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A B S T R A C T   

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 Pheat = 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 N2 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, θrad: γmax

rad,total = 1 −
fELM×ΔWELM

Pheat
(1 − θrad). About 50 % and 16 % of the ELM induced diamagnetic energy drop 

(ΔWELM) radiates during the ELM in JET-C and JET-ILW, respectively, which corresponds to the maximum total 
radiated powers of γmax

rad,JET− C = 0.87 and γmax
rad,JET− ILW = 0.77. These values of the maximum of the radiative power 

fractions are in good agreement with γmax
rad experimentally observed in JET-C (90 %) and JET-ILW (75 %).   

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 ma-
chines should be kept below 5 − 10 MWm− 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 N2, 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, γrad,total= 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 experi-
mental conditions. 
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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 im-
purities (N2, Ne, Ar and their mixture). 

The primary goal in these experiments was to investigate how 
different mixtures affect the radiation patterns, radiation distributions 
and confinement in the divertor and in the plasma core. It was found [4] 
that the scenarios with high N2 seeding rate and correspondingly with 
high radiation fractions (beyond γrad,total = 55 %) are accompanied by 
moderate confinement degradation, which in turn can be avoided by 
applying combined impurity seeding. The enhancement of the plasma 
performance for the radiation fractions beyond γrad,total = 55 % was 
reached with combined N2 + Ne and N2 + Ar impurity injections. 

Fig. 1 shows the time traces of the plasma parameters in a typical 
plasma discharge with a combined gas seeding of N2 and Ne. It shows the 
line-integrated core and edge electron density measured by interfer-
ometry, Te in the plasma core measured by the ECE diagnostic, the 
auxiliary NBI and ICRH heating powers as well as the total radiated 
power, the diamagnetic stored energy, D2-fuelling and N2– and Ne- 
seeding waveforms and the Be II fast emission signal in the inner 
divertor. The total radiated power, Prad, was measured with help of the 
metallic resistance bolometer system [5]. It was assessed from the ac-
curate tomographic reconstructions (based on the anisotropic diffusion 
model [6]) and includes both core and scrape-off-layer (SOL) radiation. 

NBI and ICRH heating powers were 18 MW and 4.0 MW respectively 
to maintain the plasma stored energy (Wdia) of 5.0 MJ. N2 and Ne are 
injected at the horizontal tiles into the private flux region (PFR): injec-
tion rates of 3.6 × 1022el/s and 2.7 × 1021el/s for N2 and Ne respec-
tively. The injection with N2 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 N2 + Ne leads to an increase 
of the radiation fraction to aboutγrad,total = 60 % (Zeff≈2) and the 
normalized confinement following the ITER physics base scaling is 
around H98(y,2)≈0.77. 

Fig. 2 shows a summary of the reached total radiated fraction during 
the variation of the auxiliary heating power. A highest achieved radia-
tion fraction of about 75 % has been observed in JET-ILW. In this 

analysis, the discharges (IP/BT = 2.5MA/2.7 T) are performed in a ver-
tical target divertor geometry at the low triangularity configuration 
(δav≈0.25) in high density H- mode plasmas (Greenwald 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 frac-
tions of ≈90 % [7]. In this publication, two questions should thus 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. 

Before we begin to clarify these questions, it should be noted that 
replacing the first wall and divertor walls with metallic materials 
significantly reduced the carbon levels [8], resulting in reduced radia-
tion and Zeff. Under cold detached divertor conditions with significant 
reduction of W sputtering, the tungsten is introduced into the plasma 
only during the ELMs. Beryllium is a much weaker radiator than carbon. 
A comparison between JET-C and JET-ILW plasmas [9] of two plasmas 
with similar starting parameters (at similar average electron density, 
and similar input power) shows that the radiative power is reduced in 
JET-ILW by 1/3 in comparison with JET-C: the radiation fraction γrad,total 
dropped from 0.45 to 0.3. At the same time, the plasma is cleaner in JET- 
ILW with the effective charge Zeff reduced from 1.7 to 1.3 owing to the 
main impurity being now Be instead of C [9]. 

