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ABSTRACT

Experimental campaigns at the Joint European Torus with an ITER-like Be/W wall with pure deuterium (D), tritium (T), and deuterium-tritium
(DT) were a unique opportunity to explore various aspects related to the ITER operation. One of the most important challenges in recent years
was the development of the hybrid scenario for D-T, based on reference deuterium and tritium plasmas. This kind of scenario, one of the fore-
seen for ITER, is characterized by a low current plasma and a high normalized beta S factor compared to the parallel optimized baseline sce-
nario [Hobirk et al, Plasma Phys. Controlled Fusion 54, 095001 (2012)]. As the experiments have shown, controlling the plasma edge in the
different phases of the hybrid scenario becomes more difficult with higher isotope mass, and therefore, are also in risk of impurity accumulation
[Hobirk et al., Nucl. Fusion 63, 112001 (2023)]. For this reason, investigation of the impurity behavior, as well as their control, constituted the
crucial issue. The present contribution aims to compare mid-Z and high-Z impurities behavior within H-mode hybrid discharges in D and T
plasmas, as well as D and DT plasmas. Detailed analysis shows that in the H-mode regime in the hybrid scenario, higher impurity radiation is
observed for DT in comparison to D plasmas, as well as for T compared to D plasmas. Additionally, it was noticed that the most significant con-
tribution to the plasma radiated power comes from W and to a lesser extent from Ni (~10%). Moreover, it was found that an earlier transition
from small edge localized modes (ELMs) to ELM-free phase can result in the earlier increase in impurities.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0207200
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I. INTRODUCTION in conditions relevant to ITER and future fusion power plants. This

In 2021, the second JET deuterium-tritium experimental cam- second JET D-T campaign, after the first one (DTE1), which took

paign (DTE2) with a substantial tritium concentration (i.e., compara- place in 1997, led to the record high fusion power and energy values in

ble with or greater than the deuterium concentration) was carried out steady plasma conditions in tokamaks that has been achieved for
Phys. Plasmas 31, 052506 (2024); doi: 10.1063/5.0207200 31, 052506-1
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Tritium-rich hybrid plasma with D:T ratio 15:85 for pulse #99971
(I,=2.5 MA, By=3.86 T).” In this discharge, it was possible to pro-
duce a fusion power of about 11 MW averaged over 5s. Moreover,
during the recent JET DTE2 campaign, a hybrid scenario for the first
time has been also run in DT with a ratio 50:50. The best stationary
pulse in 50:50 DT plasmas, namely, #99 869, achieved 74 MW of
fusion power (Pg,) over 5 s, with ~33 MW injected NBI and ICRH
heating powers. The mentioned JET ILW Hybrid scenario," along with
the baseline scenario,” is one of the main regimes exploited during the
recent experimental campaigns on JET-ILW in H-mode plasma type-I
edge localized modes (ELMs). To obtain good confinement, this
approach uses high poloidal beta (f3,) with moderate plasma current
I, =2.3 MA, high toroidal magnetic field By =3.45 T as well as rela-
tively flat q profile (qo > 1) and low core collisionality (central ion
temperature Ty > central electron temperature T, > 8keV).”
Furthermore, this kind of plasma scenario relies on high auxiliary
heating power, namely, <32 MW of NBI and <4 MW of ICRH.

To achieve the highest possible fusion efficiency, it was necessary
to optimize the hybrid scenario on JET by its development initially in
D, later in T and finally in DT plasmas.” Each stage of optimization
involved addressing different challenges. In the case of pure D, it was
necessary to solve, among other things, the heat load issues resulting
from the 37 MW of power injected in the ITER-like Be/W environ-
ment, to keep radiation at the edge and in the core under control, also
avoiding MHD instabilities and achieving high neutron rates.” Then,
in the T hybrid plasmas, it was again highly important to keep the
radiation controlled. On the other hand, DT hybrid plasmas were opti-
mized mainly for radiation-stable H-mode entry phase, improved per-
formance, and good impurity control due to the edge impurity
screening (strong T; gradients outside the pedestal region, which pre-
vent impurity influx from SOL).” Furthermore, as part of the hybrid
scenario optimization in D, T, and DT plasmas also a detailed optimi-
zation of the plasma phases, such as the current ramp-up (Ohmic)
phase, the H-mode entry phase, as well as the steady H-mode phase,
have been performed. What is also relevant, on the basis of the detailed
analysis of fast bolometry signals, it was found that in the optimized
hybrid pulses, two different regimes can be distinguished, as is
described in Ref. 5. In the first regime, the high-Z impurities are con-
trolled by ELM flushing and the inward transport of impurities
between ELMs can be expected. In the second regime with peripheral
impurity screening, an outward transport of impurities between ELMs
and, therefore, screening can be observed.”

