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Abstract

The total radiated fraction is examined in high density H-mode plasmas (Greenwald fraction of
about 85%) in JET by the variation of the auxiliary heating power of Phea=14 MW-29 MW. An
achieved radiation fraction of about 75% at most has been observed in JET-ILW, which is less
than the highest achievable (=90%) fraction in JET-C during the high radiative power scenarios
with Nz seeding. It is shown that the maximal achievable total radiation fraction averaged over

ELM cycles has a strong dependence on the radiation efficiency of the ELM energy, 6,44:

ymax o o=1-—LE8WEM (1 _g N About 50% and 16% of the ELM induced

Pheat

diamagnetic energy drop (AWEgLm) radiates during the ELM in JET-C and JET-ILW,
respectively, which corresponds to the maximum total radiated powers of y;45/5r-c = 0.87
and Yyqq jer—iw = 0.77. These values of the maximum of the radiative power fractions are in

good agreement with /%" experimentally observed in JET-C (90%) and JET-ILW (75%).
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1. Introduction

For the safe operation of fusion devices with a burning plasma such as ITER and DEMO, the
development of high-radiation plasma scenarios with impurity seeding is necessary to comply
with the tight constraints imposed by the material limits of the divertor target plates [1]. To
avoid divertor damage, the perpendicular divertor target loads on these machines should be kept
below 5—10MWm 2 [2,3] (the so-called power density threshold). The observance of this
damaging threshold implies a high fraction of radiation: 60-75% of the total loss power of 150
MW in ITER and 95% of the loss power in DEMO [1]. Therefore, it is very important to
understand the underlying physical processes in highly radiative discharges to establish the

radiation limiting mechanism in impurity seeded scenarios.

In this work, dedicated high-radiation seeded experiments were performed with injection of N,
Ne and Ar as well as with their mixture on JET-ILW tokamak, equipped with the ITER-like
wall (ILW: beryllium as first wall and tungsten as divertor armour material). The aim of these
experiments was the investigation of the influence of impurity radiations on the plasma
confinement, in the plasma core and at the pedestal, of the poloidal radiation distribution and
of the recipes for achieving a high radiation fraction, which is the ratio of radiated power to the

total heating power , ¥yqq totar= Prad/Pheat.

In this work we focus on the investigation of mechanisms that limit the maximum radiation.
The results achieved during JET campaigns with the ITER-like wall were compared with
experiments in the Carbon wall configuration (JET-C) which were operated under similar
experimental conditions.

2. Maximum radiated power in highly radiative H-mode plasma scenarios

2.1 Experiments



At JET-ILW tokamak, equipped with the ITER-like wall (ILW), highly radiative seeded

scenarios have been studied with different seeded impurities (N2, Ne, Ar and their mixture).
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Fig.1 Time traces of combined N>+Ne seeded ELMy H-mode
discharge in JET-ILW (#87500).

tomographic reconstructions of the radiation profiles, diamagnetic stored energy, D»>-fuelling

and N>- and Ne-seeding waveforms and the Be II fast emission signal in the inner divertor.

NBI and ICRH heating powers were 18 MW and 4.0 MW respectively to maintain the plasma

stored energy (Waia) of 5.0 MJ. N2 and Ne are injected at the horizontal tiles into the private

flux region (PFR): injection rates of 3.6x10*%el/s and 2.7x10%!el/s for N> and Ne respectively.

The injection with N is started during the ramp-up phase of the discharge in order to avoid the

high heat loads on the divertor and to prevent significant tungsten sputtering and its

accumulation during this ramp-up phase. The injection of the mixture NtNe leads to an

increase of the radiation fraction to about ¥,qqtotq1=60% (Zer=2) and the normalized

confinement following the ITER physics base scaling is around Hogy,2y~0.77.




The Fig. 2 shows a summary of the reached total radiated fraction during the variation of the
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fraction of about 80-85%).