2.2. Power influx to the SOL 

In this section we introduce the power entering the SOL, PSOL, 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, PSOL, is defined 
as 

PSOL = Ploss − Prad,core = Pheat − Prad,core − dW/dt, (1) 

where Pheat denotes the total heating power given by the sum of the 
Ohmic power, the neutral beam power and ion cyclotron heating power 
(where applicable), Ploss = Pheat − dW/dt the loss power, Prad,core 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 + Pbrems. (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 
(Prad,core) within the separatrix (core and mantle radiation); secondly, 

Fig. 1. Time traces of combined N2 + Ne seeded ELMy H-mode discharge in 
JET-ILW (#87500). 

Fig. 2. The total radiation fraction achieved in H-mode plasmas at different 
heating power inputs. 
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due to the radiation cooling in the SOL and the divertor (Prad,SOL) during 
the inter-ELM phase as well as during the ELMs itself. 

Therefore, a power balance analysis could be separated into two 
phases:  

• The inter-ELM phase where the heating recovers the stored energy. 
The recovery process depends on the loss power, Ploss, PSOL and the 
radiation inside the separatrix and Prad,core.  

• The ELM phase where the stored energy is lost by the ELM, ΔWELM. 

Taking into the account these two phases, the Eq. (1) can also be 
written as: 

PSOL = PSOL,inter− ELM +PSOL,ELM = Pheat − Prad,core, (3) 

Here, the rate of change of stored energy averaged over many ELM 
cycles is neglected. The power lost by ELMs, PSOL,ELM, is defined by 

PSOL,ELM = fELM × ΔWELM , (4) 

where fELM is the ELM frequency. The strength of ELMs, ΔWELM is 
deduced experimentally from the loss in stored plasma energy during 
the ELM, ΔWdia. From Eqs (3 and 4) one obtains the power crossing the 
separatrix during the inter-ELM phase: 

PSOL,inter− ELM = Pheat − Prad,core − fELM × ΔWELM. (5) 

Thus, the power flowing into the SOL between the ELMs for the 
plasma discharges at a fixed total heating power, Pheat, 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 γrad in 
the SOL during the inter-ELM phase. In addition, it should be clarified 
whether it is possible to radiate the entire PSOL,inter− ELM or a significant 
part of this power. It should be noted that a major objective of the ex-
periments 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: 

q||u = q||t + qloss, (6) 

where q||u is the upstream parallel power flux density, q||t is the power 
flux to the target and qloss is the power loss term, given by: 

qloss = qrad,imp + qrad,h + qCX + q⊥, (7) 

where qrad,imp +qrad,h is power losses due to the impurity and hydrogen 
radiations, qCX is the loss due to charge exchange collisions with neu-
trals. 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) [10] is necessary 
to account for the volume processes that can transport energy, mo-
mentum and particles out of a flux tube. Analogously to paper [11] we 
will define a momentum loss factor for each flux tube as: 

fmom− loss = 1 − ptott /ptotu , (8) 

where ptot
t and ptot

u are total divertor target and upstream plasma 
pressure defined as: 

ptot = (Te + Ti)ne
(
1+M2), (9) 

with Mach number (M = v||/cs with cs the sound speed and v|| 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 [11] to 

(1 − fmom− loss)ptotu = ptott = 4ntTt (10) 

The power density q||t transmitted through the electrostatic sheath at 
the target plate surface, could be expressed as: 

q||t = γsheathTe,tΓ||e,t +Γ||e,tεpotH , (11) 

where γsheath = 7.5 [10] is the sheath heat transmission coefficient, 
Γ||e,t = ne,tcs is parallel particle flux density and ne,t and Te,t the density 
and temperature at the divertor target. It is assumed here that Ti = Te 

and the plasma is flowing at the isothermal sound speed cs =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2kTe,t/mi

√

at the target with Mach number M = 1 (Bohm–Chodura sheath condition 
[12], where mi is the fuel ion mass (mi = 2 × mp = 3.35 × 10-27 kg and 
mi = 2.5 × mp = 4.18 × 10-27 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 con-
centration of hydrogen atoms as well as surface temperature, they can 
recombine to molecules. The form of the reemission (atomic or mole-
cules) depends strongly on the surface temperature [13]. In this 
contribution we will use the simple assumption that the potential energy 
from the recombination processes is εpot

H = 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, 
qrad,h = Γ||e,tεrad

H , 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 εrad

H of about 15 eV [14] 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,γrad,tot 

could be calculated assuming that only impurity and hydrogen radiation 
contribute to the power losses: 

qloss = qrad,imp + qrad,h = qSOLrad,tot (12) 