The main difficulty in achieving the possible highest performance
pulse in the frame of the DTE2 campaign was uncontrolled core impu-
rity accumulation.” Thereby, investigation of the impurity behavior, as
well as their control during almost every phase of hybrid plasmas, was
one of the most crucial issues. For this reason, in this paper, we con-
centrate on the analysis of impurity behavior in the JET hybrid pulses
that were performed in D, DT (with a ratio 50:50) and T plasmas at
2.3 MA with a magnetic field strength of ~3.4 T. As part of this study,
we compared mid-Z [e.g., nickel (Ni), copper (Cu), iron (Fe)] and
high-Z [tungsten (W)] impurities behavior within D, T, and DT plas-
mas. In addition, we also investigated how various impurities behave
in particular, phases of the hybrid discharges, which were optimized.

The presented analyses are primarily based on data collected by
the VUV survey spectrometer”” (known as KT2 at JET) and bolome-
try diagnostic.” The lines of sight of the two aforementioned systems

pubs.aip.org/aip/pop

are shown in Fig. 1. Data from the first system are mainly used for
quantitative measurement of mid-Z impurities based on the method
described in Ref. 9. Moreover, using these data, it is also possible to
determine the intensity of different W ionization stages (W'*" —
W?>*) from quasicontinuum in VUV spectra,’” named I. The
method used to determine Iyy assumes avoidance of potential interfer-
ence from other lines in the spectrum, especially from copper (Cu).
Importantly, due to the non-working XUV diagnostic (known as KT7/
3 at JET), which was usually used for studies described in Refs. 11-13,
quantitative analysis of W was impossible. In turn, the second men-
tioned diagnostic, among other things, can provide bolometry recon-
structions and radiation profiles. However, it should be noted that
many of the hybrid pulses presented in this work involved the use of
the Tritium Introduction Modules (TIM)15, resulting in contaminated
signals for the horizontal bolometer camera. Therefore, the contribu-
tion from TIM15 was removed by iteratively lowering the signal levels
on the horizontal camera until the reconstruction provided an output
that balanced well the data from both cameras."*

Il. STATISTICAL IMPURITY ANALYSIS FOR THE HYBRID
PULSES IN DEUTERIUM AND DEUTERIUM-TRITIUM
PLASMAS

Presented in this section analysis of impurity behavior has been
performed for the set of hybrid pulses with D:T ratio 50:50, obtained
during experimental campaigns in D (C38C and C42) and DT
(DTE2). In these pulses, NBI and H minority ICRF heating power
were kept at comparable levels, while the plasma current and toroidal
field were, respectively, Ip=2.3 MA and Br=34 T. To compare
plasma radiation and various impurities in D and DT, values of partic-
ular plasma parameters were averaged over typ+1.5 s to typ+2.0 s

'””””'I'””””I!”l”””I””“”II””'

Height (m)

R TEEEENE FE TR TN ENi | Nl PR TN PR TN TR NN NN

1 2 3 4 5
Major radius (m)

FIG. 1. The lines of sight of bolometry diagnostic (orange) as well as KT2
(magenta) VUV spectrometer with the magnetic equilibrium of JET pulse No: 99914
at9s.
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(where t is the start of NBI heating). For the pulses analyzed in this sec-
tion, several things are especially relevant. First, within the defined
time range, a systematic trend for higher plasma confinement in DT
compared to D was observed. Furthermore, pulses from the C42
experimental campaign appeared to have slightly worse confinement
in comparison to C38C plasmas. A similar trend can be seen for the
line integrated edge density, which achieves the highest values for DT
plasma (Fig. 2), whereas the values of the edge ion temperature are
comparable in all analyzed pulses.