In contrast to the JET-ILW, the nitrogen impurity seeded pulses in JET-C with a carbon divertor
demonstrate higher radiative power fractions of =<90% [4]. In this publication, two questions
should be clarified:

Why is the radiation in the JET-ILW lower than in JET-C? In addition, it should be explained

which maximum power can be radiated.

2.2 Power influx to the SOL

In this section we introduce the power entering the SOL, Psor, needed for the determination of
the maximal achievable total radiation fraction during the inter- and intra-ELM phases. The
power flowing through the last closed magnetic flux surface to the scrape-off layer, Psor, is
defined as

Psor = Pioss = Prad,core = Preat = Prad,core —dW/dt, (1)

where Preqar denotes the total heating power given by the sum of the Ohmic power, the neutral
beam power and ion cyclotron heating power (where applicable), Pjyss = Pheqr — AW /dt the
loss power, Pradcore the total radiated power inside the separatrix (core and mantle radiation).
and dW/dt the rate of change of the total energy content of the plasma. Core and mantle radiation

is caused by line-radiation as well as bremsstrahlung:

Prad,core = Pline + Pprems- (2)



Here should be noted, that the radiative power leads to a reduction of the divertor heat fluxes
in two stages: firstly, due to the radiation cooling (Pradcorey Within the separatrix (core and
mantle radiation); secondly, due to the radiation cooling in the SOL and the divertor (Prud,s0L)
during the inter-ELM phase as well as during the ELMs itself.
Therefore, a power balance analysis could be separated into two phases:

e The inter-ELM phase where the heating recovers the stored energy. The recovery

process depends on the loss power, Pioss, Psor and the radiation inside the separatrix and
Prad core.

e The ELM phase where the stored energy is lost by the ELM, AWgLm.
Taking into the account these two phases, the Eq. (1) can also be written as:
Psor = PsoL, inter-gLm + Psor, kLM = Preat — Prad,cores 3)
Here, the rate of change of stored energy averaged over many ELM cycles is neglected. The
power lost by ELMs, Psor gLm, is defined by
Psor, eim = feim X AWgpy “4)
where frrm is the ELM frequency. The strength of ELMs, AWEgLMm 1s deduced experimentally
from the loss in stored plasma energy during the ELM, AW4i.. From Eqs (3 and 4) one obtains
the power crossing the separatrix during the inter-ELM phase:
Psovinter-eLm = Pheat — Prad,core = ferm X AWeLy, (%)
Thus, the power flowing into the SOL between the ELMs for the plasma discharges at a fixed
total heating power, Prear, depends on both the radiation losses in the plasma core and the power

losses during the ELM events.

2.3 Achievable radiation fraction during the inter-ELM phase

In this section, we estimate the achievable radiation fraction yr.ga in the SOL during the inter-
ELM phase. In addition, it should be clarified whether it is possible to radiate the entire
Psor inter—eLm OF a significant part of this power. It should be noted that a major objective of
the experiments with impurity seeding is to radiate a large fraction of the power flowing into
the SOL to avoid the divertor target damage. At the same time, the core radiation fraction should
be minimised to maintain good core confinement.

Let us consider the simple model for power balance in the SOL:

Qi = q)jt T Gioss (6)

where q),, is the upstream parallel power flux density, q)|; is the power flux to the target and

Q10ss 1 the power loss term, given by:

Qioss = Qrad,imp + Qrad,n T 9cx + 491, (7)



where qrqqimp + Qraa,n 18 power losses due to the impurity and hydrogen radiations, qcx is
the loss due to charge exchange collisions with neutrals. The last term on the right hand side
of Eq. (7) represents the perpendicular power loss due the transport processes (diffusive and
turbulent transport) across the magnetic field lines [1].

