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Abstract
The two best performing pulses of the so called ITER-Baseline scenario (Ip = 3.5 MA and
Pin ≈ 35 MW) of JET-ITER like wall, one in deuterium (D) the other in deuterium–tritium
(D–T) plasma are examined and compared in this study. Generally, the D–T Baseline pulses
exhibit an electron density level higher than the D pulses and the plasma energy is higher than in
the comparable D pulses by up to 20%, reaching about 12 MJ in the pulse studied here. In
contrast with the D pulses, the D–T pulses are often characterised by the increase in time of the
radiated power in the mantle region (0.70 < ρ < 0.95), which may lead to the loss of the edge
localised mode activity when the threshold H–L transition power is approached and to the
subsequent plasma disruption due to excessive radiation. In this study we try to identify the
physical mechanisms responsible for this behaviour using the available experimental data
(principally the total radiated power from the bolometry) and the results of the fluid COREDIV
model (1D in the core, 2D in the scrape-off-layer (SOL)), self-consistent with respect to
core-SOL and also to main plasma-impurities. In fact, the loss of power caused by impurity
radiation affects the temperature profile and finally the power to the divertor plate. The electron
density and temperature profiles are numerically reconstructed as well as the radiated power
density profiles, indicating no major difference in impurity transport in D and D–T. Indeed, the
impurity transport coefficients used in COREDIV to match the experimental radiated power
profiles are similar in the two pulses. The computed tungsten sources and densities are lower in
the D–T pulse and the divertor impurity retention capability is a little better in the D–T pulse,
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indicatinga stronger collisional drag force in the SOL. The higher electron density and the
broadening of its profile are the main cause of the observed increase of the radiated power in the
D–T pulse.

Keywords: JET tokamak, COREDIV, modelling, impurity transport

(Some figures may appear in colour only in the online journal)

1. Introduction

In support of the development of a possible operational ITER
scenario two main lines of experiments have been performed
in JET-ITER-like wall (ILW) (tungsten divertor and beryllium
main chamber) [1] both in D and in deuterium–tritium (D–
T) plasmas. The so-called hybrid scenario [2], at a relatively
low plasma current, Ip ≈ 2.3 MA and high βN ⩾ 2.3 with
q(0) ⩾ 1, and the so-called ITER-Baseline scenario (hence-
forth Baseline) [3] at high Ip (up to and above 3.5MA) charac-
terised by high density, βN ≈ 1.8 and q95 = 3. Both scenarios
operate in high confinement, H-mode, with auxiliary power
up to about 35 MW (about 30 MW of neutral beam injec-
tion (NBI) and 4–5 MW of ion cyclotron resonance frequency
(ICRF) heating and with edge localised modes (ELMs).

Given that ELMs can cause either an influx or loss of impur-
ities from the confined plasma, it has been demonstrated [4, 5]
that, in contrast with the hybrid plasmas, in the Baseline plas-
mas the ELMs action results in a significant impurity outflux,
referred to as ‘flushing’, during the intra-ELM phases while
during the inter-ELM phases impurities enter the main plasma.

This study is focused on data analysis and numerical sim-
ulations of recent Baseline pulses [6] and on the compar-
ison of their characteristics in D and D–T plasmas with spe-
cial emphasis on the impurity transport properties. We have
analysed and numerically simulated the highest confinement
Baseline D JET-ILW pulse (#96482) and the Baseline D–T
pulse (#99948) with the aim of determining whether the differ-
ences in their behaviour can be explained by differences in the
impurity transport and sources. Generally, the stored energy in
D–T plasmas is larger (up to 12 WJ for Pin at about 34 MW)
than that of the comparable D plasmas by about 20%, but this
positive aspect of the Baseline D–T plasmas is accompanied,
in the case of Ip = 3.5 MA, by uncontrolled increase of the
radiated power leading to plasma disruption. In fact, in con-
trast with the hybrid plasmas which could be sustained for
the full pulse duration and led to record fusion energies, the
Baseline plasmas were not sustained in D–T for the required
5 s pulse duration. It is important to understand the cause of
this to provide information for ITER, and, in particular, in the
present study we try to understand and clarify the mechanisms
responsible for the increase in radiated power during the D–T
pulses. These mechanisms include the possible increase of the
impurity fluxes and/or of the impurity residence time, τ ı̀, in
D–T plasmas as compared to D plasmas as well as the effect
of the increase of electron density (Prad = ne × nimp × L(Te),
where ne is the electron density, nimp is the impurity density
and L(Te) is the cooling rate). This is done through analysis of
the experimental data and by numerical modelling.

With respect to the implications for the data availability
and for the electron density control, it is important to point
out at this stage that, from the operational point of view, in
Baseline scenario high confinement (H98 ≈ 1) is achieved with
modest gas puff level [7] and with injection of pellets of small
diameter (so-called ‘pacing’ pellets) to assist in fuelling the
plasma and in triggering ELMs, and with the divertor outer
leg positioned as close as possible to the entrance of the pump-
ing duct [3]. In fact, a major difficulty to accomplish our task
relies on the absence of some essential data. Both for D and
D–T Baseline scenarios the position of the outer leg close to
the divertor cryopump (so-called corner configuration) results
in a strike point position far from the Langmuir probes for the
measurement of the electron temperature and density in the
divertor. The 4 Hz sweeping of the outer strike point (in order
to spread the power over a large larger area of the divertor)
only marginally intercepts the line of sight (L-o-S), of the vis-
ible spectrometer devoted to the measurements of the impurity
fluxes [8]. Moreover, due to the high neutron rate of the D–
T plasmas, the vacuum ultra violet (VUV) spectrometer and
the soft x-ray (SXR) cameras, devoted to the measurement of
the tungsten density along the plasma radius, have been dis-
connected. Due to these difficulties, in order to compare the
results of our simulations with the experimental data we have
to rely essentially on the high-resolution Thomson scattering
(HRTS) diagnostic, for measurement of the electron density
and temperature profiles, on the charge exchange recombina-
tion spectroscopy (CXRS) for the measurement of the ion tem-
perature profile and on the bolometric diagnostic for the meas-
urement of the total radiated power and the radial power dens-
ity profile. In fact, the bremsstrahlung Zeff diagnostic provides
only indications, not measurements, due to calibration issues,
which are currently under investigation. However, in spite of
these limitations, some physical mechanisms can be identified
as responsible for the observations.

