy density, &. Thus in the rest of the paper the values for the
quantities above are given in these units and we omit, when possible, the units in the formulas
below. Note that in our consideration we assume 7. pea = T ped =1 pea.

Table 1. Variables and units

Name |, At P W,AW aR S V I, B T n p f ¢

Units | s MW MJ m m’ m MA T keV 10°m> kPa Hz MJm*

2. Operation space with tolerable ELMs



As mentioned above, in this study, we consider that the maximum energy density for
controlled ELMs in ITER is limited by melting of the divertor monoblock top surface MTS,
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where €,,4, 1S the maximum ELM energy density in ITER that avoids divertor MTS melting
for a reference ELM power deposition time, tgiy ref, € 1 the maximum energy density

during the ELM along the field line, « is the angle of inclination of the magnetic field line
onto the divertor target surface and tg;y /tgim reris the normalised time of the duration of the
ELM power on the divertor surface.

Our analysis of the operational space with ELMs that avoid W divertor MTS melting is
based on the following assumptions:

- The reference plasma conditions are given by the ITER Q= 10 15 MA scenario with a
pedestal temperature of T,.,, = 4.7 keV and a pedestal electron density n,.4/ngy = 0.70,
where ngy, = 101, /ma? is the Greenwald limit, ¢ = 2 m. In the following we denote
g = Npeq/New as the normalized pedestal density to the Greenwald limit.

- For these plasma conditions we assume that uncontrolled ELMs will have an ELM power
rise time of 250 us and fall-down time of 500 us [2, 9] and that for these plasmas the peak
divertor power flux between ELMs is g, =10 MWm™. For a 5-10 mm thick W monoblock
the surface temperature between ELMs in these conditions is 7, = 1500°C and the
corresponding toroidally averaged value of € =~ 0.6 MJm™; this value already takes into
account the toroidal inclination of the divertor monoblocks to avoid exposure of their
poloidal gaps [6, 9]. This MTS melting energy density threshold corresponds to an ELM
parallel energy density of 10.7 MJm™ for the inner divertor with a;, = 3.2°(3/gos) ~ 0.0197
1/B [rad], where 3.2°(3/g9s) is the field line incidence angle, and gos = 8.49 B/I, is the edge
safety factor in ITER for the reference plasma shape used in this modelling. The
corresponding numbers for the outer divertor are 12.7 MJIm™ for the parallel energy density
with ot = 2.7°(3/g9s). Above these values the W monoblock top surface would melt when
gpr = 10 MWm™.

For lower current operation the maximum value that avoids W divertor MTS melting is
derived by increasing the threshold melting surface value for 15 MA (0.6 MJm?)
proportionally to (fzzs)", as the surface temperature rise during the ELM scales with
Energy/(time)o's, tery 1s correlated with the ion travel time in the open field lines and thus
increases for low plasma currents in ITER due to both the lower pedestal temperature and the
longer SOL connection length for discharges with gos > 3 when B is kept constant at 5.3 T.
The normalised ELM timescale to determine the melting threshold increase compared to that
at 15 MA is thus given by tgiy/teimrer = (q95/3) (Trefd T, ped)o's, where 7,04 is the temperature
at the pedestal top. In fact g,x =10 MWm™, corresponding to T, = 1500°C, is the highest
stationary value of the power flux considered for the W divertor design and it is expected that
lower divertor power flux values will be achieved routinely in ITER for lower plasma current
plasmas [7]. To take into account the effect of lower divertor power fluxes between ELMs on
the W divertor MTS we perform our evaluation for two values of the divertor surface
temperature 7, = 1500°C and 800°C, which correspond to values of the divertor power fluxes



between ELMs of ¢,x =10 MWm™ and 5 MWm™, respectively. For the reference 15 MA
plasma conditions described above, &max is increased from 0.6 MJm™ for 7, = 1500°C to 0.8
MIm™ when 7} = 800°C.