It should be noted that charge exchange reactions transport energy as well as momentum out of
a flux tube. Additionally, viscous stress, recombination and friction can contribute to the
volumetric momentum or pressure loss. An extended Two Point Model (2PM) [5] is necessary
to account for the volume processes that can transport energy, momentum and particles out of

a flux tube. Analogously to paper [6] we will define a momentum loss factor for each flux tube

as:

fmom-toss = 1= pt” /o, (8)
where p£°t and pf°t are total divertor target and upstream plasma pressure defined as:

Peot = (Te + Tn (1 + M?), 9)

with Mach number (M=v|/cs with ¢, the sound speed and vy the parallel flow velocity) M=0 at
the upstream end of the flux tube and M=1 at the divertor target.

The pressure balance could be modified as in [6] to

(1 = finom-10ss)PL" = pi°t = 4n,T, (10)
The power density q); transmitted through the electrostatic sheath at the target plate surface,

could be expressed as:

t
qe = YSheathTe,tFHe,t + F||e,t511-)10 ) (11)
where Yspeaen = 7.5 [5] is the sheath heat transmission coefficient, [jje; = e Cs is parallel
particle flux density and netand Te;the density and temperature at the divertor target. It is

assumed here that Ti=T. and the plasma is flowing at the isothermal sound speed cg =

W at the target with Mach number M = 1 (Bohm—Chodura sheath condition [7],
where mi is the fuel ion mass ( mi=2xmy=3.35x10" kg and mi=2.5xm,=4.18x107?7 kg for pure
deuterium and deuterium-tritium plasmas, respectively). The last term on the right hand side of
the Eq. (11) represents the flux of the potential energy of ions and neutrals due to their degrees
of ionisation and dissociation. Impinging ions implanted into the divertor target recombine to
neutral atoms and partially diffuse to the target surface. Depending on the surface concentration
of hydrogen atoms as well as surface temperature, they can recombine to molecules. The form
of the reemission (atomic or molecules) depends strongly on the surface temperature [8]. In this

contribution we will use the simple assumption that the potential energy from the recombination

processes is ngt = 13.6eV + 2.25eV =~ 15.8eV which includes the hydrogen ionization



energy and half of the molecular binding energy. Finally, it is released as heat and contributes
to the deposited power.

In addition to impurity radiation losses, the hydrogenic radiation, q,qqp = F”e,tsﬁad, could
contribute significantly to the total power losses and should be taken into the account when
considering the power and particle fluxes to the divertor. Here, it is assumed that each recycled
atom radiates an energy £*® of about 15 eV [9] in the form of line radiation before being
ionized. But in general this value depends on the electron temperature as well as on the electron
density.

The maximum theoretically achievable radiative fraction, y;.q4 ¢or could be calculated assuming
that only impurity and hydrogen radiation contribute to the power losses:

ioss = Qrad, imp + Qrad,h = qrad tot (12)

Taking this assumption, the power balance Eq. (6), is now modified to:
q||u - ysheathTe tNe,tCs + Ne,tCs€y pot + qué tot’ (13)
From power balance (12) and pressure balance (10) equations, the maximum achievable

Yrad,tot @nd the impurity radiation fraction ¥;,.qq,imp are then obtained:

)/rad,tot (Vsheath + ngt/Tt) [%] (1 - fmom—loss) (14)
Vrad,imp (Vsheath + (ngt + gllad)/Tt) [%] (1 - fmom—loss) (15)-

The evaluated Eqs. (14 and 15) are consistent with the achievable power dissipation derived by
Stangey and Pitcher [6,9] from the extended 2PM. According to the Eqs (14 and 15), the
achievable radiative fraction decreases with upstream pressure and increases with increasing
power flux density. Fig. 3 shows the maximum achievable radiative fraction in the SOL of
ITER and JET for two cases: 1) case with fmom-10ss=0 With constant pressure along field lines, 2)
case With fmom-105s=0.9 with a high pressure loss. The maximum impurity radiated power fraction
occurs at TET = (epOt + e[,“d) /Ysheatn = 4€V and is around ¥;q4 imp = 0.7 calculated for an
example of ITER [9]: q;;, = 2100MW m™?, connection length L=75m, n,, = 10*°m~3. The
JET SOL at gq, =985MW m~2, connection length L~28m, n,=3.3X

10""m~3demonstrates a ¥yqq imp ~ 0.84.