We have used the COREDIV code (see next section), which
couples self-consistently simulations of the plasma core with
those of the scrape-off-layer (SOL), and also the transport
and radiation of impurities with the main plasma. The main
inputs of the code are the plasma thermal energy, the plasma
average density, the level and deposition profile of the input
power and the main ion and impurity transport coefficients.
In spite of some simplifications, especially in the SOL mod-
ule (slab geometry and analytical model for the neutrals), the
exchange of information between the core (1D) and the SOL
(2D) module renders this code quite useful when, as in the
case of the JET ILW and other diverted tokamak plasmas, this
interaction is crucial. The numerical results are compared with
the bolometric data both of the main plasma and of the SOL,
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with the experimental HRTS profiles of electron temperature
and density, with the ion temperature from CXRS and only
qualitatively with Zeff and with the BeII line intensity (see
section 3).

We have considered, and analysed in detail, the two above
mentioned pulses and we have modelled the D pulse at two
times and the D–T pulse at three times during the pulses. For
the D pulse, at a time during the stationary NBI power phase,
convenient for the data analysis, and just before the end of
the NBI power, and for the D–T pulse at the beginning of
the stationary phase of the gas puff rate, at the time of the
highest stored energy and at the beginning of the strong and
fast increase in the radiated power, which leads to plasma
disruption (see section 3). We have used for the simulations
the stationary COREDIV code, neglecting the action of the
time dependent ELM behaviour. Indeed, we have assumed that
for the stationary phases of the considered pulses the impur-
ity influx into the confined plasma and flushing action of the
ELMs are balanced on a time scale of the order of the energy
confinement time (see section 3.3). In spite of the fact that
the ratio of impurity production to flushing is a function of
the ELM frequency [9], we have compared the experimental
quantities (averaged over many ELM cycles) to the results of
the COREDIV simulations. Even though this procedure does
not allow a time dependent analysis of the impurity production
and flushing it does allow a study of the average global effect-
ive transport properties of the impurities. In fact, in COREDIV
the effects of the mechanisms responsible for impurity source
and transport in the SOL cause a consistent change in the
confined plasma, and vice-versa, due to the core-SOL self-
consistency of the code. In our numerical reconstruction, only
theα-power caused by thermal plasma interaction is taken into
account, neglecting the α-power originated by beam–target
interaction (about 0.6 MW), which has minimal influence in
the total power balance of these high heating power plasmas,
see section 3.

In section 2 the main characteristics of the COREDIV code
are described and section 3 is devoted to the experimental input
data preparation and to the numerical reconstruction of the two
considered pulses. Discussion of the results and summary of
our study are presented in section 4.

2. Summary of the COREDIV code

A full description of the code is given in [10] and in section 2
of [11], while in the following only few aspects of the model,
relevant for the present study, are shortly described.

• For the plasma core, the 1D radial transport equations are
solved to calculate each ionisation state of impurity ions,
bulk plasma ions and the kinetic profiles, at given experi-
mentally volume average electron density. The local trans-
port model proposed in [12] is used to define ion and energy
fluxes.

• The anomalous diffusion coefficient of the impurities is set
as DImp = Di, where DImp and Di are the coefficients for

impurities andmain ions, and for these pulses for which neo-
classical (NC) convection dominates (see sections 3 and 4),
inward convection [13] is adjusted as input parameter to
reproduce the experimental radiation profiles. For the pulses
considered in this study, with ICRF central heating, the radi-
ation density profile can be numerically reconstructed by
assigning a positive pinch velocity in the central plasma
(outwards) and a negative convection at the plasma edge
(inwards).

• Be, Ni andW are the impurities considered for the D plasma;
to these impurities He is added for the D–T pulse. The
W flux is self-consistently computed as dependent on the
fluxes and energies of He, Be, Ni and on self-sputtering
and the helium source is computed self-consistently accord-
ing to the thermal fusion reactions, calculated to be
about 60%–70% [3] of the total reactions in JET-ILW
Baseline pulses. Be and Ni fluxes are code inputs (see
section 3).

• In the SOL Braginskii-like equations [14] are the primary
base of the 2D boundary layer code EPIT [15], in which the
continuity and the parallel momentum equations are solved
for every ion species as well as the equations for Te and
T i, the common temperature for the main ions and the
impurities.

• The parallel transport is assumed to be classical and the
radial transport anomalous, with coefficients of the order of
Bohm diffusion. Electrostatic, friction and thermal forces as
well as atomic processes are coupled in the equations of dif-
ferent fluids.

• For the main ions, the electron density at the separatrix
determines the recycling coefficient, which is fixed as=0.25
for Be. The sputtering yields in [16, 17] are used for hydro-
genic ions and forW self-sputtering (W prompt redeposition
factor of about 90%). The data in [18] are used for the W
cooling rates.