What is also very important in the context of impurity analysis,
although the pulses in the C42 experimental campaign have been per-
formed as D engineering references, the C38 pulses had much later gas
injection times, as well as lower gas injection rates (Fig. 3). In addition,
it is worth noting that no correlation between change in the ELM
frequency and the previously mentioned plasma parameters, such as
Ne edge AN Tj edge, Was found.

At the beginning of this study, the total radiated power (estimated
from bolometer measurements) for different plasma mixtures was
compared. As is shown in Fig. 4, the highest values of P ot Were
observed for DT plasmas. In turn, in the case of D pulses, slightly
higher total radiation for data points at the same P, + Pyjpha was
found for C38C plasmas in comparison to C42 discharges. In this
regard, it was important to find out which plasma impurities have a
decisive influence on the observed plasma radiation.

For this reason, in the next step, radiation from mid-Z impurities
(based on impurity density measurements from VUV diagnostic and
the appropriate cooling rates), such as Ni, Cu, and Fe, as well as Iyy
were investigated. As can be seen from Fig. 5, Iy, which is measured
closer to the pedestal region, was higher in DT pulses in comparison to
D discharges. Moreover, the estimated Iy is well correlated with the
total radiated power. On the other hand, from all the mid-Z impurities
studied, Ni has the largest contribution to P ,q ora, but not exceeding
~10% (Fig. 5).

It is worth emphasizing that radiation from Ni occurs mainly for
T. ~ 2keV, closer to the edge of the confined plasma region. In

4 T T T
DT
A D (C42)
- B D(C38C)
& 3+ lI _
e A
<
o
= 2t ]
[0)
3
e
1t :
0 N 1 s 1 N 1 N
0 10 20 30 40

P +P___(MW)

alpha

FIG. 2. The edge density as a function of the sum of input and the alpha particles
powers for DT and D plasmas.
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FIG. 3. The gas flow injection rate as a function of the sum of input and the alpha
particles powers for DT and D plasmas.

addition, it was also observed that radiation from Ni in D pulses was
higher for C38C plasmas in comparison to C42 plasmas, which can be
explained by different gas injection rates. As previously mentioned,
pulses from the C38 experimental campaign had lower gas injection
rates compared to C42 pulses. This, in consequence, could lead to
increased Ni radiation. A similar trend of decreasing P,qn; with
increasing gas injection rate was observed in other experiments with
hybrid plasmas, which were a preparation for the JET D-T campaigns,
as described in Ref. 12. Furthermore, since ELM frequency increases
with the gas injection rates, in C38C plasmas lower ELM frequency
compared to C42 plasmas was observed (Fig. 6), which may also result
in higher Ni impurity radiation. In turn, radiation from other mid-Z
impurities, such as Cu and Fe, contribute negligibly to the total radia-
tion power and there are no clear differences in their behavior between
D and DT plasmas. For this reason, they will not be discussed further.
Given that radiation from Ni constitutes about 10% of the
Prad roral and the contribution from other mid-Z impurities is negligible,

16 T T T
DT
A D(C42)
12+ | D(C38C) J
g i
=3
z 8r é 1
L
B
o
41 4
0 Il 1 | .
0 10 20 30 40
P +P__ (MW)
in alpha

FIG. 4. The total radiated power as a function of the sum of input and the alpha par-
ticles powers for DT and D plasmas.
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FIG. 5. The intensity of the W-ion (W' — W35*) (on the top) and Nicke! radiated
power (on the bottom) as a function of the sum of input and the alpha particles
power for DT and D plasmas.

it can be assumed that the rest of the radiation contributing to total
radiated power comes mainly from high-Z impurities, namely, W.
Therefore, it can be concluded that the contribution from W to the
Pradtoral Was much more significant than from other mid-Z impurities
in both investigated plasma mixtures—D and DT. In turn, the second
significant impurity, in terms of radiated power, was Ni.