As is shown in [10,11], the operation at target temperature T, < T¢"* may lead to unstable or
periodically oscillating divertor regimes under the conditions with constant pressure along field

lines (fmom-10ss=0). On the other hand for a significant momentum 10ss (fmom-loss # 0 ) there is no



bifurcation and the electron temperature at the target Tt can be reduced to extremely low values

by decreasing the 24 ratio to extreme values [5].
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On the other hand, under
conditions where the recycle flow is significantly reduced and there is a significant pressure
drop across the recycle region, the hydrogen radiation fraction is negligible. In this case, the

radiation fraction, which is mainly due to the impurity radiation, can increase to almost 1.0.

2.4 Maximum achievable total radiation fraction: during the intra-ELM phases

The dependence on the ELM energy drop AWELm of the radiated plasma energy which follows
the ELM crash has been analysed in JET-C and described in details in [12]. It is reported that
the radiated plasma energy is proportional to the ELM energy:

Prad, LM YAWELM =0radXAWELM (16)

where 0.4 1s coefficient which is depending the wall material of the machine.



2.5 Maximum achievable total radiation fraction averaged over the inter- and intra-ELM
phases

Taking into account the findings from Section 2.3 it is assumed for the calculation of the
maximum achievable radiation power that the entire power PsoL,inter-ELM, crossed during the
inter-ELM phase is radiated: Prad, inter-ELM= PSOL,inter-ELM.

It follows from the Eq. (5)

Prad,inter—ELM = Pheat - Prad,core - fELM X AVVELM (17)

It follows that the maximum of the total radiated power can be written as:

;Zglﬁ:otal = Prad,inter—ELM + Prad,core + Prad,ELM = (18)
= Prear — feLm X AWery + 0 X fprm X AWgpw, (19)
From Eq. (19) follows the maximum achievable total radiation fraction:

f XAW
Vit = 1 — [T (1 — 6, ), (20)

3.0 Discussion

As shown in Eq. (20), the maximum radiated power averaged over the ELM cycles depends
strongly on the main ELM parameters, frerm and AWELMm. Also on the efficiency of the radiation
during the ELM event, 8,,4. With increase of the ELM frequency the ELM energy decreases
because the ELM size, AWEgLwm, is inversely proportional to the ELM frequency feim [13]
(AWEeLm~1/feLm) for a given heating power. At the same time, the fraction of ELM transported
power, feLMxAWELM/Pheat, 1 constant between 20% and 30% [14,13] as observed on several
fusion machines with carbon divertor such as JET, DIII-D, and ASDEX Upgrade in H-mode
plasmas with type I ELMs. This fraction is also constant at the JET-ILW and is about
Psor,eLM/Phear=0.27 for the highly radiative H-mode plasmas reported in this contribution. The
ratio Psor,eLm/Pheat on the JET-C and JET-ILW is thus nearly similar and cannot explain the
differences in the radiation fraction for JET with different wall materials. On the other hand,
the fraction of the radiated ELM energy could have a significant impact on the maximum of the
total radiated fraction. Fig. 4 presents the dependence on the ELM energy drop AWEgLm of the
radiated plasma energy which follows the ELM crash. In this case the radiated energy includes
only the radiated losses integrated over the first main peak of the ELM. As is shown in Fig. 4,
the radiated plasma energy is proportional to the ELM energy for JET-C and JET-ILW. About
50% of the ELM energy drop radiates with the ELM in JET with carbon divertor. In contrast to
JET-C, the discharges in JET-ILW radiate significant lower fraction of the ELM energy, about
16%. Note that due to the limited time resolution of the JET bolometer system [15], the radiated