• Slab geometry of the SOL module (poloidal and radial
directions) implies assumption of in–out symmetry of the
problem [19].

• Continuity of energy and particle fluxes as well as of particle
densities and temperatures at the separatrix are imposed for
the coupling between the core and SOL modules.

With respect to time-dependent self-consistent code suites
like JINTRAC, see, for example, [20], the limitations of the
COREDIV model refer mainly to the magnetic equilibrium,
which in COREDIV is an input parameter, and to the neut-
ral model (no Monte Carlo computation in COREDIV), apart
from assuming balanced in–out impurity fluxes. On the other
hand, for example, the tungsten fluxes are always computed
self-consistently in COREDIV and the computing time is
short (order of one day). Therefore, a full self-consistent para-
meter scan of some physical quantity can be performed in
a time of the order of one week, thereby allowing the role
of the physical mechanism to be investigated with good
accuracy.
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Figure 1. Some time traces of the D pulse (left) and D–T pulse (right): (a) volume average density and plasma energy, (b) total radiated
power, (c) gas puff level, (d) BeII line intensity (λ = 527 nm) at the outer divertor, (e) power NBI and ICRF. Note the modulation of the
BeII line according to the 4 Hz outer strike point sweeping.

3. Experiments and simulations

Comparison of the simulation results with the experimental
observations is hampered by the absence of essential data not
only due to interference from neutron emission and by the
magnetic configuration chosen to reach the highest energy
confinement, but also by the strong poloidal asymmetry of the
W density and radiation, caused by the centrifugal forces on
theW ions produced by the tangential NBI. In fact, the toroidal
rotation is responsible for the localisation of the heavy impurit-
ies on the outboard mid-plane of the low field side (LFS) relat-
ively far from the L-o-S of the spectrometer, which intercepts
only marginally theW radiation (see below). The consequence
of this is that also for the D pulse (for which the spectrometer
was in function) the experimentally determined W concentra-
tion is not given with acceptable accuracy.

3.1. Main parameters

In the two considered pulses at Ip = 3.5 MA and BT = 3.25 T
at auxiliary heating power of about 34 MW, for the D pulse
the electron density and the radiated power remain nearly sta-
tionary along the whole pulse duration and the plasma energy
slightly increases with time, while for the D–T pulse the
plasma energy starts to decrease after having reached its max-
imum. This is accompanied by the continuous increase of the
electron density and of the radiated power, which, after having
exceeded the level of the heating power, leads to the discharge
disruption.

Time traces are shown in figure 1 for the auxiliary power
(NBI and ICRF heating), for the total radiated power, Prad

tot,
for the diamagnetic energy, for the volume average electron
density, for the gas puffing rate and for the BeII line intens-
ity at the outer divertor for the D and D–T pulses. In order to
assist in ELM triggering and to obtain a 50–50 D–T mixture
for the D–T pulse, D-pacing pellets are injected at a throughput
of 1 × 1022 electrons s−1 (henceforth e s−1) in both pulses
with a frequency of 25 Hz and 35 Hz for the D and D–T
pulse, respectively. While the NBI power is the same in the
two pulses, for the D–T pulse the ICRF power is about 4 MW,
i.e. 1 MW less than for the D pulse, due to the unavailabil-
ity of one of the radiofrequency antennas during D–T oper-
ation. This difference in auxiliary power level is quantitat-
ively overcompensated by the total thermonuclear α-power
(thermal + beam–target), which is about 1.6 MW. Note that
the contribution of the α-particles to the total W sputtering
is negligible (order of 103 particles s−1, henceforth p s−1)
due to the low α-particle flux (order of 108 p s−1) and to the
very low sputtering yield in the range of the edge temperat-
ure of this pulse. The dashed vertical lines indicate the times
at which the numerical simulations are performed for the two
pulses. While in the D pulse the electron density is nearly con-
stant during the pulse (apart from a tiny step at about 10.5 s,
clearly seen in Prad

tot) in the D–T pulse the electron density
increases continuously during the pulse until ≈10.3 s, as does
the radiated power. The second time selected for the simu-
lations of the D pulse (12.6 s) is correlated with the end of
the NBI power and with the increase of the plasma energy to
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10.8 MJ, as compared to 9.8 MJ at 10.0 s. The three times
selected for the D–T pulse correspond to the times when the
gas puff rate reaches its stationary value (9.64 s), to the time
the plasma energy starts to decrease (≈10.0 s) and to the begin-
ning of the strong increase in Prad

tot (10.6 s). Note that for the
D–T pulse the time 10.6 s is correlated with the start of the
decrease of the ELMs level (H–L threshold≈ 12–13 MW). At
this time the plasma energy decreases to 10.7MJ from the level
11.9 MJ at 10.0 s. Even though the total gas puff level of the
D–T pulse at its stationary value is about 60% higher than that
of the D pulse, its value is significantly lower than that used
in the less performant (due to gas puffing) JET pulses in D
where a larger scan of gas puffing is available. For both pulses
f RAD = Prad

tot/Pin reaches ≈ 0.45–0.50, which apparently is
an upper limit for these Baseline pulses without impurity
seeding.

Not only the time evolution of the average electron density
is different in the two pulses, but also the density profiles show
significant differences. For the D pulse the density profile is
peaked all along the pulse, while for the D–T pulse it is hollow
or flat, with higher density pedestals.