According to the scaling, based mainly on ASDEX-U and JET experiments, the maximum
ELM energy flux to the divertor parallel to the magnetic field line is proportional to the
pressure at the pedestal top [4]:

8” == 0084 KnpedTpedq95 = 0713 KnpedTpedB/I . (2)

where K = 1-4.5. The range of K = 1-4.5 extends from the most optimistic assumptions to the
most conservative assumptions regarding the ELM energy density flux within the
experimental scatter and its sharing between the inner and outer divertors. The optimistic
value K=1 corresponds to a symmetric ELM energy flux distribution between the inner and
outer divertors, €, = €0uc and the lowest range of the experimental scatter. This
corresponds to g; = 9.5 MJm™ for the ITER baseline Q = 10 scenario with I,/B =15
MA/5.3T, Nyeq = 8 10 m™, Tpoq = 4.7 keV, and to g =2.4 MIm™ for ITER I,/B = 7.5
MA/2.65T, npeq = 4 10" m?, Tpea = 2.3 keV H-mode plasmas which will be explored
already in the non-active operational phase. The value K = 4.5 corresponds to the larger range
of the experimental scatter for the outer divertor € 5yt = 3 €| ouc(K=1) = 28.5 MJm? for 15
MA/5.3T and 7.2 MJm™ for 7.5 MA/2.65T, and to glin = 1.5 € 0ut = 4.5 €),0uc(K=1). As
mentioned above, the factor of 3 comes from the uncertainty due to the experimental data
scattering and the factor of 1.5 comes from the fact that although the total ELM energy at the
inner divertor is larger than at the outer one by about a factor of 2, the footprint mapped to the
outer midplane is broader by about a factor of 2 in ASDEX-U [4]. This then just leaves the
difference in parallel area between the inner and outer divertors which is proportional to the
inverse ratio of the toroidal fields at the strike points at both divertors and this is about
B /Bout = 1.3 in ITER; to be conservative we take B;, /B,y = 1.5, which is slightly higher
than the factor of ~ 1.25 higher parallel energy fluxes at the inner divertor measured in
ASDEX-U [4].

Taking into account the assumptions above, we can evaluate the limits for H-mode plasma

parameters that lead to uncontrolled divertor ELM energy fluxes with acceptable transient
divertor loads (i.e. no inner W divertor MTS melting) as:

. -0.5
0.713 K sin Ain (tELM/tELM,ref) npedTpedB/Ip = &maxs (3)
where €,,,, ~ 0.8 - 0.6 MIm™ for T, = 800 — 1500°C.

According to the EPED1+SOLPS predictions [1] the pedestal pressure in ITER can be
expressed as:

pped = 3.2 npedTped =217 BO'84Ip , (4)

From Eq. 3 the pedestal temperature is then T,q = 0.85 B“%*g~! and the normalized ELM

timescale (tELM/tELM,ref)O'S = 2.48 B%*°g%25/105.  Finally, taking into account that the
field line angle at the ITER inner divertor is given by sin a;, ~ 0.0197 I,,/B, it is possible to
derive the upper and lower ranges for the maximum plasma current in ITER for which



uncontrolled ELMs would not cause inner W divertor MTS melting corresponding to the
most optimistic and conservative assumptions regarding the divertor ELM energy fluxes that
cover the experimental scatter in JET and ASDEX-Upgrade and the measured range of inner-
outer divertor asymmetries in ASDEX-Upgrade:

Lyope = (34.8 — 28.7)g%17B~037, (5.1)

I

ope = (12.75 — 10.5)g17B=037, (5.2)

These upper (7, = 800°C) and lower (7, = 1500°C) boundaries for I, calculated from
equations (5.1 and 5.2) are shown in figure 1 for a range of pedestal densities both with fixed
magnetic fields (figure la,b) and with fixed safety factor (figure 1c). With the optimistic
assumptions regarding ELM divertor energy deposition (K=1), ELM control to avoid W inner
divertor MTS melting is not required for 2.65T over the whole density range up to 7.5 MA
gos = 3 while for 5.3T the maximum current is limited to 10-15 MA for 0.1 <npeq/new<l1.
With the conservative assumptions regarding ELM divertor energy deposition (K = 4.5) and
0.5 <Npea/New=<l1, the range where the ELM control to avoid W divertor MTS melting for
2.65 T is not required for 7, = 800°C, is limited at 7.5 MA by q¢5s = 3 and for 7, = 1500°C it
corresponds to currents /, = 6 — 7.4 MA. For 5.3T the values of the maximum currents that do
not lead to inner W divertor MTS melting are lower than for 2.65 T (Z, = 6 — 6.9 MA for T =
800°C, and 7, = 5 — 5.7 MA for T, = 1500°C). The reasons for the lower values at higher B are
twofold: at higher B the pedestal temperature is predicted to be higher in ITER due to the
pedestal being determined by the low collisionality peeling-ballooning limit (Eq. 4) and the
area for parallel flow during the ELM decreases with increasing B leading to an increase of
g| during the ELM (Eq. 2).