10



plasma energy during the ELM has been evaluated on the time scale of about 2-4ms what is
larger than the ELM duration tgwm, in which the ELM deposits its energy on the target. The
distribution of the ELM duration found in JET-C and JET-ILW has been intensively
investigated in contribution [16]. In JET-C, the average value of term is about 750 ps with a
smaller variance of the ELM duration distribution. In contrast to JET-C, the average ELM
duration in JET-ILW is larger (about 2ms) and the distribution is wider. However, the shortest
ELMs in the configuration with ILW achieve the values observed in the JET-C. Due to the short
ELM duration, it is unlikely that the radiated energy during the ELM period is significant. On
the other side, the ELM could ablate the deposits on the exposed divertor targets, which are
known to exist on the inner divertor target [17], resulting in an increased divertor radiation. The
ELM-induced carbon release may be due to the thermal decomposition [18] and ablation of
deposited layers [17]. The target surface temperature during the transient loads as measured
with infra-red thermography reaches peak values significantly below 2000C at the inner target.
Even the maximum measured value of 2000C is too low for bulk carbon ablation, but it is
enough to provoke an ablation of the deposited layers in the inner divertor [19]. The results of
post-mortem analyses of the JET-ILW divertor tiles show that the inner divertor remains the

region of highest deposition in the inner divertor [20]. Secondary ion mass spectrometry (SIMS)
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Fig. 4 Radiated plasma energy during the ELM event versus the ELM: energy: red
symbols JET-C; blue symbols JET-ILW.

and ion beam analysis (IBA) measurements in this region show that deposits are beryllium (Be)
dominated. Beryllium is a much weaker radiator than carbon. As a result, the JET-ILW radiates

significantly lower fraction of the ELM energy during the ELM event (which includes the ELM

11



energy transport to the divertor target as well as the phase when the ablated deposits are
radiated), about of =1/3 (=16%/50%) of the radiated fraction in the JET-C configuration.

For the fraction of ELM transported power, feimxAWELM/Pheat, 0f 0.27 and the radiated fractions
0'ETC10=0.5 and O'ETV,4=0.16, the evaluated maximum of the total radiated powers gives
Yradjer—nw = 0.77 and y7aq er—c = 0.87 for the JET with ILW and carbon divertor,
respectively. The maximum of the radiative power fractions of 90% has been reached in JET-
C which is in good agreement of the estimated value of 0.87. Also, the maximum achieved for
the radiation fraction of about 70-75% in JET-ILW is compatible with the estimated

Yradjer-nw = 0.77. The lower experimental values could be explained by the overestimation

of the NBI power. An energy balance analysis based on tile thermocouples for JET-ILW [21]
reveals that, typically, 25% of the nominal energy input was unaccountable when compared to
the sum of the all losses. It was reported that an error is co-linear with the neutral beam injection
heating. However, a detailed error analysis for the NBI system suggests an error of not more
than 10% in the power calculation whereas a ~20% reduction would be required to match the
average energy balance. It should be mentioned that the source of the imbalance is still an open
question and further analysis is required. Assuming the overestimation of the NBI heating
power by 10% will bring the experimentally measured maximum achieved radiation fraction to
values of 77-83% which are in quite good agreement with the estimated value of 0.77 for the
JET-ILW.

Assuming that the energy flux to the wall in the main chamber is negligible, the ELM energy
transported to the divertor targets could be written as Erarge™™ =ferm*AWELM*(1-0)xT, where
7 is the time duration of the ELMy-H mode phases. For a JET pulse with a relatively high input
energy of 153MJ (plasma discharge 87500, with N> seeded impurities shown in Fig.1), the ELM
energy coupled to the divertor targets is about Etareet-M=37MJ (PsoreLm=5.3MW). This pulse
had 18MW of NBI power and the 4.0 MW of ICRH power applied for about 7.0s:
Pheat=23.1MW.

The energy absorbed at the divertor tiles is measured by calorimetry [22] which is based on
measuring the cool down time evolution of the tiles between pulses. This requires that the time
taken for a tile to come to internal thermal equilibrium is short compared to the cooling time
due to conduction and Planck radiation. The energy delivered to divertor tiles in the analysed
pulse 87500 is about Erc=59.6MJ. Since the divertor is completely detached in this plasma
pulse, the absorbed energy is based on the ELM energy and the energy deposited by the

radiation itself: Erc=EgLm+Eraq.

