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A B S T R A C T

To support future ITER operation, experimental campaigns at the Joint European Torus (JET) with an ITER-like 
wall (tungsten divertor and beryllium main chamber) in pure deuterium (D), tritium (T) and Deuterium-Tritium 
(D-T) were performed. One of the most important challenges in recent years was the development of two main 
scenarios that investigated different approaches to achieve the high fusion power as well as good plasma 
confinement (Garzotti et al., 2023). The first one, so-called baseline scenario is relying on high plasma current 
(Ip≈3.5 MA), normalized beta βN < 2 and safety factor q95 ≈ 3 (Garzotti et al., 2023). On the other hand, the 
second one, so-called Hybrid scenario is operating at lower plasma current (flat-top Ip ≤ 2.6 MA) and density 
with respect to the baseline, higher normalized beta βN > 2 and safety factor q95 ≈ 4.8 (Hobirk et al., 2023).

In this paper we focus on the impurity behaviour analysis for the baseline discharges at Ip = 3.5 MA and BT =

3.3 T with D, T and DT plasmas, in which the gas and power waveform were optimized to achieve the best 
possible performance. In particular, we study the impact of total heating power (Ptot + Palpha), flat-top gas flow 
and ELM (edge localized modes) frequency on mid-Z (Nickel (Ni), Copper (Cu)) and high-Z (Tungsten (W)) 
impurities. In addition, we compared the two best performing pulses of the baseline scenario (Ip = 3.5MA, BT =

3.3 T and Pin ≈ 35 MW) in D and DT in order to identify the causes responsible for the increase in radiation 
during the DT pulse, which led to an early plasma termination. All presented results rely on the data collected by 
the VUV as well as the bolometry system. Detailed analysis indicates that in the baseline scenario, higher ra-
diation, which is most likely due to the tungsten (W), is observed for T and DT plasmas in comparison to D. 
Moreover, for the two best performing baseline pulses, tomographic reconstructions show that the radiated 
power density is mainly emitted from the low field side (LFS) of the plasma and W does not accumulate in the 
plasma center (Telesca et al., 2024).

Introduction

One of the main scientific goals of the second major JET Deuterium- 
Tritium experimental campaign (DTE2), which took place in 2021 was 

to demonstrate a steady plasma discharges with high fusion power (Pfus 
≥ 10 MW) for a duration of 5 s. To reach this aim, two main ELMy H- 
mode experiments in JET-ILW were prepared – the so-called baseline 
scenario [1], as well as the Hybrid scenario [2,4].
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The baseline scenario, one of the foreseen for ITER, is operating at 
high toroidal field and plasma current (Ip ≥ 3.5 MA)[5]. Moreover, 
baseline plasmas are characterized by relatively low normalized beta 
(βN ~ 2) compared to the parallel optimized hybrid scenario, as well as 
edge safety factor q95 ~ 3. Additionally, pulses in baseline regime 
typically exhibiting compound edge localized modes (ELMs) and relay 
on high auxiliary heating power, namely, ~4 MW of ICRH and >32 MW 
of NBI [1], as well as pacing pellet injection for ELM triggering, high-Z 
impurity flushing and density control.

The baseline scenario, similarly as Hybrid scenario, is exposed to 
high-Z impurities, primarily W, which originates from the divertor tar-
gets and can lead to unacceptable disruption [1,6,7]. It is worth noting 
that, while the baseline scenario has been successfully developed for 
high performance in D for 5 s, it has not been possible to sustain this 
scenario in T and DT for more than 2–3 s [1]. Therefore, investigation of 
impurity behaviour and understanding of the causes that led to an un-
controlled increase of radiated power, were one of the crucial issues.

In this study, we concentrate on impurity analysis in which, mid-Z 
and high-Z impurities behaviour, as well as plasma radiation are 
compared within different plasmas mixtures, namely D, T and DT. 
Furthermore, as part of this research, the impact of total heating power, 
flat-top gas flow and ELMs frequency on plasma impurities was inves-
tigated. Additionally, the two best performing pulses in baseline regime, 
one in D (#96482), and the other in DT (#99948) plasmas were also 
compared in terms of possible differences in impurities behaviour, to 
identify the causes that lead to an uncontrolled radiation increase in 
plasma mixtures with the higher isotope mass.