Taking this assumption, the power balance Eq. (6), is now modified 
to: 

q||u = γsheathTe,tne,tcs + ne,tcsεpotH + qSOLrad,tot, (13) 

From power balance (12) and pressure balance (10) equations, the 
maximum achievable γrad,tot and the impurity radiation fraction γrad,imp 

are then obtained: 

γrad,tot = 1 −
cs
4
(
γsheath + εpotH

/
Tt
)
[
pu,tot
q||u

]

× (1 − fmom− loss) (14)  

γrad,imp = 1 −
cs
4
(
γsheath +

(
εpotH + εradH

)/
Tt
)
[
pu,tot
q||u

]

× (1 − fmom− loss) (15) 

The evaluated Eqs. (14 and 15) are consistent with the achievable 
power dissipation derived by Stangey and Pitcher [11,14] from the 
extended 2PM. According to the Eqs (14 and 15), the achievable radi-
ative 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-loss = 0 with constant pressure along field lines, 2) case with fmom- 

loss = 0.9 with a high pressure loss. The maximum impurity radiated 
power fraction occurs at Tcrit

t =
(
εpot

H +εrad
H
)/
γsheath ≈ 4eV and is around 
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γrad,imp = 0.7 calculated for an example of ITER [14]: q||u =

2100MWm− 2, connection length Lc = 75 m, nu = 1020m− 3. The JET SOL 
at q||u = 985MWm− 2, connection length Lc = 28 m, nu = 3.3 × 1019m− 3 

demonstrates a γrad,imp ≈ 0.84. 
As is shown in [15,16], the operation at target temperature Tt < Tcrit

t 
may lead to unstable or periodically oscillating divertor regimes under 
the conditions with constant pressure along field lines (fmom-loss = 0). On 
the other hand for a significant momentum loss (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 pu,tot

q||u 
ratio to extreme values 

[10]. 
When the pressure is conserved, in high recycling regime the im-

purity radiation is limited. On the other hand, a decrease of divertor 
temperature under constant pressure conditions leads to an increase in 
particle fluxes. At the same time, the flux of the potential energyΓ||e,tεpot

H 

and hydrogenic radiation Γ||e,tεrad
H increases too. Fig. 3 shows that in 

contrast to fmom-loss = 0.9, the high recycling regime (fmom-loss = 0) 
demonstrates a significant hydrogen radiation at Te below 3–5 eV. On 
the other hand, under conditions where the recycle flow is significantly 
reduced and there is a significant pressure drop across the recycle re-
gion, the hydrogen radiation fraction is negligible. In this case, the ra-
diation 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 ΔWELM of the radiated 
plasma energy which follows the ELM crash has been analysed in JET-C 
and described in details in [17]. It is reported that the radiated plasma 

energy is proportional to the ELM energy: 

Prad,ELM ∼ ΔWELM = θrad × ΔWELM (16) 

where θrad is 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 radi-
ated: Prad, inter-ELM = PSOL,inter-ELM. 

It follows from the Eq. (5) 

Prad,inter− ELM = Pheat − Prad,core − fELM × ΔWELM (17) 

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

Pmax
rad,total = Prad,inter− ELM +Prad,core +Prad,ELM = (18)  

= Pheat − fELM × ΔWELM + θ × fELM × ΔWELM , (19) 

From Eq. (19) follows the maximum achievable total radiation 
fraction: 

γmaxrad,total = 1 −
fELM × ΔWELM

Pheat
(1 − θrad), (20)  