12



To calculate the poloidal radiation distribution, hence the radiation load onto the vessel, the
tomographic reconstruction model in use has been coupled with a Monte-Carlo technique
[23,24]. Calculated with this method, the radiation energy which is supplied to the divertor
amounts to about E;.q=17.9MJ. After subtraction of the energy deposited by the radiation, the
evaluated ELM deposited energy is Eepm=41.7MJ which is, under consideration of the accuracy

of the calorimetric method, is in agreement with the Earget" ™

=37Ml. This agreement confirms
the correctness of Eq. (7).

Considering ITER machine, where the expected total radiation fraction mentioned in the
introduction of this paper is 60-75%, and assuming that the fraction of feLmMxAWELM/Pheat 1S
similar to JET-ILW of =0.27, we obtain a 0:q coefficient of about 0.1 for the gamma 44 tora
= 0.75. This value for the ITER-like wall material composition is below the JET-ILW value
(0rad =0.16) and is therefore feasible.

As it was shown above, the radiated ELM energy has a big impact on the total radiated fraction.

Besides, a significant part of the PsoL inter-ELM could be radiated between the ELMs. Taking these

results into account, one way
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nitrogen gas, was injected into

seeding rate of I'no=13.4x10%%el/s. The time traces show ELMs with relatively small energy
directly after the L-H transition, with a fast transition at 10.8 s from a Type I ELMy to a stable
and stationary ELM-free H-mode phase. This phase was previously specified as M-mode [26]
with medium plasma performance between H-mode and L-mode. The discharge demonstrates

a cold pedestal with the pedestal temperature of Tepe¢=300eV during this ELM-free H-mode
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and energy confinement factor, Hog(y,2), of about 0.75. Despite an enormously strong impurity
injection rate, the radiation fraction reaches only the value of yraq =75%. The estimated total
ELM energy coupled to the divertor targets is about Erarge™™=19.6MJ (<PsoLELm>=5.5MW)
and is in agreement with the measured EeLm=19.6M1J: the measured total energy which includes
the radiation itself is Etc=Erim+Ernd=19.6MJ+28.5MJ=48.1MJ. The total input energy of
191MJ shows however a strong energy disbalance of about 50MJ: we find 48.1MJ in the
divertor and 90MJ radiation loads on the main chamber wall. What is also noticeable is that the
absorbed energy of 48.1MJ in the divertor is too small. This disbalance could be explained by
the power losses from the pedestal region due to the charge exchange processes: D* + D° —
D%+ D*. The heat load from hot D neutrals is distributed over the entire first wall area and is
not measurable on the JET machine.

Assuming the neutral density around 10°m™ in the transport barrier region and assuming a
half of the CX power density as loss, we will obtain the following estimation for the power
losses [27]
Pex-toss/V =1/ < 0v >cx nane 3/, T, 1)
where < oV >cx ® 0cx X v is the rate coefficient for the CX reactions with ox=2x10""" m?
and v=3x10° m/s taken from [28] for Ti=T=300eV. For npes=4x10'" m’, it gives the following
expression for Pcy_joss/V ~ 0.86M]/m3. Assuming that the localized area, where the CX
reactions take place intensely, has a radial extension of about 6 cm, we obtain a volume of about
7.1 m* and power losses of about Pcx-iess=6 MW. The first wall energy heat load from the CX
neutrals could be estimated to 6 MWx9 s = 54 MJ and can therefore explain the mentioned
disbalance of 50MJ. This power loss is comparable to the <Psor,rLv>=5.5MW explaining the
stability of this ELM-free regime: the radial gradient of the plasma pressure in the transport
barrier is stable and below the critical value if Pry_;05s = <Psorrim™> , while keeping the total
Pso1 above the L-H power threshold.