In figure 2 the experimental electron density (ne) and tem-
perature (Te) profiles from HRTS and the CXRS ion temper-
ature (T i) profiles are shown, as an example, at 10.0 s and at
12.6 s for the D pulse and at 10.0 s and 10.6 s for the D–
T pulse and are compared with the simulated profiles from
COREDIV. Within the uncertainties of the measurements and
of the simulations, the electron density and the ion temperat-
ure increase at the later time of the D pulse while Te and T i

clearly decrease at the later time of the D–T pulse. The dens-
ity pedestal is higher in the D–T pulse, as expected [21], and
the temperature at the pedestal seems to be a little lower. The
experimental core density profile is rather flat (even hollow)
in the D–T pulse while it is peaked in the D pulse. The simu-
lated profiles are obtained using as input data to the code the
volume average density, <ne>, the density at the separatrix,
ne_sep, the thermal energy and the profiles of energy and main
particle diffusion coefficients (please, see section 2). Note, that
no convective pinch is assumed for the main ions. In table 1,
some experimental and simulated values of the main paramet-
ers of the D and D–T pulses, respectively, are shown. (The
simulated values are computed by imposing convective velo-
cities for the impurities, see below). The Ni fluxes input to
COREDIV (2.0 × 1019 p s−1 and 1.25 × 1019 p s−1, for the
D and D–T pulse, respectively) have been adjusted in order to
reproduce the experimentally determined radiated power of Ni
using the VUV spectrometer (with horizontal L-o-S), which
is 1.2–1.7 MW for the D pulse and 0.9–1.3 MW for the D–
T pulse [8]. For the BeII line (λ = 527 nm) intensity, meas-
ured at the outer divertor target, apart from the above men-
tioned partial overlapping of the L-o-S with the outer strike
point, it was not possible to subtract the continuum radiation
from the BeII line intensity, due to significant reflections in the
divertor. Considering that the experimental background level
of the BeII line is a little higher for the D pulse than for the
D–T pulse (figure 1), as it is the computed ionisations per

photon (S/XB = 50 and 42, respectively) from ADAS data
[22], the COREDIV input Be flux has been set as 1.6 and
1.1 × 1021 p s−1 for the D and D–T pulse, respectively. Once
the COREDIV input Ni fluxes are determined to match with
the experimental Ni radiation level, in the absence of exper-
imental data of the absolute Be fluxes, the Be fluxes in the
code have to be chosen in such a way to reproduce the meas-
ured bolometric data. Indeed, changing the input Be fluxes the
total simulated radiated power and its radial density profile
also change, due to modifications of the W sputtering caused
by impinging Be.

In COREDIV the time-averaged residence time of tungsten
is calculated as τW = N tot_W/ΓWsep where N tot_W is the total W
content in the pulse and ΓWsep is the W flux at the separatrix,
which is generally significantly lower than that at the target
plate as a consequence of the impurity screening in the SOL
(see below). τW is similar in the two pulses and while in the D
pulse τW does not evolve in time, in the D–T pulse it is 20%
higher at 10.6 s with respect to the earlier two times. The com-
puted W flux at the target is lower for the D–T pulse by≈20%
(apart from the lower Be content), mainly as a consequence of
the lower electron temperature at the divertor target, Te_plate,
in a range of temperatures for which the W sputtering yields
by Be, Ni and self-sputtering increase with temperature. The
computed tungsten concentration, cW, is also lower in the D–
T pulse than in the D pulse due both to the lower W influx
and to the higher electron density. The calculated total W
content, N tot_W, is 7.84 and8.4 × 1017 atoms for the D pulse
and 6.31, 6.54 and 6.9× 1017 atoms for the D–T pulse at the
times considered. Note that the ratio of the total W content of
the two pulses can also been estimated, semi-quantitatively,
independently of the COREDIV results. Indeed, using the
experimental data of Prad

tot and <ne> in table 1 and assum-
ing that the total radiation is produced by W only (in fact, the
calculated fraction of W radiation to the total, Prad

W/Prad
tot,

is about 0.7) and that the cooling rates are the same for the
two pulses, as in [4], recalling that Prad/L(Te) = ne × nW
(where L(Te) is the cooling rate), one can easily estimate the
ratio of N tot_W for the two pulses. This gives fractions of the
W content in the D–T pulse to that in the D pulse at 12.6 s,
i.e. N tot_W/N tot_W(D at 12.6.s), = 0.83, 0.82 and 0.96 at 9.64 s,
10.0 s and 10.6 s respectively, in qualitative agreement with the
COREDIV results. This estimation confirms that the W con-
tent in the D–T pulse at 9.64 s and at 10.0 s is lower than that
in the D pulse at 12.6 s and only at the later time approaches
that in the D pulse. The choice of comparing the three values
of the D–T pulse with that of the D pulse at t= 12.6 s is due to
the level of Prad

tot, which is not very different at the selected
times of the two pulses. Note that, within the uncertainties of
the COREDIV modelling, significant differences are not seen
in the W source and transport in the D–T pulse from 9.64 s
until 10.0 s, i.e. over a time interval of about two confinement
times τW.

The lower computed cBe in the DT pulse depends on the
experimentally higher electron density as well as on the lower
assumed Be influx input to the simulations.
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Figure 2. Examples of the experimental: (a) electron density profile, (b) electron and ion temperature profiles for the D pulse (left) and for
the D–T pulse (right) at two times for each pulse and the corresponding COREDIV computed profiles.
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Table 1. Experimental and numerical (∗) values of relevant parameters of the two pulses: volume averaged electron density, Zeff, plasma
energy, total radiated power, W residence time, electron temperature at the plate, Be concentration, W flux and W concentration.