In the following section we estimate the requirements for ELM control in ITER from the
point of view of the control of tungsten accumulation in the core plasma to ensure high
performance H-mode operation.
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Figure 1. Maximum plasma current versus pedestal density for H-mode plasmas that avoid inner W
divertor MTS melting during uncontrolled ELMs, according to the optimistic and conservative
assumptions for ELM energy density, for two divertor surface temperatures between ELMs, Ty(1500°
C and 800°C, which correspond to values of the divertor power fluxes between ELMs of gy =10
MWm™ and 5 MWm™, respectively) for: B=2.65 T (a), B=5.3 T(b); qo5=3 (c). Note that the parts of
the trace in grey in (a) and (b) correspond to conditions with q¢s < 3, and that in (c) condition with B
>5.31).



3. Estimate of tungsten influx

From experimental observations it is known [10] that the ELM energy loss and frequency
are correlated with the SOL power flow as

AWgimfeLm = ¥ Psor, (6)

where we take x = 0.2-0.4 covering the range from small ELMs, AWy /Wpeq < 1 to large
ELMs. Note that in the original scaling derived in ref. [10] the ELM parameters AWg; v, frim
are connected with the total energy, Wj;,, and the confinement time, Tz, by relation
AWe Wi = ¥ (fgrmTe) L. The energy confinement time Tz was derived from the energy
balance equation Ttz = Wy /Preat, Where Phe, is the external heating power. Thus, the
scaling can be expressed as AWgp ferm = K Preqr- Such expression can be applied to the
case of 7.5 MA/2.65 T with low alpha heating and radiation. In general case the energy
balance equation has the form tz; = Wy;,,/Psor, where Psor = Pheart P. - Praq. Thus, in the
scaling (6) we use Pgor instead of Ppe,. From Eq. 4 assuming pe peq + piped = Ppea the pedestal
energy of ITER plasmas is given by

Wped = 15 ppedV = 2.68 B0'84Ip, (7)

for the typical plasma volume ¥ = 820 m’. For ITER H-mode plasmas at 15MA/5.3T Whea =
163 MJ, while for H-mode plasmas at 7.5MA/2.65T W,.q = 45.5 MJ. The ELM energy loss
of uncontrolled ELMs in ITER can be evaluated from the empirical relation [11],
AWELMWped_1 = 0.064(1/;)_1/3 ~ 0.118 B%?243=1~0.15 - 0.2 , where
vy = 8.69 10 *mRqosNpeqTpeq ~ 0.16 g3B708 is the pedestal collisionality expressed
using eq. (4). Thus, from equation (7), the uncontrolled ELM energy loss in ITER is given by

AWy ~ 0.315 I, BL06 g1, (8)

From Egs. (5.2) and (8) we thus obtain for the most conservative assumptions the largest
uncontrolled ELMs that avoid inner W divertor MTS melting AWy may (figure 2). The
uncontrolled ELM frequency can be evaluated from Egs. (6) and (8) and corresponds to
ferm ~0.03 — 0.06 gPs;, for 7.5MA/2.65T and fg;p ~0.007 — 0.014 gPs,;, for 15MA/5.3T.

In order to determine if the uncontrolled ELM frequency is sufficient to provide W
accumulation control in ITER or not and, if not, which ELM frequency would be required,
we have used the results of previous simulations of W divertor production and transport [3, 8]
and evaluated the time-averaged W influx into the confined plasma for a range of ELM
frequencies, edge power flows, Psor, and assumptions regarding W re-deposition during the
ELM. We have also analyzed the impact on H-mode operation of considering discrete influx
pulses of tungsten sputtered by ELMs that reach the plasma core instead of the time-averaged
influx values.

To estimate the dynamics of W accumulation in ITER we have evaluated analytical
expressions that reproduce the characteristics of the tungsten influx to the plasma core as a
function of the ELM energy loss from results of combined simulations of ITER scenarios by
ASTRA, STRAHL, and SOLPS codes described in [3, 8]. In [3, 8] it was found that the time



that it takes to the W to reach the core plasma after the ELM, Az, and the duration of the
tungsten core plasma influx due to the ELM, Az, », depend on the ELM energy loss as:

1000 Aty = 0.3 + 1.8 exp (—3.7AW;1p),

1000 Atp,W = 1.3 + 7 eXp (_Z'ZAWELM)'

(9.1)

(9.2)

For the most conservative case in which no prompt re-deposition of the sputtered tungsten
during the ELM is considered, the number of particles entering the core plasma after the
ELM has been evaluated from the results in [3, 8] and found to be well described by the fit:

ANy, = 2.8 10%8(1 — exp (—AWLS)).