It should be noted that charge exchange from neutral deuterium onto impurity ions leads to
strong modifications of the ionisation equilibrium of seeded impurities in the pedestal region.
CX causes a higher abundance of lower ionised stages and a concomitant increase of the
pedestal radiation from impurities [29].

Thus, at the extremely highest radiation level with the cold pedestal, the neutral density rises

and leads to increased CX power losses, thus limiting the radiation fraction.
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Conclusions

Highly radiative conditions with N2, Ne and Ar as well as their mixture as radiators are

approached in JET H-mode plasmas with a fully metallic first wall.

The total radiated fraction is examined at high plasma density (Greenwald fraction of about
85%) by the variation of the auxiliary heating power of Phea=14 MW-29 MW. An achieved
radiation fraction of about 75% at most has been observed. In contrast to the JET-ILW, the
nitrogen impurity seeded pulses in JET-C with a carbon divertor demonstrate higher radiative
power fractions of ~90% [4].

It was shown that the fraction of the radiated ELM energy, 0.4, has a considerable influence on
the maximum of the total radiated fraction, ¥,5qorq;=Prad/Pheat . The evaluated maximum
achievable total radiation fraction has the following dependence on the main ELM parameters:

f XAW
Y%?iftotal =1- W (1 - Hrad) (22)-

In JET with carbon divertor (JET-C), about 50% of the ELM induced diamagnetic energy drop
(AWEgLMm) radiates during the ELM [12]. In contrast to JET-C, the discharges in JET-ILW radiate
a significantly lower fraction of about 16% of AWEgLm. The different radiated fractions during
the ELMs could be explained by ELM-induced ablation of the deposits on the exposed divertor
targets, resulting in an increased divertor radiation during the ELM events. In contrast to the Be
rich layers in JET-ILW, the JET-C deposit layers contain mainly carbon which radiates much
more efficiently than beryllium. It should be mentioned that the footprint of the heat loads on
the divertor targets during the inter-ELM phase is typically the erosion area. However, the
position of the strike point moves outboard (positive dR) during an ELM [30], to the area of the
deposited layers and thus causes an ELM-induced ablation of the deposited layers. The strike
point later moves back to the pre-ELM position.

For the fraction of the ELM total power into scrape-off layer, feray<xAWerm/Phea=0.27 (typical
values for both JET-ILW and JET-C) and the radiated fractions during the ELMs 0'57¢,4=0.5

and 0"°T""V,,4=0.16, the estimated maximum of the total radiated powers gives ¥;aqjer—iw =
0.77 and y,4q jgr—¢ = 0.87 for the JET with ILW and carbon divertor respectively. These
values of the maximum of the radiative power fractions are in good agreement with
Yy experimentally observed in JET-ILW (75%) and in JET-C (90%). Additionally, the
estimated ELM energy transported to the divertor targets, Euarge™™, is in good agreement with

values measured by thermocouples for the ELM deposited energy of Egpm.
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For ITER the expected Ord coefficient is of about 0.1 for y,.q4¢orar = 0.75. Here, we assume

that the fraction of fer MxAWELM/Pheat at ITER 1s similar to JET-ILW and 1s of =0.27.
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Figure captions

Fig.1 Time traces of combined N>+Ne seeded ELMy H-mode discharge in JET-ILW
(#87500).

Fig.2. The total radiation fraction achieved in H-mode plasmas at different input heating
powers.

Fig.3. Impurity and hydrogen radiation fractions as functions of the electron temperature at
the divertor target for a) ITER and b) JET-ILW cases.

Fig.4 Radiated plasma energy during the ELM event versus the ELM: energy: red symbols
JET-C; blue symbols JET-ILW.

Fig.5 Time traces of central line averaged ne, auxiliary heating powers, NBI and ICRH, as
well as total radiated power, plasma stored energy, D>-fuelling and N»-seeding waveforms,
Yrad and Hosgy,2)-factor, fast Bell- emission line signal in the inner divertor.
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