I1l. ENGINEERING MATCH WITH DEUTERIUM AND
DEUTERIUM-TRITIUM PLASMAS

The following section presents impurity analysis in the frame of
engineering match (heating power and gas match) with D (#100 822,
#100878) and DT (#99 914, #99950) plasmas at 2.3 MA with a mag-
netic field strength of ~3.4 T. In this study, D plasmas differ from DT
references in slightly lower plasma density (up to 10%) and lower
plasma stored energy (up to 15%). As can be also observed in Fig. 7,
there is an earlier gas puff request for DT pulses to compensate for
faster D response of the inlet valves compared with T. Furthermore,
due to the lack of data from KT2 diagnostic for #100 822, analysis
related to P,,qn; and I, for this pulse, could not be performed.

As previously mentioned in Sec. I, to achieve high-performance
hybrid pulses, it was necessary to develop them in D and T, to finely
translate them into DT mixtures. What was also equally important,
optimization of the different phases of the hybrid pulses was needed.”
For this reason, in this part of the work, we concentrate on impurity

pubs.aip.org/aip/pop
60 . . . . . :
DT
50l A D(C42) Aa |
B D(C38C)
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FIG. 6. ELMs frequency as a function of the sum of input and the alpha particles
powers for DT and D plasmas.

behavior in two different phases of hybrid pulses in D and DT plasmas,
which are as follows: H-mode access phase and H-mode (initial and
steady) phase. Therefore, the main aim of this analysis is to investigate
how the mass of the isotope affects the different phases of the pulses,
especially in the context of plasma radiation and impurity behavior.

A. Engineering match with deuterium and
deuterium-tritium plasmas—H-mode access phase

The greatest challenge during the optimization of the H-mode
access phase (ELM free phase, occurring after the application of high
external power), was the smooth transition from hot ion pedestal
phase to Type I ELMy regime without impurity influx, neither strong
pedestal density (npeq) growth.2 As it has been proven so far, H-mode
access strongly depends on the plasma composition, indicating an iso-
tope effect.' Thereby, it can be expected that inducing the first ELM
in T and DT may be more difficult. Moreover, also different plasma-
wall interactions that lead to higher Be/W sputtering, as well as differ-
ent L-H thresholds, which will require adjusting the power should be
assumed.''® Additionally, the strong scaling of auxiliary heating
power absorbed by the plasma with effective isotopic mass suggests
that it may be easier to enter H-mode in T-rich plasmas in any DT
fusion devices.'” This, in turn, is a result of the increased absorption of
RF power in T-rich plasmas in cases where RF is applied during the
L-H transition phase. At the beginning of the analysis concerning the
H-mode access phase, the transition from small ELMs to ELM-free
H-mode in D and DT pulses was compared.

As shown in Fig. 8, DT references differ from D plasmas in a
slightly earlier transition from small ELMs to ELM-free H-mode,
resulting in a longer phase without ELMs. Moreover, this was accom-
panied by higher density increase at slightly lower edge ion tempera-
ture in DT plasmas (see Fig. 7). Therefore, as a consequence, the edge
radiation which was estimated from channel 2 of the vertical bolome-
ter camera (unaffected by TIM15) was higher in DT pulses during the
ELM-free phase. In turn, in the case of D plasmas, P 4qcdqe Was not
only lower than in DT references but also very comparable in the two

Phys. Plasmas 31, 052506 (2024); doi: 10.1063/5.0207200
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100822 (D),

7.0 7.5 8.0 85 9.0
time [s]

FIG. 7. Waveforms for D (#100 822 and #100878) and DT (#99 914 and #99 950)
pulses, showing from the top: heating power, the gas request rate, the total radiated
power, the line integrated edge density, the edge ion temperature from CXRS at
Rmej=3.72 m. and the edge line averaged radiation from a vertical bolometer chan-
nel. The gray vertical bar denotes the ELM-free phase.

pulses studied, namely, #100 822 and #100 878. On the other hand, in
the H-mode access phase (up to t~7.75 s), Iy appears to be almost
comparable in all investigated pulses, as illustrated in Fig. 9. In turn, as
can be also seen, radiation from Ni takes similar values in both, D
(#100878) and DT (#99950) plasmas. Moreover P.q4n; remains
almost constant for the entire H-mode access phase. However, what
should be noted, the significant difference in Ni radiated power
between two DT pulses—#99 914 and #99 950 was also observed.