The results of this study are primarily based on data collected by the 
VUV survey spectrometer [8,9] (known as KT2 at JET) as well as bol-
ometry diagnostic [10]. Data from the first system is typically used for 
quantitative measurement of mid-Z impurities like Nickel or Copper. 
Their concentrations in the plasmas (c_Ni and c_Cu), presented in this 
work, were estimated using the method described in detail in [11]. 
Moreover, using data from the above mentioned spectrometer, it was 
possible to estimate the intensity of different W ionization stages 
(W14+− W35+) from quasicontinuum spectra in VUV [12], defined in this 
paper as IW. The determination of this parameter is important due to the 
lack of data from the XUV diagnostic (known as KT7/3 system at JET) 
and SXR cameras, which are normally used for studies relating to 
quantitative analysis of W [13–15]. Unfortunately, due to the high 
neutron rate in the DT and T plasmas, both diagnostic systems have been 
disconnected. In turn, the tomographic reconstruction of the radiated 
power density have been obtained from bolometry measurements. 
However, it is important to note that some of the baseline pulses dis-
cussed in this work involved the use of Tritium Introduction Modules 
(TIM)15, which led to contaminated signals in the horizontal bolometer 
camera. To address this, the contribution from TIM15 was removed by 
progressively reducing the signal levels on the horizontal camera until 
the reconstruction output accurately balanced the data from both 
cameras [16].

Impurity analysis for the high-current baseline pulses in 
Deuterium, Deuterium-Tritium and Tritium plasmas

The development of the high-current baseline scenario on JET before 
and during DTE2 has led to the achieving high fusion performance in D 
for 5 s, whereas in DT and T plasmas, the same scenario was sustained 
only for 3 s. and 1–2 s., respectively [1,5]. According to Ref. [1], the 
main difficulties in sustaining DT and T plasmas can be explained by 
different ELMs activity as well as an increased electron density. Namely, 
in D plasmas, the radiated power mostly remains constant because inter- 
ELM particle transport as well as ELM activity provide a stationary 
plasma density, which, most importantly, does not increase over time. In 
turn, in T and DT plasmas, where the reduced particle transport is 
observed, the plasma density builds up between ELMs. In these cases, the 
ELM activity is insufficient to flush high-Z impurities, such as tungsten, 

resulting in a gradual increase in plasma radiation over time. Conse-
quently, it can be stated that both electron density and ELMs activity 
affect impurities differently, depending on the plasma isotope mass [3]. 
For this reason, in this part of work, we concentrate on the analysis of 
impurity behaviour, which has been performed for the set of baseline 
pulses in D, DT and T plasmas, obtained during DTE2 experimental 
campaign, to investigate possible differences for various plasma isotopic 
compositions in the context of plasma radiation. In the analysed pulses, 
which were performed at 3.5 MA, values of particular plasma parame-
ters were averaged over t = 9 s. to t = 10 s. (in the time window with a 
stable plasma conditions).

At the beginning of this study, the total radiated power Prad,total as 
well as plasma radiation at the edge Prad,edge (estimated using channel 2 
of the vertical bolometer camera, which was unaffected by TIM15), were 
compared across various plasma mixtures. As is shown in Fig. 1. a linear 
increase of Prad,total with auxiliary heating was observed for all plasma 
compositions studied, namely D, DT and T. Moreover, it can be seen that 
DT and T plasmas are characterised by higher radiation compared to D 
pulses. Comparable trends were observed for the Prad,edge (see Fig. 1). 
What is worth emphasizing, differences in radiated power values be-
tween pure T discharges and plasmas mixtures with DT and D result 
from different electron density profiles. In the next step of analysis, mid- 
Z impurities concentration (c_Ni and c_Cu), as well as IW were 
investigated.

As is presented in Fig. 2, IW is well correlated with the Prad,total and 
Prad,edge showing an increasing trend with auxiliary heating in all plasma 
mixtures. In the case of mid-Z impurities, the highest c_Ni and c_Cu were 
observed in T plasmas (Fig. 2). However, no significant increase in their 
values with increasing total power was observed. In turn, the estimated 
concentrations of other mid-Z elements, such as Fe and Mo, were found 
to be negligible. Moreover, the results presented in this section, confirm 
that the increase in plasma radiation and impurity concentration in 
plasma mixtures with higher isotope mass is associated with a weakened 

Fig. 1. The total radiated power Prad,total (on the top) and the the edge line 
averaged radiation Prad,edge (on the bottom) from a vertical bolometer channel 
as a function of the sum of input and the alpha particles powers for D, DT and T 
plasmas. Dashed lines indicate linear fit to particular data sets.
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ELM activity and a different electron density at the plasma edge. 
Namely, as can be seen in Fig. 3, lower fELM in T plasmas compared to DT 
and D may result in higher plasma radiation, since the lower fELM in 
baseline pulses typically lead to less effective impurity flushing [3,6].