3. Discussion 

As shown in Eq. (20), the maximum radiated power averaged over 
the ELM cycles depends strongly on the main ELM parameters, fELM and 
ΔWELM. Also on the efficiency of the radiation during the ELM event, 
θrad. With increase of the ELM frequency the ELM energy decreases 
because the ELM size, ΔWELM, is inversely proportional to the ELM 
frequency fELM [18] (ΔWELM ~ 1/fELM) for a given heating power. At the 
same time, the fraction of ELM transported power, fELM×ΔWELM/Pheat, is 
constant between 20 % and 30 % [19,18] 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 PSOL,ELM/Pheat≈0.27 for the highly radiative H- 
mode plasmas reported in this contribution. The ratio PSOL,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 mate-
rials. 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. 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. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 4 presents the dependence on the ELM energy drop ΔWELM 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. The algorithm used here in this work is similar to 
that described in [20]. 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 [5], the radiated plasma energy 
during the ELM has been evaluated on the time scale of about 2–4 ms 
what is larger than the ELM duration tELM, 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 [21]. In 
JET-C, the average value of tELM is about 750 μs with a smaller variance 
of the ELM duration distribution. In contrast to JET-C, the average ELM 
duration in JET-ILW is larger (about 2 ms in comparison to 750 μs 
observed in the JET-C) 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 [22], resulting in an 
increased divertor radiation. The ELM-induced carbon release may be 
due to the thermal decomposition [23] and ablation of deposited layers 
[22]. The target surface temperature during the transient loads as 
measured with infra-red thermography reaches peak values significantly 
below 2000 ◦C at the inner target. Even the maximum measured value of 
2000 ◦C is too low for bulk carbon ablation, but it is enough to provoke 
an ablation of the deposited layers in the inner divertor [17,24]. 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 [25]. Secondary ion mass spectrometry (SIMS) 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 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, fELM£ΔWELM/Pheat, of 
0.27 and the radiated fractions θJET-C

rad = 0.5 and θJET-ILW
rad = 0.16, the 

evaluated maximum of the total radiated powers gives γmax
rad, JET− ILW =

0.77 and γmax
rad, JET− 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 
γmax

rad, JET− ILW = 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 [26] 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 frac-
tion 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 Etarget

ELM = fELM × ΔWELM×(1-θ) × τ, where τ is the time duration 

of the ELMy-H mode phases. For a JET pulse with a relatively high input 
energy of 153 MJ (plasma discharge 87500, with N2 seeded impurities 
shown in Fig. 1), the ELM energy coupled to the divertor targets is about 
Etarget

ELM = 37 MJ (PSOL,ELM≈5.3 MW). This pulse had 18 MW of NBI power 
and the 4.0 MW of ICRH power applied for about 7.0 s: Pheat = 23.1 MW. 

The energy absorbed at the divertor tiles is measured by calorimetry 
[27] 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 ETC = 59.6 MJ. 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: ETC = EELM + Erad. 

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 [28,17]. Calculated with 
this method, the radiation energy which is supplied to the divertor 
amounts to about Erad = 17.9 MJ. After subtraction of the energy 
deposited by the radiation, the evaluated ELM deposited energy is EELM 
= 41.7 MJ which is, under consideration of the accuracy of the calori-
metric method, is in agreement with the Etarget

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

Considering ITER machine, where the expected total radiation frac-
tion mentioned in the introduction of this paper is 60–75 %, and 
assuming that the fraction of fELM×ΔWELM/Pheat is similar to JET-ILW of 
≈0.27, we obtain a θrad coefficient of about 0.1 for the radiation fraction 
of γrad,total = 0.75. This value for the ITER-like wall material composition 
is below the JET-ILW value (θrad = 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 to increase the radiation fraction is to achieve an ELM-free H- 
mode phase by strongly increasing the injection rate of seeded impu-
rities. Those seeded plasmas were described in [1,17,29]. Fig. 5 shows 
the time traces of such a H-mode N2-seeding discharge which has been 
carried out at JET-ILW. The impurity, in this case the nitrogen gas, was 
injected into the private flux region of the outer divertor leg with a 
seeding rate of ΓN2≈13.4 × 1022el/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 
[30] with medium plasma performance between H-mode and L-mode. 

Fig. 5. Time traces of central line averaged ne, auxiliary heating powers, NBI 
and ICRH, as well as total radiated power, plasma stored energy, D2-fuelling 
and N2-seeding waveforms, γrad and H98(y,2)-factor, and fast BeII- emission line 
signal in the inner divertor. 
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The discharge demonstrates a cold pedestal with the pedestal tempera-
ture of Te,ped≈330 eV during this ELM-free H-mode and energy 
confinement factor, H98(y,2), of about 0.75. Despite an enormously 
strong impurity injection rate, the radiation fraction reaches only the 
value of γrad ≈75 %. The estimated total ELM energy coupled to the 
divertor targets is about Etarget

ELM = 19.6 MJ (<PSOL,ELM>≈ 5.1 MW) and is 
in agreement with the measured EELM = 19.6 MJ: the measured total 
energy which includes the radiation itself is ETC = EELM + Erad = 19.6 
MJ + 28.5 MJ = 48.1 MJ. The total input energy of 191 MJ shows 
however a strong energy disbalance of about 50 MJ: we find 48.1 MJ in 
the divertor and 90 MJ radiation loads on the main chamber wall. What 
is also noticeable is that the absorbed energy of 48.1 MJ 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+ + D0 → D0 

+ D+. The heat load from hot D0 neutrals is distributed over the entire 
first wall area and is not measurable on the JET machine. 