In DT pulse #99 914, noticeably lower radiation from Ni com-
pared to another DT plasmas #99 950 has been linked to the delayed
start of ICRH heating (Fig. 10) since Ni impurities at JET are associ-
ated with the operation of ICRH antennas.'® Moreover, this was fur-
ther confirmed by the fact that at t~ 7.6 s (time point associated with
the ELM-free phase and the observed difference in P,,4 x;), comparable
electron density profiles for both DT pulses (#99914 and #99 950)

ARTICLE pubs.aip.org/aip/pop
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FIG. 8. Waveforms for D (#100822 and #100878) and DT (#99914 and #99 950)
pulses in the H-mode access phase showing D,/T,, emission.

between Rpnaj=3.6 and 3.8 m, where Ni was measured, are observed
(Fig. 11). It was therefore possible to exclude the influence of density
on the radiation from Ni.

Given the above, it can be concluded that in DT plasmas, slightly
earlier transition from small ELMs to ELM-free H-mode as well as a
longer phase may have led to the observed higher edge radiation in
comparison to D plasmas.

B. Engineering match with deuterium and
deuterium-tritium plasmas—Initial and steady ELMy
H-mode phase

To establish high-performance pulse, it is necessary to achieve a
steady H-mode phase (characterized by regular type I ELMs in high
confinement mode) with high ion temperature and with no gradual
increase in radiation at the same time. Therefore, the main aspects of a
stationary high-performance hybrid discharge optimization, in partic-
ular, include sufficient high and reproducible NBI and ICRH power, as
well as the appropriate amount of injected gas. As has been observed,
larger input power is needed for high fusion performance. However,
the mentioned performance is very sensitive to NBI power waveform.
Another key factor that can ensure high performance is well-
optimized gas flow. Excessive gas flow may lead to pedestal cooling
and low performance. In this variant, also fast ELMs are observed,
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nickel radiated power (on the bottom) for DT and D plasmas in the H-mode access
phase.
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tom) profiles for DT (#99 914 and #99 950) and D (#100 822 and #100 878) plasmas
at t=7.6 s during the H-mode access. The gray vertical bar denotes the range in
which Ppaq ni Was measured.

which are a positive aspect from the plasma impurity point of view. In
turn, an insufficient amount of gas can also lead to significant decrease
in plasma performance through the possible impurity influx or poten-
tial impurity accumulation. Moreover, ELMs besides gas injection rate,
can be also controlled by other parameters, namely, plasma shape and
strike position, as well as power through separatrix (Py), which is
defined as the difference between input power (P;,) and bulk radiated
power (Prudpun)- For plasma discharges in the hybrid scenario, as the
Pyp increases, faster ELMs can be expected as well."” In contrast, for
smaller P, values, slower ELMs and consequently potential accumu-
lation of impurities can be observed.

Figure 12 shows how the ELMs in the analyzed pulses were
changing during the ELMy H-mode phases. It can be seen that ELMs
in DT and D plasmas differ in their amplitude—slightly larger ELMs
in DT pulses in comparison to D [e.g., the average ELM amplitudes in
the time range between 8.25 and 9.5 s are as follows: ~4.33 x 10" ph/
s/st/cm® for #99914 (DT), ~4.74 x 10%° ph/s/sr/cm2 for #99950
(DT), ~3.93 x 10" ph/s/st/cm® for #100822 (D), and ~3.38 x
1015ph/s/sr/cm2 for #100 878 (D)]. Observed difference in ELMs had
also an impact on plasma impurities. As has been proven so far, ELMs
with higher frequency and lower amplitude in hybrid plasmas are

Phys. Plasmas 31, 052506 (2024); doi: 10.1063/5.0207200
© Author(s) 2024

31, 052506-6

00:9% :60 9202 |14dv 62


pubs.aip.org/aip/php

Physics of Plasmas ARTICLE

E—
#99914 (DT) ]

A A
N oo
L
1

0 -. 1 " 1 " 1 n 1 "
i ——#99950 (DT) |

0 -. 1 L 1 " 1 I 1 I
i ——#100822 (D) |

Dao/Ta (10" ph/s/sr/cm?)