Additionally, because plasma radiation (Prad) is directly proportional 
to electron density [3], higher ne,edge (Fig. 4) in T plasmas results in 
higher values of Prad,edge. On the other hand, as shown in Fig. 2, the 
higher observed values of c_Ni and c_Cu, measured closer to the edge in T 
pulses, may indicate a greater presence of Ni and Cu impurities in 
plasmas with higher isotope mass. This is because, with both higher 
values of ne,edge and impurities concentrations (c_Ni and c_Cu) measured 

at the plasma edge, higher densities of Cu and Ni are also expected. 
Furthermore, experimental observations indicate that a decrease in 
plasma radiation (both Prad,total and Prad,edge), impurities concentrations, 
as well as IW is linked to an increase in flat-top gas flow, what is pre-
sented on Fig. 5 and Fig. 6, respectively. This could be explained by the 
fact that the higher gas flow injection rate usually increases the ELM 
frequency (fELM), as well as a turbulent transport. As a result, more W 
can be flushed out [6] and reduced plasma radiation may be observed. 
For this reason, the additional gas in the D baseline plasmas was typi-
cally used to control the ELMs, and prevent uncontrolled radiation.

In the context of the analysis presented in this section, it should be 
also mentioned that its primary constraint is the small number of T 

Fig. 2. From the top: The nickel concentration c_Ni, the copper concentration 
c_Cu and the intensity of tungsten IW as a function of the sum of input and the 
alpha particles powers for D, DT and T plasmas. Dashed lines indicate linear fit 
to particular data sets.

Fig. 3. The ELMs frequency fELM as a function of the sum of input and the alpha 
particles powers for D, DT and T plasmas.

Fig. 4. The line integrated edge density ne,edge as a function of the sum of input 
and the alpha particles powers for D, DT and T plasmas.

Fig. 5. The total radiated power Prad,total (on the top) and the the edge line 
averaged radiation Prad,edge (on the bottom) from a vertical bolometer channel 
as a function of the flat-top gas flow for D, DT and T plasmas.
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discharges compared to DT and D pulses. However, the results presented 
here show that T pulses in most cases forms a distinctly separate group 
from DT and D plasmas, even when considering measurement 
uncertainties.

Comparison of the two best performing baseline pulses in 
Deuterium and Deuterium-Tritium plasmas

As was mentioned in Section 2, one of the main reasons for the 
development of the baseline scenario in DT and T was to investigate and 
mitigate possible isotope effects, which can influence, among other 
things, the plasma radiation. Therefore, this section of the work focuses 
primarily on the analysis of impurities in the two best performing pulses 
obtained in D and DT at Ip = 3.5 MA with a magnetic field strength of 
≈3.35 T and with auxiliary heating power Pin ≈ 35 MW (including PNBI 
≈ 30 MW and PICRH ≈ 5 MW). In this study, DT plasmas differ from D in 
higher electron density and the plasma energy. However, the core 
temperatures of Ti0 and Te0 in both pulses were comparable, approxi-
mately 7 keV, which is typical for this type of plasma scenario. 
Furthermore, as is well known, a high plasma current implies high 
electron density. However, despite the fact that both investigated pulses 
were performed at the same Ip, the electron density in DT plasmas was 
increasing continuously, whereas the ne in D was nearly constant during 
the entire pulse (see Fig. 7). This can be explained by the fact that, in the 
case of baseline discharges, the enhanced particle confinement due to 
the higher effective isotope mass results in a greater pedestal and 
volume-averaged density in DT compared to D [1]. What is also 
particularly relevant, the increase in electron density in the DT plasmas 
was accompanied by an increase in time of Prad,total and Prad,edge. 
Excessively high level of radiation finally led to the disruption at t ≈
11.5 s., approximately three seconds after achieving the maximum of the 
auxiliary heating. Therefore, it was crucial to identify which plasma 
impurities had a decisive influence on the observed plasma radiation, 
and equally importantly, what was their source. Fig. 8 shows Ni and Cu 

concentrations, as well as intensity of W, which were measured close to 
the plasma edge. As can be seen, in DT plasmas, all these parameters 
start to gradually increase from around t ≈ 9.5 s., after which they 
achieve their highest values at t ≈ 11.5 s. that corresponds to the time of 
the plasma disruption. Moreover, the behaviour of c_Ni, c_Cu and IW in 
DT pulse is well correlated with Prad,edge and Prad,total. In contrast, in the 
case of D, the aforementioned parameters remain almost constant for the 
entire pulse without leading to early plasma termination. Furthermore, 
as it can be also observed in Fig. 9, c_Ni and c_Cu, which were estimated 
at mid-radius plasma region, stay stable over the entire pulses in both D 
and DT plasmas. This may indicate that impurities which have 
contributed to Prad,total and finally led to the premature stop of the 
plasma, were located in the mantle region.