Pulse#
<ne>

(×1019 m−3) Zeff
∗ W th (MW) Prad

tot (MW) τW
∗ (s) Te_pl

∗ (eV) CBe
∗ (×10−2) ΦW

∗ (×1019 s−1) CW
∗ (×10−4)

96 482
D

t= 10 s

6.0 1.5 9.8 14.2 0.165 23.7 1.52 5.8 1.17

t= 12.6 s

6.3 1.47 10.8 15.6 0.166 21.8 1.23 6.19 1.2

99 948
D–T

t= 9.64 s

6.95 1.31 11.6 14.3 0.168 18.5 0.9 4.9 0.79

t= 10.0 s

7.4 1.30 11.9 15.0 0.172 18.2 0.92 5.2 0.76

t= 10.6 s

7.5 1.31 10.7 18.0 0.198 16.0 1.17 4.7 0.80

Figure 3. Tomographic reconstruction of the radiated power density at times t = 10.0 s and t = 12.6 s for the D pulse (left) and at
t = 9.64 s, t = 10.0 s and t = 10.6 s for the D–T pulse (right).

3.2. Experimental radiation patterns and their numerical
reconstructions

Tomographic 2D reconstructions of the radiation density of the
D pulse are shown in figure 3 at 10.0 s and 12.6 s and for the
D–T pulse at 9.64 s, 10.0 s and 10.6 s. Since the COREDIV
calculations do not take into account poloidal asymmetry in
the plasma core (which are experimentally caused by the tor-
oidal rotation), the simulation results are compared with the
profiles of the flux-surface averaged emissivity, as shown in
figure 5. It can be observed that the intensity of the radiation in
the inner divertor (independent of theWdensity and dependent
on the electron density) increases with the intensity of the LFS
radiation in the main plasma (dependent on the W density and
on the electron density), suggesting that the higher radiation
in the D–T pulse depends more on the higher electron dens-
ity than on the W density. We note that the 2–3 semi-circles
of strong radiation in the HFS starting from the plasma centre
are an unavoidable artefact of the experimental reconstruction,
originated from reflections in the plasma core of the divertor
radiation.

MHD analysis confirms that these HFS semi-circles are
independent of mode activities (hence are artefacts) and also

illustrates some basic differences between the D and the D–T
pulses.

It can be seen in figure 4 that the pulse #96 482 is char-
acterised by long-period sawteeth (T = 0.9–1.0 s) sometimes
triggering tearing modes (TMs), with toroidal mode number
n = 4, 5, not affecting the plasma confinement. For the pulse
#99 948 an ELM-triggered n = 4 mode is observed from
9.72 s, not reaching such amplitude as to influence the global
confinement properties. A sawtooth-triggered n = 3 mode is
observed from 10.12 s, with a relatively low amplitude (0.2 G)
up to 10.27 s, a first increase between 10.27 and 10.37 s, a
second stationary phase up to 10.60 s (0.6 G) and a follow-
ing strong increase, with the maximum amplitude reached at
10.75 s (1.8 G). Therefore, in contrast to the D pulse, in the
D–T pulse significant mode activity starts at ≈10 s, possibly
triggered by a change in the gradients of the current density
profile, as in [23].

From this brief investigation of the MHD data we note that
the TM mode evolution in the two pulses is clearly different,
and does not depend on the different level of the total radiated
power Prad

tot. In fact the different behaviour in the D–T pulse
starts at times at which the level of Prad

tot is comparable to that
of the D pulse at 12.6 s.

7



Nucl. Fusion 64 (2024) 066018 G. Telesca et al

Figure 4. MHD analysis of the D pulse (left) and the D–T pulse (right): (a) NBI (blue) and ICRH (red) powers, total radiated power (green)
and normalised beta (grey), (b) electron temperature at different radii, (c) spectrogram of mode amplitudes and (d) spectrogram of toroidal
mode numbers from Mirnov coils.

Figure 5. Experimental reconstruction of 1D radial profiles of the radiated power density, as derived from the 2D plots of figure 4. Left for
the D pulse at t = 10.0 s and t = 12.6 s and right for the D–T pulse at t = 9.64 s, t = 10.0 s and t = 10.6 s.

In figure 5 flux-surface averaged profiles of the total
radiated emissivity from the tomographic reconstruction of
the bolometry data are shown, where the normalised flux
coordinate, ϕN, has been substituted by the normalised minor
radius for the comparison with the 1D numerical COREDIV

results of the plasma core. It is seen that at large radii the
radiation density is significantly higher in the D–T pulse
while the level of the radiation arising from the artefacts
in the plasma core is similar in the two pulses. The radi-
ation densities at the two times of the D pulse are similar

8
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Figure 6. Examples of COREDIV radiated power density profiles for the D pulse (left) and D–T pulse (right). The blue line refers to the
hypothesis of impurity diffusive transport only and the red one to diffusive + convective transport. The stars are some experimental points
from the plots of figure 5.

to each other as are those at 9.64 s and 10.0 s of the D–T
pulse and only at 10.6 s the radiation is significantly higher.
The plots of figure 5 are used to compare the experimental
data with the results of the numerical simulations, as done
in figure 6. In this figure, together with few points of the
experimental values of figure 5, some numerically reconstruc-
ted radiation density profiles are shown for the times of the
D and D–T pulses considered, as examples. The blue curves
are obtained by assuming only diffusive impurity transport
while the red curves are calculated assuming an ‘ad hoc’
radial convective velocity as a code input, in order to bet-
ter match the experimental profiles. In the numerical recon-
struction of the experimental radiation, only a relatively small
inward impurity pinch is needed in the zone between the sep-
aratrix and the top of the pedestal (on the transport barrier) and
an outward pinch is needed in the central plasma region, see
section 4.