0 " 1 n 1 I 1 1 1 1
i ——#100878 (D) ]

-
oo
ML

8,0 8,5 9,0 9,5 10,0

Time (s)

FIG. 12. Waveforms for D (#100 822 and #100 878) and DT (#99 914 and #99 950)
pulses in the H-mode phase showing D,/T, emission.

responsible for the effective impurity flushing.”” In practice, this
means that, among other things, ELMs with lower amplitude flush out
more W and, thus, leads to a reduction in the radiated power.
Therefore, it can be stated that flushing action of the ELMs (especially
in the context of W) is crucial for the control of radiation. As illus-
trated in Fig. 13, during the H-mode phase, P4 otah Praani as well as
Iy values were noticeably higher for DT pulses. Moreover, in analyzed
pulses, W and Ni were the largest contributors to the total radiated
power; however, the contribution from Ni is much smaller in compari-
son to W and does not exceed 12% of P4 0ra- What is additionally
important in terms of impurities control, both P,qx; and Iy values
were almost stable during the entire H-mode phase in both investi-
gated plasmas mixtures (D and DT). Thereby, no impurity accumula-
tion was observed in any of the pulses under study. The provided
observations on plasma impurities are also consistent with the fact that
during the H-mode phase, in the case of DT plasmas, slightly higher
edge density at the lower edge ion temperature was also visible (see
Fig. 7) Moreover, not without significance is the fact that, as already
shown in Sec. III A, DT plasmas exhibited slightly earlier transition
from small ELMs to ELM-free H-mode, which also influenced
increased plasma radiation in the H-mode phase.

IV. ENGINEERING MATCH WITH DEUTERIUM AND
TRITIUM PLASMAS

As the analysis described in Sec. 11 shows, with the higher isotope
mass (D vs DT), it may be more difficult to control plasma radiation
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FIG. 13. Time traces of the Pt (0N the top), intensity of the W-ion
(W™+—W3+) and nickel radiated power (on the bottom) for DT and D plasmas in
the H-mode phase.

in both phases—the H-mode access and the H-mode. Here, a compari-
son of the two pulses, one in D and the other in T, in terms of impurity
behavior will be presented. The investigated pulses were characterized
by the same engineering parameters and were performed at By ~ 3.4
T and I, ~ 2.3 MA, with P;, = 31 MW. As can be seen from Fig. 14,
the gas request waveforms for these two pulses are slightly different.
This, in turn, is due to the reduced flow speed of T compared to D in
the gas pipes.” For this reason, the gas request waveform for the D
pulse has been adjusted in terms of slower T flow speed. Therefore,
there was no delay in the arrival time of the gas in the presented
pulses.

As in the previous analysis in Sec. 111 A, the study started with a
comparison of the transition from small ELMs to ELM-free H-mode
in D and T. As can be seen from Fig. 15, the ELM-free phase had
started earlier in the T pulse, which was expected due to higher isotope
mass. It can also be observed that in the T pulse there was an earlier
edge density increase with an associated rapid increase in edge radia-
tion (Fig. 14). In contrast to this case, in the D pulse, there was a signif-
icantly lower Pyyg.eqge during the ELM-free phase. Moreover, in this
plasmas also lower ncgge at higher Tjeqge (in comparison to T plas-
mas) was observed, which may indicate impurity screening. These
observations are consistent with the results related to the P,qx; and
I, as shown in Fig. 16. As can be seen, in T plasmas from t~7.4 to
t~7.8 s (ELM-free phase), there is a gradual increase in P, ,qx; and I,
which correlates with the increase in Pygedge- In turn, in D plasmas
from t~7.6 to t~7.8 s (ELM-free phase), P,.qn; behaves almost
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FIG. 14. Waveforms for D (#100854) and T (#99 163) pulses, showing from the
top: heating power, the gas request rate, the total radiated power, the line integrated
edge density, the edge ion temperature from CXRS at R5j=3.72 m, and the edge
line averaged radiation from a vertical bolometer channel. The gray vertical bar
denotes the ELM-free phase.

stable, while in Iy there is some increase, but smaller than in T pulse.
It is also worth noting that radiation from Ni during the H-mode
access phase was higher for T plasmas.