In order to verify these results, 2D Tomographic reconstructions of 
the radiation density were additionally performed for the following time 
points, t1≈9 s., t2≈10 s. and t3 ≈ 11 s., which correspond to different 
levels of the observed Prad,total. As can be seen from Fig. 10, in D plasmas, 
the intensity of the radiation on the LFS does not change significantly 
over time, whereas in DT plasmas a gradual increase can be observed. 
Additionally, for the time point shortly before plasma disruption in DT, 
namely t = 11 s, the radiation power density was at least twice that of D 
plasmas. Moreover, presented reconstructions show that the radiated 
power density, in both plasma mixtures were mainly emitted from the 

Fig. 6. From the top: The nickel concentration c_Ni, the copper concentration 
c_Cu and the intensity of tungsten IW as a function of the flat-top gas flow for D, 
DT and T plasmas. Dashed lines indicate linear fit to particular data sets.

Fig. 7. Time traces for D (#96482) and DT (#99948) pulses, showing from the 
top: heating power, the total radiated power, the line integrated density, the 
line integrated edge density, the edge line averaged radiation from a vertical 
bolometer channel, The Be II photon flux, the ELM frequency. The grey vertical 
bar denotes the time range where ELM activity is lost in DT plasmas.
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LFS of the plasma, which is consistent with the results from VUV spec-
trometer regarding c_Ni, c_Cu and IW. Such localization of the heavy 
impurities, on the outboard mid-plane of the LFS, results from the 
toroidal rotation, as is described in [5,6]. Additionally, it is worth 
mentioning that, according to investigation of the MHD data described 
in [3], TM (tearing modes) mode evolution in both analysed pulses is 
different, however it does not depend on the different level of Prad,tot.

Given the above, it can be stated that in DT plasmas, the higher 

electron density (which results from enhanced particle confinement) 
was associated with higher plasma radiation (Prad,total and Prad,edge), as 
well as less frequent ELMs (see the grey vertical area on Fig. 7), which 
led to inefficient impurity flushing. As experimental observations indi-
cate, the combination of these events can result in a loss of stationarity 
and a radiative collapse in the DT plasma.

Conclusion

During the second JET Deuterium-Tritium experimental campaign 
with a substantial tritium concentration, the baseline scenario pulses 
have been optimised and tested. The experiments and analyses that have 
been performed at high field and current, showed that for plasma mix-
tures with higher isotope mass, controlling plasma radiation is more 
challenging. For this reason, study of the plasma impurities and radia-
tion, was one of the most important tasks. According to the impurity 
analysis, DT and T plasmas exhibiting higher impurities content and 
intensity of W in comparison to D pulses, which is in line with obser-
vations on Prad,total and Prad,edge. Furthermore, it has been noted that a 
higher flat-top gas flow rate, results in a decrease of impurities content 
and as a consequence can lead to the reduction of excessive plasma ra-
diation. In turn, observations from a comparison of the two best per-
forming pulses, one in D, and the other in DT, indicate that plasma 
mixtures with higher isotope mass, features enhanced particle confine-
ment and, as a result, a higher electron density compared to D. More-
over, higher ne values is accompanied by increased plasma radiation, 
which, together with a less effective ELM impurity flushing, may lead to 
an early termination of the pulse. In addition, it has been found that 
impurities in the baseline plasmas, mainly accumulate on the LFS. This 
observation is confirmed by data from both, the VUV spectrometer, as 
well as the Bolometry diagnostic. In this regard, controlling the electron 
density and ELMs activity appears to be a key issue in achieving a stable 
and high-performance baseline plasma.

Fig. 8. Time traces showing from the top: the nickel concentration c_Ni, the 
copper concentration c_Cu and the intensity of tungsten IW measured at plasma 
edge for D and DT plasmas.

Fig. 9. Time traces showing from the top: the nickel concentration c_Ni, the 
copper concentration c_Cu measured at mid-radius for D and DT plasmas.

Fig. 10. Bolometry reconstructions for DT (#99948) and D (#96482) pulses at 
t = 9 s., t = 10 s. and t = 11 s.
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