(10)

The corresponding prompt and time-averaged tungsten influxes by ELMs are thus given by:

Sw = ANy Aty Y, = 2.8 1021 (1 — exp(—AWS)) (1.3 + 7 exp(—2.2AWg;,,)) 2, (11.1)

< SW >= ANWfELM = 2.8 1018KPSOL(1 - eXp(_AWElL?W))AWE_L]I-VI'

70
60 - / ]
- 50 [ ]
= [ ]
k [ - ]
E 40 o /
= [ 0 ]
w [ I - ]
= [ ]
3 i o I ]
2 20[ @ 7 ]
10 ] Tty
[ n In_ =04—s1 =]
i ped GW ]
0 P L a1 1 PR S R N T S N N T T

4.5 5 5.5 6 6.5 7 7.5

Upper boundary for tolerable ELMs, Ip max MA

Figure 2. Pedestal energy, Wy (bold), and

uncontrolled ELM energy loss, AW g, (dots) for ELMs
which do not lead to inner W divertor MTS melting
with conservative assumptions for the ELM energy
flux (K = 4.5) for T, ~ 1500°C, for density scans both
at B=const (Fig. la,b) and at q=3 (Fig. Ic). The
direction of the density increase is shown by arrow.

(11.2)

where Eq. (6) has been used to relate
ferym and Pgor. It is important to note that
considering W redeposition during the
ELMs can reduce the values of the W
influxes given by Egs. (11.1) and (11.2)
by more than a factor of 100 [13].

The prompt and time-averaged tungsten
influxes are shown in figure 3. The solid
lines correspond to Psor = 50 MW and
the dashed lines to Pso;, = 100 MW both
with k= 0.2. Note that the time-
averaged influx for Psor=100 MW has a
maximum at a frequency fezv ~30 Hz,
which is required to achieve controlled
ELMs with AWELM = 0.6 MJ by pellet
pacing [1]. On the other hand the prompt
W influx into the plasma drops
significantly ~with increasing ELM
frequency beyond 5 - 10 Hz so that
Sw(30HZ)/Swmax ~ 0.25 for baseline 15
MA, 100 MW case (figure 3b).

The different behaviour of the time-averaged W influx and of the prompt influx due to ELMs
versus ELM frequency indicates that considering the discrete nature of the ELM on the W
influx and that of the triggering of the ELMs by pellet can lead to different results from those
obtained previously regarding W accumulation control with continuous models for ELMs and
pellets [1]. The difference in results with these two modelling approaches is discussed in the
next section using the tungsten influx discussed in this section.
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Figure 3. Influx of tungsten sputtered by ELMs to the core without prompt W-re-deposition for
Psor=100 MW (dashed line) and Psor=50 MW (solid line) with x = 0.2: (a) — prompt influx (see
equation (11.1)); (b)- time averaged flux (see equation (11.2)).

4. Impact of the discrete pellet and ELM modelling on plasma performance

In our previous simulations [1] with continuous ELM and pellet models we applied 1.5D
transport simulations of the core plasma heat, particle and poloidal flux evolution with
boundary conditions and edge fuelling consistent with SOLPS results [14] for ITER which
consistently takes into account ELM pacing, pellet fuelling, pumping and the divertor
detachment control [1]. The transport coefficients in the pedestal were chosen to provide the
inter-ELM pedestal height consistent with the EPED1+SOLPS predictions for ITER [5], neon
injection and gas puffing was applied for the control of the power loads, high field side pellet
injection provided core plasma fuelling and low field side pellet injection was applied for
ELM control. Core modelling was performed by 1.5D transport analysis on the basis of the
Automated System for Transport Analysis (ASTRA) [15] with the ZIMPUR code for
impurity transport [16] using the results of ASTRA-STRAHL and SOLPS simulations [3] for
the time-averaged tungsten influxes (Eq. 11.2). For the simulation of impurity ions we
assume boundary conditions which provide quasi-neutrality, G; = n;G./> Zn;, where n;, Z;, G;
are the ion density, charge state and out-flux, G. is the outflux of the electrons.