As is presented in Fig. 17, in the steady H-mode phase of ana-
lyzed discharges, there is a noticeable difference in the amplitudes of
the ELMs—larger ELMs in T pulses in comparison to the D pulse [e.g.,
the average ELM amplitudes in the time range between 8.5 and 9.25 s
are ~6.58 x 10'° ph/s/sr/cm? for #99 163 (T) and ~3.91 x 10" ph/s/
sr/cm’® for #100854 (D) pulses]. Thus, also Pragots Praani and Iy
(Fig. 18) values are significantly higher in T plasmas. The increased
radiation in the T pulse compared to D is not only correlated with the
amplitude of the ELMs but may also be a consequence of an earlier
transition from the small ELMs to ELM-free H-mode. On the other
hand, in D pulse, P,gni and Iy (both estimated closer to the plasma
edge) take almost constant values throughout the H-mode phase
which is linked to low and stable Pr,gcqge as well as ELMs amplitude.
Additionally, it was found that in both pulses, the largest contribution
to plasma radiation was from W as well as Ni, but to a much lesser
extent. Furthermore, the results presented in this chapter confirm the
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FIG. 15. Waveforms for D (#100854) and T (#99 163) pulses in the H-mode access
phase showing D,/T,, emission.

observations from Sec. I1I that with the higher isotope mass, control of
plasma radiation seems to be much more difficult. Moreover, it seems
that the timing of the transition to ELM-free phase can determine the
further evolution of the pulse.
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FIG. 16. Time traces of the intensity of the W-ion (W'** — W3>*) (on the top) and
nickel radiated power (on the bottom) for T and D plasmas in the H-mode access
phase.
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FIG. 17. Waveforms for D (#100854) and T (#99 163) pulses in the H-mode phase
showing D,/T,, emission.

V. ACCESS TO H-MODE IN DEUTERIUM AND TRITIUM
PLASMAS

As discussed before, one of the greatest challenges during the
optimization of the H-mode access phase is impurity control, espe-
cially in DT and T plasmas. Since this issue is crucial in view of the
operation of future thermonuclear devices using a plasma mixture that
also contains T, in this section, another comparison of the D pulse
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FIG. 18. Time traces of the intensity of the W-ion (W'** — Wss5.) (on the top) and
nickel radiated power (on the bottom) for T and D plasmas in the H-mode phase.
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with the T pulse is presented. This will provide an example of the pos-
sible undesirable effects due to the higher isotope mass (T) and, thus,
the missing of ELM activity (for a longer time than in D plasmas) in
the H-mode access phase. In the pulses here, in D (#97977) and T
(#99 272), which were performed at I, =2.3 MA and By = 3.45T, the
behavior of plasma impurities and radiation was investigated. As can
be seen in Fig. 19, presented pulses are characterized by almost the
same heating power and gas request waveforms.

Nevertheless, in the case of the T plasmas compared to the D
pulse, several clear differences during the H-mode entry phase can be
observed. First of all, in pulse #99272, there is an earlier transition to
the ELM-free phase and this phase is longer than in D plasmas
(Fig. 20). Moreover, with the appearance of the first dithering ELMs in
T pulse at about t~7.3 s, the first clear differences in n.cqq. between
two pulses studied can be seen (higher neeqqe in T pulse compared to
D). Therefore, the rapid and significant increase in edge radiation con-
sequently leads to edge cooling, which is also consistent with a loss of
impurity screening. As a result of this, increased radiation at the T
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FIG. 19. Waveforms for D (#97 977) and T (#99 272) pulses, showing from the top:
heating power, the gas request rate, the line integrated edge density, the edge ion
temperature from CXRS at R, = 3.72 m, the edge line averaged radiation from a
vertical bolometer channel and D,/T, emission. The magenta and blue vertical lines
denote ELM-free phase in Tand D pulse, respectively.
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FIG. 20. Waveforms for D (#97 977) and T (#99 272) pulses in the H-mode access
phase showing D,/T, emission.

plasma edge in comparison to the D pulse was observed, which is pre-
sented in Fig. 21.