Given the strong density gradients between the separat-
rix and the top of the pedestal in these Baseline pulses,
from NC theory of impurity transport one would expect
a strong W inward convective velocity [4, 5]. The related
strong radiation at the very edge of the plasma is, however,
not seen in the tomographic reconstruction, instead a quite
broad region of strong radiation localised at the mantle region
(0.7< ρN < 0.95), just inside the pedestal top. That this region
of strong radiation is quite broad could be due to two reas-
ons. Firstly, the bolometry has a finite spatial resolution, so
the region of strong radiation could be more localised than it is
measured. Or secondly, the radial impurity distribution results
from a balance of turbulent diffusion and NC convection, with
the former acting to smear out the localisation due to inward

and outward convection, so the radial W density distribution
will be less sharply localised than that calculated assuming
convection alone.

3.3. Time-dependent data analysis

The analysis of time-dependent data helps to clarify the
physical mechanisms involved in the behaviour of the con-
sidered pulses. As explained in detail in section 2.5 of
[4], an estimate of the efficacy of each ELM at flush-
ing the W impurities from the confined plasma (and also
their influx during the inter-ELM periods) can be obtained
from an analysis of fast bolometric total radiation meas-
urements, using a method first applied to JET-ILW plas-
mas described in [24]. For this analysis we use a fast radi-
ated power signal PHor

Rad calculated from a weighted sum
of intensities from a bolometer camera viewing the main
chamber horizontally from the LFS. With the assumption that
the total radiated power is dominated by the mantle region
(0.7 < ρN < 0.95) by W and considering that the cooling
rate of W is rather constant (LW(Te) ≈ 3.5 × 10−31 Wm3)
over the mantle region—as from the analysis of Te pro-
files of typical high-current Baseline JET-ILW pulses—the
W density in the mantle, nWm, can be derived from (PHor

Rad

/Vol)/(LW × nem)= nWm, where nem is the electron density in
the mantle and Vol is the volume of the mantle region.

In panel (a) of figure 7 the time-dependent traces of the radi-
ated power and of the W concentration in the mantle region of
the two pulses are shown. Considering that the W radiation
actually accounts for about 70% of the total radiated power, it
follows that theW concentration in themantle, cWm, in figure 7

9
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Figure 7. A comparison for the two high-power, 3.5 MA/3.3 T Baseline-scenario JET-ILW pulses (left D pulse, right D–T pulse), showing
the evolution of: (a) the signal PHor

Rad/
−ne (blue) and the estimated average W concentration over the mantle region ⟨CW⟩man (red); (b) the

fraction of W flushed per ELM (∆−nW/−nW)ELM, red, the inter-ELMW influx (∆−nW/−nW)i−ELM, blue and the net fractional change in W
content per ELM cycle, black; (c) the respective rates of change of the W content γW = d(∆−nW/−nW)/dt due to the ELM flushing (γ
ELMW—red), the inter-ELM influx (γi−ELMW—blue) and the resulting net rate of change (γnet W—black), (d) the flux-surface-averaged total
emissivity ⟨ϵtot⟩ from bolometry; (e) the neo-classical convection parameter ⟨ζNC⟩man averaged over the mantle region, blue, and in the
pedestal, purple; (f ) the electron Te,ped (red) and ion T i,ped (black) pedestal temperatures and (g) the pedestal density, ne,ped.

is a factor ≈1.4 higher than that computed by COREDIV. For
both pulses, cWm slightly decreases vs time, for the D pulse
from about t = 10.5 s up to the end and for the D–T pulse
from about t = 9.5 s to about t = 10.3 s. Considering that for
the D–T pulse the average electron density (figure 1), as well
as ne-ped in panel (g), increases up to 10.3 s and then slightly
decreases, this shows that nW for the D–T pulse remains nearly
constant at least up to 10.3 s. This is in line with the plots
of panel (b) and (c), which show that, on the average, the
in–out W fluxes are balanced. Panel (b) shows the fraction
of W flushed per ELM (∆nW/nW)ELM, (red dots), the inter-
ELM W influx (∆nW/nW)i−ELM (blue dots) and the net frac-
tional change in W content per ELM cycle (black dots). Panel
(c) shows the respective rates of change of the W content
γW = d(∆¯nW/¯nW)/dt due to the ELM flushing (γELMW—red),

the inter-ELM influx (γi−ELMW—blue) and the resulting net
rate of change (γnetW—black). From these two plots it is clear
that the average in–out W flux is balanced (i.e. ≈ 0) in the
time-range of our interest.With respect to the D–T pulse, start-
ing from about 10.3 s, nW, which results from the outward
pinch in the plasma core and the inward pinch in the pedes-
tal, increases with time, due to the reduced flushing action
by the ELMs and to possible change in impurity residence
time. Therefore the in–out W fluxes are no longer balanced
and nW increases. Note, that the increase of nW after 10.3 s
can simply be inferred from the increase of the radiated power
(see figures 1 and 4) and from the simultaneous slight decrease
of both the average electron density (figure 1) and that at the
pedestal (panel g) of figure 7). To this point, it is useful to recall
the increase in the n = 3 mode amplitude observed to start
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at about 10.3 s (see section 3.2). The flux-surface-averaged
total emissivity ⟨ϵtot⟩ from bolometry shown in panel (d) can
be compared with the poloidally resolved radiation densities
of figure 3. The data in panel (e) show the time traces of the
function ζNC, which is a proxy for the NC impurity convect-
ive velocity. According to this function, defined in equation
(1) of [5] as ζNC = (R/2LTi) – R/Lni where LTi and Lni are the
scale length of the ion temperature and ion density, when the
condition R/2LTi > R/Lni is satisfied the NC convection is out-
ward and vice versa. Note that, for practical reasons, the scale
length of the density is computed using the electron density
and not the ion density profile. The slightly higher outward NC
pinch in the mantle—blue line—for the D–T pulse up to 10.3 s
arises from the flatter ne profile and the higher inward NC
pinch in the pedestal region—purple line—from the steeper
electron density gradient across the pedestal. Please, note the
increase of T i,ped—black line, panel (f )—for the D pulse at
about 11.3 s, which leads, together with the increase of T i in
the plasma core to the increase in the thermal energy, as seen
in figures 1 and 2. One of the consequences of the above repor-
ted time-dependent data is that while the assumption made in
the COREDIV model of balanced in–out W flux (i.e. average
zero net W influx) is fully valid for the two simulations of the
D pulses and for the simulations of the D–T pulse at 9.64 s and
at 10.0 s, but might be less valid at t = 10.6 s.