In our present studies we extend the considerations in [1] by including the modelling of
discrete ELMs [3] and of discrete pellets [12]. To determine the effect of discrete pellets, we
have modelled the ablation and drift of pellet injected particles from LFS and HFS in ITER.
According to model predictions [12], the drift of the ablated pellet particles in the direction of
the LFS is larger for larger pellets and even the smallest LFS pellets, V,, = 33 mm’, is
sufficient for the triggering of ELMs in 15 MA/5.3T. In addition, the relocation of the ablated
pellet toward the LFS is so large that the residual core plasma fuelling of LFS pellets injected
for ELM control is negligible (see figure 4). Therefore, the modelling with the continuous
pellet model in [1] that considered the possibility of independent control of ELM triggering
by LFS pellets and plasma fuelling by HFS injected pellets appears to be valid for modelling
with discrete pellets. Note that particles expelled by ELMs practically do not penetrate back
to the core due to opaque SOL [1]. The energy loss in small controlled ELMs is assumed to
be fully convective [1].



To model the effect of discrete ELMs on the plasma we consider both diffusive and
convective ELM models [3] for the particle losses by ELMs. The diffusive ELM is modelled
by increased particle diffusivity, resulting in a flattening of fuel and impurity profiles in the
ELM-affected area, Agzys, while the convective ELM ejects plasma particles by a net outward
convective velocity over the same area. The ELM frequency, fzrus, is considered as a variable
parameter controlled by HFS-fuelling and LFS-pacing pellets, foei = feiv= furs + firs,
assuming that all injected pellets induce ELMs connected with ELM size, AWy, by Eq. (6).
Note that the post-pellet reversed density gradients after fuelling HFS pellets affects post-
ELM plasma profiles and lead to an increased W outflux in the ELM-affected area due to
neoclassical transport effects [20]. To simulate the ELMs the relevant transport coefficients
were increased for Atzzy ~1 ms to provide the energy loss, AWgpy, calculated from Eq. (6) by
increasing particle diffusivity for diffusive ELM model or outward particle pinch for
convective model for main species and impurities. For W transport inter-ELM neoclassical
transport in the pedestal is considered. During the ELM we assume that in the ELM affected
area the same transport assumptions and transport coefficient increases used to simulate the
ELM particle expulsion for the main ions also apply to all impurities including W.
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Figure 4. Comparison of particle deposition after the drift towards the low field direction for LFS and
HFS injection of DT pellet of different sizes with pellet speed v=300 m/s and geometry described in
[17] for 15 MA/5.3T Q=10 plasmas (assuming that an ELM is not triggered during the material

relocation phase): (a)-whole radial profile; (b)- zoomed to the pedestal region.
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Figure 5. Characteristics of the post-ELM tungsten influx pulse which reaches plasma w/o prompt re-
deposition: (a) - delay of W influx; (b) - influx pulse duration; (c) - W particle input per ELM. Fitted
data are shown by circles, analytic fitting by formulas (9.1), (9.2) and (10) is shown by solid lines.

With the discrete ELM modelling studies we address two key issues: what is the
magnitude of the peak W radiation in the plasma following the ELM, which could cause H-
to L-mode transitions due to the transiently reduced edge power flux as observed in some
experiments [18]; and the accumulation of W in the core plasma on long timescales. The
characteristics of the ELM-caused W influx pulses, which reach the plasma core, are shown
in figure 5 for the case without prompt W re-deposition. We assume absence of the hysteresis
for the H-L transition.

The magnitude of the W pulse influx and its duration saturate at AWgzy~ 2 MJ. For larger
ELM energy losses the particle losses caused by the ELM remain constant and only
conductive losses (associated with the decrease of the pedestal temperature) increase so that
the total sputtered W influx does not increase beyond 2 MJ for ITER plasmas [19]. Thus, to
address the instantaneous effects of single ELMs it is sufficient to consider ELMs with up to
that energy loss. The W influx-pulse that reaches the core plasma from the divertor increases
strongly the level of plasma radiation in the confined plasma. When this increase is
sufficiently large, it can promptly reduce the power to the SOL in the post-ELM phase to
values below the L-H threshold [20] leading to an H to L transition possibly followed by a
disruption.