Assuming the neutral density around 1016m− 3 in the transport bar-
rier region and assuming a half of the CX power density as loss, we will 
obtain the following estimation for the power losses [31] 

PCX− loss/V = 1/2〈σv〉CXndne3/2Ti (21) 

where < σv >CX ≈ σCX × v is the rate coefficient for the CX reactions 
with σCX = 2.2 × 10-19 m2 and v = 2 × 105 m/s taken from [32] for Ti =

Te = 330 eV. For nped = 4.3 × 1019 m3, it gives the following expression 
for PCX− loss/V ≈ 0.75MJ/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 m3 and power losses of about PCX-loss =

5.3 MW. The first wall energy heat load from the CX neutrals could be 
estimated to 5.3 MW × 9 s ≈48 MJ and can therefore explain the 
mentioned disbalance of 50 MJ. This power loss is comparable to the <
PSOL,ELM>≈5.1 MW 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 PCX− loss ≥ < PSOL,ELM>, while keeping the 
total Psol 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 abun-
dance of lower ionised stages and a concomitant increase of the pedestal 
radiation by impurities [33]. 

Thus, at the extremely highest radiation level with the cold pedestal, 
the neutral density rises and could lead to increased CX power losses, 
thus limiting the radiation fraction. 

It should be noted that estimates for neutral power losses are coarse. 
The aim of this assessment was to bring the point in the discussion and to 
show that the power losses of the neutrals could theoretically explain the 
strong energy imbalance in the ELM-free H-mode discharges. The 
physics of power losses through neutral is very complex and requires 
detailed edge modelling to fully understand it. 

3. 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. Highly radiating JET-ILW H-mode plasmas with 
enhanced plasma performance (up to H98(y,2) = 0.78) for radiation 
fractions beyond γrad,total = 55 % have been achieved with combined N2 
+ Ne and N2 + Ar impurity injections. 

The total radiated fraction is examined at high plasma density 
(Greenwald fraction of about 85 %) by the variation of the auxiliary 
heating power of Pheat = 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 % [7]. 

It was shown that the fraction of the radiated ELM energy, θrad, has a 
considerable influence on the maximum of the total radiated fraction, 

γmax
rad,total=Prad/Pheat. The evaluated maximum achievable total radiation 

fraction has the following dependence on the main ELM parameters: 

γmaxrad,total = 1 −
fELM × ΔWELM

Pheat
(1 − θrad) (22) 

In JET with carbon divertor (JET-C), about 50 % of the ELM induced 
diamagnetic energy drop (ΔWELM) radiates during the ELM [17]. In 
contrast to JET-C, the discharges in JET-ILW radiate a significantly 
lower fraction of about 16 % of ΔWELM. 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 [34], 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, 
fELM×ΔWELM/Pheat = 0.27 (typical values for both JET-ILW and JET-C) 
and the radiated fractions during the ELMs θJET-C

rad = 0.5 and θJET-ILW
rad 

= 0.16, the estimated maximum of the total radiated powers gives 
γmax

rad,JET− ILW = 0.77 and γmax
rad,JET− C = 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 γmax

rad experimentally 
observed in JET-ILW (75 %) and in JET-C (90 %). Additionally, the 
estimated ELM energy transported to the divertor targets, Etarget

ELM , is in 
good agreement with values measured by thermocouples for the ELM 
deposited energy of EELM. 

For ITER the expected θrad coefficient is of about 0.1 for γrad,total =

0.75. Here, we assume that the fraction of fELM×ΔWELM/Pheat at ITER is 
similar to JET-ILW and is of ≈0.27. 

At the extreme highest radiant level in the free-ELM H-mode regime 
with the cold pedestal, the neutral density increases and results in 
increased CX power losses, thereby limiting the radiant fraction. 

Note: 
JET contributors* See the author list of Overview of JET results for 

optimising ITER operation by J. Mailloux et al. to be published in Nu-
clear Fusion Special issue: Overview and Summary Papers from the 28th 
Fusion Energy Conference (Nice, France, 10–15 May 2021). 
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