3.4. SOL properties

Due to the lack of Te and ne measurements from Langmuir
probes in the SOL, we have to rely only on the numerical res-
ults and on the bolometric data, which show that the radiated
power in the SOL, PDIV, increases with the volume average
density <ne> of the pulses: PDIV = 2.1 MW and 2.4 MW
for the D pulse and 2.5 MW and 2.7 MW for the DT pulse
at times 9.64 s and 10.0 s. In COREDIV the densities at the
separatrix—given as input parameters—are chosen so that the
experimental PDIV are numerically reconstructed. Given also
that for both pulses the perpendicular particle diffusion coef-
ficient in the SOL, DSOL, is set to be DSOL = 0.15 m2 s−1, the
computed Te at the target plate (Te_pl) are reported in table 1.

The ratio ΓW/ΦW, where ΓW is the W flux across the sep-
aratrix and ΦW is the W flux at the target plate, can be com-
puted in COREDIV resulting in ΓW/ΦW = 8.2 and 7.4× 10−2

for the D and D–T pulse, respectively, implying that the diver-
tor impurity retention is better for the D–T pulse. In general,
impurity retention capability in the divertor is related to the
ratio of the collisional drag force (towards the target plate) to
the ion gradient thermal force (towards the separatrix) [25],
and, from the practical point of view, good retention capabil-
ity is obtained if Mp > λii/λT where Mp is the Mach number,
λii is the main ion mean free path and λT is the ion temperat-
ure gradient length, as estimated in [26]. Considering that for
these plasmas theMach number isMp ≈ 0.2 andλii/λT is smal-
ler by an order of magnitude, the impurity retention capability
is inversely proportional to λii/λT. This is consistent with the
increased SOL impurity retention computed by COREDIV for
the D–T pulse for which λii/λT ≈ 1.5 × 10−2 as compared to
λii/λT ≈ 2.4 × 10−2 for the D pulse.

4. Discussion and summary

From collisional and NC theory of impurity transport, if the
impurity ions are in the Pfirsch–Schlueter regime, and the
hydrogenic ions in the plateau or banana regime, the stationary
impurity density profile is dependent on that of the main ions
in such a way that [27] to a peaked main ion density profile is
associated impurity accumulation while to a flat density pro-
file and peaked temperature profile is associated an impurity
screening effect. The W density profile, nW(r), as derived by
COREDIV for these pulses (see figure 8) shows the maximum
of nW in the region r/a ≈ 0.6–0.8 resulting from the inward
convective velocity in the edge region and from the outward
convective velocity in the core region, which are both needed
as a code input to reconstruct the experimental radiation pro-
files. The screening effect in the central plasma is caused by
the ICRF central heating, due both to the increase of the cent-
ral plasma temperature and to the action of sawteeth, which
expel the impurities towards the plasma edge. On the other
hand, at the very edge of the plasma between the pedestal
top and the separatrix the NC theory predicts for these con-
ditions a very strong inward impurity convection, due to the
very strong negative density gradients in that region, as seen
in the fast time-traces of figure 7. An order of magnitude cal-
culation for the time-averaged NC inward pinch velocity in
this region, based on the expression V I = 2q2DZζNC/R (see
[5]), gives VW ≈ −50 m s−1 for W with Z = 10. Such a
strong inward pinch is not needed in the COREDIV inputs
to fit the experimental radiation density profiles of the two
pulses (see figure 8). Independently of the possible effects on
NC impurity convection flux caused by in–out impurity dens-
ity asymmetry [28], this difference arises from the combined
effect of the strong NC inward convection across the pedes-
tal during the inter-ELM periods and the intra-ELM flushing,
which are almost in balance as long as the ELMs do not dis-
appear (see figure 1).

With respect to the different radial position of themaximum
of nW in D and D–T pulses, as shown in figure 8, that is a
consequence of the changes in NC convection due to different
T i and ni profile shapes between the D and D–T pulses.