0.10 s
To characterize the effect of W [
accumulation over long timescales it is wng 0.08 | & wecioomw 1
useful to introduce the tungsten g ® threcsOMW ° ?
accumulation factor, Fiy,= frrm % tw, where g [ b ]
the full W recovery time, ¢, includes the & 0.06 .
post-ELM W influx-pulse delay and g ' . ¢
duration times, Afyw, At,w (see equation 3 go4l . * 1
(9)), as well as the recovery time, ty e, i.6. ¢ : ° :
time required to remove the W, delivered by i [ * ]
the W influx-pulse, from the plasma core: ty 5§ 002} )
= Atyw +At,w + twre. The recovery time, " ! *
tw,rec (figure 6) is calculated on the basis of 000 v v v v
time-dependent 1.5D transport modelling 0 0.5 1 1.5 2

ELM loss, AWEL MJ

described in [1]. Note that an accumulation w
factor greater than unity, Fy, > 1 means Figure 6. Time of post-ELM recovery of plasma
that tungsten delivered by the W influx- purity twye. for H-mode plasmas in ITER with 1,/B
pulse cannot be fully removed between =15 MA/5.3 T and Pso=100 MW, and with I,/B=
ELMs, which causes tungsten accumulation, /-5 MA/ 2.65 T and Pso,=50 MW w/o prompt
a gradual increase of core radiation, tungsten  re-deposition for diffusive ELMs,
reduction of the power flux to the SOL Jern=0.2Pso/ AW v

which goes under the L-H

threshold and thus a follow-up transition to L-mode. It should be noted here that for diffusive
ELMs the dynamics of W accumulation in ITER is opposite to that usual in present
experiments. Due to neoclassical transport effects in the ITER pedestal W is well screened so
that the net W outflux is outwards between the ELMs and the W density profiles are hollow
in the pedestal region [19]. With the ELM diffusive model assumptions this leads to a net W
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influx being produced at each ELM and thus to the possible increase of the W concentration
in the plasma following the ELM. The results of simulations of post-W influx-pulse plasma
parameters are presented in figure 7.

According to these simulations, the influxes of W which reach the core when no prompt re-
deposition is assumed can increase prompt radiation after the ELM to the level sufficient to
trigger the H-L transition already for very moderate ELM energy losses AWgry> 1.2 MJ for
both 15MA/5.3T and 7.5MA/2.65T. On the other hand, regarding W accumulation for the
range of frequencies required to control the ELM power loads at 15 MA/5.3T and Pso; = 100
MW by pellet pacing up to f,; =50 Hz (and AWgy = 0.4 MJ for k=0.2), W accumulation
does not occur, although the conditions for f,.; = 32 Hz (and AWgy = 0.63 MJ) are
marginal. For at 7.5 MA/2.65T and Psor = 50 MW gradual accumulation of W can occur at
lower frequencies when f,; > 25 Hz and (and AWg < 0.4 MJ).
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Figure 7. H-mode operating space for I/B= 15MA/5.3 T with Psoy=100 MW, and for I/B=
7.5MA/2.65 T with Psor=50 MW w/o tungsten re-deposition with friy = 0.2Psor/AWgry. The ratio of
power to SOL, Psor promp dropped due to the post W- influx, to the L-H power threshold is shown at
figure (a). Condition for H-mode operation w/o the hysteresis Psor promp/P1-n>1 restricts the ELM size
at the level AWgy < 1.2 both for convective and diffusive ELM models. Restrictions for diffusive ELM
model caused by tungsten accumulation factor, Fw .= frim X twrec /AWErn <I are shown in (b) by dark
grey. For convective model the ELM size is restricted only by AWgiy < 1.2, caused by prompt H-L
transition due to high core radiation.
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It is important to note that the uncontrolled & 10* ... ... ..