Namely, it can be seen that from t=~7.3 s, which corresponds to
the start of transition from small ELMs to ELM-free H-mode phase, in
T pulse, there is a noticeable increase in radiation from Ni, which is
also in line with the increase in Prag eqge. Then, from t~7.9 s, a greater
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FIG. 21. Time traces of the Prageage (0N the top), intensity of the W-ion (W'"* —
W3) and nickel radiated power (on the bottom) for D and T plasmas in the
H-mode access phase.
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increase in W intensity can be seen, which is also consistent with the
Pradedge While the Ni radiation appears to remain almost constant at
the same time. The observed rapid increase in I, just before the
H-mode phase, which starts in T pulse about t=7.8 s is associated
with a buildup of the density gradient at almost consant and low T;
edge (no T gradient screening). In such conditions, tungsten inward
transport occurs, leading to the large W influx.” In turn, in the case of
the D pulse, it was possible to avoid impurity influxes through the
plasma edge because Tjcqqe increased before the significant necqqe
increases (see Fig. 19). Thus, effective impurity screening was estab-
lished. This effect is also visible in Fig. 21, where Pqni Iw, and Prag,
edge are significantly lower than in T plasmas, and their values remain
almost stable throughout the H-mode access phase. These observations
are also confirmed by tomographic reconstructions performed for
t~7.7 s, which show that the radiated power density is mainly emitted
from the LFS of the plasma and was at least several times higher for T
pulse compared to D discharge (Fig. 22). Also, the radiation profiles,
presented in Fig. 23, for t~~7.7 s, indicate that the radiation at the
plasma edge was significantly higher for T in comparison to D plasma.
It should be emphasized at this point that, despite the constraint men-
tioned in Sec. I, related to the interference of the tomographic recon-
struction by TIM15 operation (concerning mainly the horizontal
bolometer array), the presented accumulation on the LFS (Fig. 22) was
provided by the vertical camera, which was unaffected by TIM15.

VI. CONCLUSIONS

During the recent DT campaign (DTE2) in JET-ILW tokamak
with Be/W wall, high-performance hybrid discharges were carried out,
in which record values of fusion power and energy in steady plasma
conditions were achieved. The highest performance that has been
obtained under the hybrid scenario could only be held for a few sec-
onds, mainly because of gradual impurity accumulation. For this rea-
son, the study of plasma impurities, and no less importantly, their
control during the experiments performed has become one of the
most crucial tasks. The results provided by this paper indicate that
with higher isotope mass, controlling plasma radiation becomes more
challenging. This is especially noticeable in the H-mode access phase,
where an earlier transition from small ELMs to ELM-free H-mode in

t=7.7 s. t=7.7 s.
#97977 D

[kW/m3}
00
#99272 T

Z (m)

2.0 25 3.0 35 2.0 25 3.0 35
R (m) R (m)

FIG. 22. Bolometry reconstructions for D (#97977) and T (#99272) pulses at
t=7.7 s from the H-mode access phase.
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FIG. 23. The flux surface averaged profiles of the radiated density as a function of
the normalized radius for D (#97 977) and T (#999 272) pulses at t="7.7 s from the
H-mode access phase.

DT and T plasmas, can result, for example, in increased radiation at
the plasma edge due to a loss of impurity screening. Then, W and Ni
are the largest contributors to plasma radiation. The situation was dif-
ferent for D pulses, where mainly effective impurity screening was
observed. Its effects can be seen, among other things, in lower P g cdge
and, thus, also lower Iy and P g Similarly, in the H-mode phase,
higher Prdotab Pradni and Iy were observed for plasmas mixtures
with higher isotope mass, namely, in DT pulses in comparison to D, as
well as in T compared to D pulses. Moreover, it was then found that
the largest contribution to the total radiated power came from W and
to a lesser extent from Ni. In addition, the results presented in this
paper show that an earlier transition from small ELMs to ELM-free
H-mode phase may result in an earlier increase in the amount of
impurities. Furthermore, greater Iy, Pr.qni and, in general, Prd otal
during the H-mode phase in DT and T plasmas were also well corre-
lated with the larger amplitude of ELMs.
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