With respect to the lower calculated W flux in the D–T
pulse, it might be observed that also from the experimental
point of view we might expect, heuristically, a lower time-
averaged W influx in the D–T pulse. In fact, recalling that for
impinging energy below ≈250 eV (≈50 eV electron temper-
ature at the target plate) the W yield of both D and T is neg-
ligible, for the inter-ELM phases of the pulses the W influx
should be lower for the D–T pulse in consideration of the com-
puted lower temperature at the target (see table 1) in a temper-
ature range for which the W sputtering yield by Be, Ni and
self-sputtering is a strong increasing function of the temper-
ature. For the intra-ELM phases, the W yield of a 50%–50%
D–T plasma is about 50% higher than that of a D plasma for
impinging energy >1 KeV. However, since the net W sputter-
ing yield is an increasing function of the Be content, figure 2 in
[29], the background intensity of time traces of the Be II line
in figure 1 (ELMs modulated by the strike point sweeping at
4 Hz), as well as the lower Be flux needed as COREDIV input
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Figure 8. For the D pulse (left) and the D–T pulse (right): (a) convective and (b) diffusive impurity transport coefficients used to derive the
radiation densities in figure 6, (c) the corresponding W densities in the hypothesis of diffusive + convective impurity transport.

to account for the total radiation level of the D–T pulse, see
section 3, suggest that the 50% higher yield of the D–T pulse
is compensated by the lower level of Be. The reason why the
Be level is lower in the D–T pulse is not fully understood, yet.
Among the possible reasons, can be considered the lower Te at
the plasma edge and the different action of the radiofrequency
(RF) antennas in the two pulses. In fact, the RF sheaths are
a local effect from the individual antennas. If different anten-
nas are powered, or at different individual power levels, this
can affect the Be source differently. To this point, remember,
please, that in D–T pulses one RF antenna was not operational.

The increased divertor impurity screening capability of the
D–T pulse and the lower W flux in the D–T pulse are not suf-
ficient to compensate for the increase in time of the radiation,
which is proportional to the increase of<ne>, from about 9.6 s
until the loss power approaches the H–L threshold power at

≈10.3 s and the ELMs are gradually lost. We have seen in
section 3 that at this same time the amplitude of the n = 3
TM increases significantly as the possible effect of the current
profile modification caused by enhanced LFS radiation. With
respect to this point, it should be noted that not only the level
of the total radiated power, but also its distribution matters. For
example, at 10.0 s of the D–T pulse the hollow density profile
leads to a radiation density at the plasma edge significantly
higher than that of the D pulse at 12.6 s (with peaked density
profile), although the total central-plasma radiated power in
the D–T pulse is comparable to that of the D pulse or even
lower. This strong difference in the electron density profile
shape between D and D–T Baseline pulses, which is even
more marked for tritium pulses, underlies many of the changes
in performance and behaviour of the pulses with isotope
mass.
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The COREDIV results show only minor differences in W
transport in the D–T pulse between 9.64 s and 10.0 s. Within
the uncertainties of the measurements, this is confirmed by the
experimental ratio of the total radiated power to the volume
averaged electron density, which is practically the same at the
two times: Prad

tot/< ne> ≈ 2.0 MW m3 10−19.
Even though qualitative differences are not seen in the

COREDIV reconstruction of the W sources and transport in
D and D–T Baseline JET-ILW pulses, it remains the experi-
mental difficulty of keeping the plasma relatively stationary
for 4–5 s in the D–T pulse. In principle, two ways can be
pursued to alleviate this difficulty: the increase of the auxil-
iary power level and the control of the electron density and
of the radiated power, for example, by increasing the gas puff
fuelling rate. Both can keep the plasma sufficiently far from
the H–L threshold thus avoiding the runaway of the core radi-
ated power. In fact, the increase of the gas fuelling rate gen-
erally leads to the increase of the turbulent transport, causing
the decrease of both energy and particle confinement and the
increase in ELM frequency, with related enhancement of the
impurity flushing and reduction of the radiated power level.
It might be mentioned here that in recent experiments of Ne
seeding in JET-ILW [30] the gas puff level in T plasmas had
to be increased by a factor of 7 with respect to the correspond-
ing D plasmas to reach the same ELM frequency in T as in D
pulses, while the electron density level was nearly unchanged.

In summary, the experimental electron density and temper-
ature profiles as well as the ion temperature profiles of the two
best performing high current–high power Baseline D and D–
T pulses in JET-ILW have been successfully simulated with
the COREDIV model. In the absence of essential data, such as
the W concentration in the plasma core and the electron tem-
perature and density at the divertor plate, the numerical res-
ults have been compared with the experimentally reconstruc-
ted radiation profiles in themain plasma andwith the total radi-
ated power in the divertor.

The numerical impurity transport coefficients, as derived
by imposing convective velocities ‘ad hoc’ to fit the experi-
mental radiated power profiles of the pulses, are only partly in
agreement with the predictions of collisional and NC impurity
transport theory, in which the flushing action of the ELMs is
not taken into account. The COREDIV computed total W ion
content, in the range of 6–8× 1017 ions, is lower by about 20%
for the D–T pulse and the computed W concentration, in the
range of 1 × 10−4, is lower by about 40% for the D–T pulse
as compared with the D pulse (see table 1), due to the lower W
flux and to the higher electron density. Since the COREDIV
computed ratio of the W fluxes to the W densities is similar
for the two pulses, it follows that the W residence time (τW
of the order of 0.17 s) is similar for the D and D–T pulses.
Only at the beginning of the radiation runaway, at ≈ 10.6 s,
τW of the D–T pulse increases, simultaneously with the strong
increase of the = 3 TM amplitude. The COREDIV computed
parallel forces in the divertor show that the ratio of the col-
lisional drag to the thermal force is higher in the D–T pulse,
resulting in a better impurity divertor retention capability by
about 10%. Given that significant differences in W transport
and sources are not computed for the simulations of the two

pulses (up to ≈10.0 s for the D–T pulse), it appears that the
increase in time of the radiated power until the H–L threshold
power is approached and the flushing action of the ELMs starts
to be lost is caused by the uncontrolled increase in time of the
electron density in the D–T pulse. In conclusion, control of the
electron density and/or of the ELMflushing activity appears to
bemandatory to reach stable conditions for these high current–
high power D–T pulses in JET-ILW.
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