ELMs that do not produce inner W divertor & o ¢ * ¢
. 2 10" @ * o 'y
MTS melting are much larger (see figure 2 a) N no prompt redeposition
than the 1.2 MJ that causes prompt transitionto & .1
- =)

plasrpas when no W re depos‘ltlon s 2 10 b ) 1B= 50 MW/7.5 MA/2.65 T
considered and thus are not compatible with -= soL p
sustained H-mode operation for these & 107 T ° o 3
assumptions. If sizeable W prompt re- g’ 10 ® 0 ° R . ]
deposition during the ELM takes place, as 3 ® |
proposed in [13], the issues regarding both the % 10 ° . :
transient increase of plasma radiation g ~ Promptredeposition *:
following the ELM as well as of long timescale < 10, 10 20 30 a0 50
W accumulation with a diffusive ELM model f ., Hz

ELM’

disappear. Re-deposition during the ELMs is

predicted to reduce the W influxes from the Figure 8. Time-averaged tungsten flux to the
divertor by a factor of typically ~ 10%-10° times core, Sw, induced by ELMs with frequency
(and for full prompt re-deposition by a factor Jem=0.2 Pso/AWgLy for 15MA/. 5‘.3T with Psor
of 10*-10°) compared to those without prompt 100 MW and 7.5 MA/2.65T with Psor = 50
re-deposition  [13] and this decreases MW with and without prompt W redeposition
proportionally the prompt W

radiation during the ELM as well as the W influx in the plasma following the ELM and the W
time-averaged influx (see figure 8, produced from modelling results in [8]). It should also be
noted that the issue of long timescale W accumulation with increasing ELM frequency is a
specific feature of the diffusive ELM model. When ELM particle expulsion is modelled with
a convective model, long term W accumulation decreases with increasing ELM frequency for
all ITER plasma conditions modelled. For full tungsten prompt re-deposition the ELM
frequency is not limited by core contamination by tungsten.

5. Discussion and conclusions

We have used EPEDI1+SOLPS predictions for pedestal height and the empirical
dependence of the ELM parallel energy density on pedestal parameters to derive the expected
parallel energy fluxes during ELMs in ITER. This has allowed the derivation of the
boundaries of the H-mode operating space in terms of 7, and B, where uncontrolled ELMs
will not cause melting of the W divertor monoblock top surface.

The analysis carried out by the application of then ELM energy density scaling in [4]
together with the pedestal plasma pressure derived from EPED1+SOLPS predictions [5]
indicates that ELM control to avoid melting of the inner W divertor monoblock top surface
would not be required in ITER for 2.65T operation with gos > 3 and nyeq/ngy = 0.3 for H-
modes in which the divertor power flux between ELMs does not exceed 5 MWm™. If the
power flux reaches 10 MWm™ the maximum plasma current would be in the range of 6.0-7.5
MA for 0.5 <npeq/new< 1.0 for the most conservative assumptions regarding the ELM
energy density and in/out divertor asymmetry. For 5.3 T operation the maximum current that
avoids inner W divertor MTS melting without ELM control are somewhat lower than those at
2.65T due to the almost linear scaling of the pedestal plasma pressure with toroidal field in
the peeling-limited pedestal plasmas of ITER (pyes ~ I,X B in equation (4)). For the most
optimistic assumptions regarding ELM energy flux densities (K = 1) and divertor power
fluxes between ELMs (gpk= 5 MW/m?), inner W divertor MTS melting does not occur for
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plasma currents up to 15 MA for H-modes with 0.5 <n,.4/ngy < 1.0. The actual maximum
plasma current values of the present estimates are typically somewhat higher than previous
studies for g9s = 3 assuming the same wetted area during ELMs and between ELMs [2]. This
is the due to: a) the new findings in [4] relating the ELM energy flux during ELMs to the
pedestal pressure, which results in an almost linear increase of the ELM wetted area with
AWrgpy for fixed pedestal pressure and b) different assumptions regarding the inner to outer
ELM energy deposition asymmetries. In [2] it was assumed that the ELM energy flux at the
inner divertor was a factor of 2 larger than at the outer one, which is now questionable on the
basis of the new results from ASDEX-Upgrade in [4] showing a more symmetric distribution
(a factor of ~ 1.25 in experiments, 1.5 assumed for the ITER modelling presented here).

It should be noted that the corresponding ELM energy losses for these uncontrolled ELMs
that avoid inner W divertor MTS melting are very large (typically ~ 10 MJ) and their
frequency is low (typically frza ~ 1-2 Hz). Although these large ELMs may avoid W divertor
MTS melting it is unlikely that sustained ITER H-mode operation will be possible in these
conditions both because of the resulting energy fluxes on the first wall associated with the
broadened ELM energy deposition and the large W influxes into the confined plasma caused
by physical sputtering during the ELMs which severely impact H-mode operation.

Previous simulations performed taking into account time-averaged W influxes caused by
ELMs [1] showed that neoclassical screening of the W in the plasma pedestal is sufficient to
keep H-mode operation even for the largest time-averaged W influxes without prompt re-
deposition both for 15 MA/5.3T with Psor = 100 MW and for 7.5 MA/2.65T with Pgso=50
MW because the separatrix densities required for semi-detached divertor operation are
sufficiently high to provide efficient neoclassical screening of tungsten [3,20]. However, the
full 1.5D modelling of plasma evolution with discrete ELMs and W influx pulses described
in this paper shows that limitations on the ELM size appear when significant influxes of W
sputtered by ELMs reach the core plasma, although the precise value of the ELM size limit
depends on the assumptions regarding W prompt re-deposition during the ELMs. Without W
re-deposition, ELMs of rather moderate size AWz > 1.2 MJ can produce W influx-pulses
that increase core plasma radiation to a level sufficient to trigger back H-L transition for 15
MA/5.3T and 7.5 MA/2.65T, possibly followed by a disruption, in agreement with findings
in [3]. For diffusive ELMs with AWg, < 1.2 MJ another limitation to H-mode operation can
come from tungsten accumulation on long timescales in ITER. In this case the dominant
transport process during the ELM strongly affects tungsten accumulation for ITER
predictions because tungsten is screened by neoclassical transport in the pedestal of ITER
plasmas between ELMs and thus W expulsion occurs between ELMs. For ELMs modelled
with a convective model the additional tungsten coming to the core after an ELM is
efficiently pushed out by the following ELM. Thus, both the inter-ELM W expulsion and the
convective expulsion are aligned in ITER. Indeed with the convective ELM modelling
assumptions the neoclassical screening remains always effective, in agreement with previous
studies [3, 7]. On the contrary, for ELMs modelled with a diffusive model, the ELM flattens
the tungsten profile producing a deeper penetration of tungsten after each ELM in the case of
ITER plasma due to the effective W screening between ELMs. Thus, for diffusive ELMs
tungsten can accumulate in the plasma core when the tungsten recovery time, ¢y, is larger
than the time between ELMSs, i.e. friy X twrec = KPsol twred/ AWELM> 1. Our modelling with
k=0.2 predicts no tungsten accumulation for ELM controlled frequencies up to 50 Hz which
are achieved by pellet pacing for 15 MA/5.3 T plasmas with Psor = 100 MW, although the
conditions for f,;= 32 Hz (AWgLm=0.6 MJ) are marginal. For 15 MA/5.3 T plasmas with
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Psor = 100 MW assuming k = 0.4 , ELMs leading to AWgy=1 MJ with fz1,~40 Hz, have a
W accumulation factor of ~ 1.7. In this case tungsten gradual accumulation occurs and this
causes a reduction of the SOL power flow under the L-H threshold, which is in agreement
with the simulations in [7]. It should be noted that the limit on pellet-controlled ELM
frequency associated with the gradual tungsten accumulation depends on the power to SOL
and plasma parameters. In particular, for 7.5MA/2.65T plasmas with Psor, = 50 MW, gradual
accumulation of tungsten starts at lower pellet-controlled ELM frequencies, f,. > 25 Hz.

The minimal pellet frequency corresponds to the maximal ELM size, AWgy= 1.2 MJ. For
7.5MA/2.65T plasmas with Psor, = 50 MW the minimal frequency is about 8.5 Hz, for 15
MA/5.3 T plasmas with Psor, = 100 MW it is about 17 Hz.

In general, in agreement with findings in [2, 19] both instant L-H transitions and W
accumulation with a diffusive ELM model occur for much smaller ELM energy losses than
those required to avoid W divertor MTS melting, when no prompt re-deposition of W during
ELMs is considered. To refine the ITER estimates described in this paper it is necessary to
have a validated model for W re-deposition during ELMs with, as far as possible, ITER-like
ELM conditions (i.e. T,.¢ > 1 keV). The need for such validated model is even more
important for the description of particle and impurity expulsion during the ELMs. In this case
the essential feature of the experiments to validate such model is that these are performed in
conditions in which impurity screening dominates impurity dynamics between ELMs in the
pedestal. Without this it is not possible to distinguish the differences in impurity expulsion
between diffusive and convective models for the ELMs. In addition, from the modelling side,
to have a more accurate assessment of the evaluation for ITER direct ASTRA-SOLPS
coupling is required, following the lines of JETTO-EDGE2D coupling, which could be the
subject of future work for further investigations for ITER.
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