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Previous DT campaigns

DT experiments were carried out 
in:

1991 (PTE - JET)

1994-96 (TFTR – Princeton USA)

and 1997 (DTE1 on JET) achieving 
~16MW of fusion power transiently 
and >4MW in steady state (5 s).

JET DTE1 experiments were 
carried out with CFC-based 
plasma facing components.

One of the results was the large 
retention of tritium in the wall, 
unacceptable for a reactor.

Previous DT campaigns
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Why another JET DT campaign?

• Be-W (ITER-like) wall installed in 
2009-2011.

• Increased NBI power.
• Improved diagnostics (high-

resolution Thomson scattering, 
neutron spectroscopy, several 
cameras).

• Focus on stationarity of 
performance.

• Last opportunity to do DT before 
ITER in 2034.

Rationale for JET DT campaign
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Aims of DTE2

• Demonstrate fusion power up to 15 MW, sustained for 5 s
• Demonstrate integrated radiative scenarios in plasma conditions relevant to 

ITER
• Demonstrate clear alpha particle effects
• Clarify isotope effects on energy and particle transport and explore 

consequences of mixed species plasma
• Address key plasma-wall interaction issues
• Demonstrate RF schemes relevant to ITER D-T operation

• All aspects of DTE2 are interconnected and the high performance scenarios 
integrate the information and the results provided by different research 
areas.

DT campaign Objectives

09/05/2022 8

Luca Garzotti | IoP 48th Annual Plasma 
Physics Conference | 11th – 14th April 2022 | 
Liverpool, UK



Outline

• Rationale for JET DT campaign
• DT campaign Objectives
• Technical/Scientific readiness for DT: 

KPI
• Tritium operation in JET
• Preliminary Scientific Highligths: Plasma 

scenarios

09/05/2022 9



Technical/Scientific readiness for DT: KPI

X Litaudon JET DT Task force meeting| 10th Sept 2020
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Technical/Scientific readiness for DT: KPI

Achieve a stationary fusion plasma with ITER-Like-wall with 
W ~ 50-75MJ, P ~ 10-15MW for 5s fusion fusion 

Assesment of 
DT readiness in 
July 2020
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Technical/Scientific readiness for DT: 2020
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Technical/Scientific readiness for DT: KPI
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Shutdo
wn

Restart H/He 
ops

D ops DT/T 
ops

JET DT campaign schedule

C43

C42

C44

C45

2023

C46 To be determined
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Operational budgets

L Horton| JET GTFM | 12.11.2020 
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Campaign management 

• DTE2, together with T campaign, is the culmination of years of scientific, 
engineering and regulatory preparation at JET 
 unique opportunity 
 we need to create the best scientific output, with strong impact on 
international fusion research

• Campaign will have pulsed-based approach (not sessions), as in T campaigns 
C39T and C40

• No plasma development time in D-T (as in T)

• Planning and control of T-gas (44 bar L daily) and 14 MeV neutron budget (1.5 x 
1021 n for DTE2 campaign) 

 Reference discharges, T-consumption, n-budget required in the 
experimental proposals !

CF Maggi | JET GTFM | 12.11.2020 
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Scenarios for high performance

• High current scenario.
• Good confinement relying on high plasma current (Ip>3.5 MA).
• Referred to as ‘baseline scenario’.

• High β scenario.
• Good confinement predicated on high βp at lower plasma current (Ip <2.5 MA).
• Referred as ‘hybrid scenario’.

• Optimized fuel mix scenario.
• Based on hybrid scenario.
• T rich and D beam to maximise beam target fusion power.
• Optimised for JET.

• Reference scenarios prepared in D and T.

Scenarios for high performance
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Conditions for success
• All scenarios operate in high confinement mode 

(H-mode) exhibiting more or less regular edge 
localized modes (ELMs) expelling particle and heat 
from the plasma in bursts.

• All scenarios rely on high auxiliary heating power.
• All scenarios affected by heavy impurity 

accumulation (mainly W).
• Scenario optimization is a delicate balance 

between operating in condition of optimized 
confinement, high input power and good 
impurity flushing/screening (provided by ELMs 
and neoclassical transport).

• Important physics implication on the plasma 
behaviour in each scenario.

Baseline scenario in D and DT Ip: 3.5 MA
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Baseline scenario results

• Peak fusion power ~8.3 MW.
• 50-50 thermal/beam-target.
• Additional heating power: ~29 MW NBI, 

~4 MW ICRH.
• Ti~Te (7 keV)
• In D-T limited by impurity accumulation 

in a region of the plasma situated on the 
low field side.

96482 D, 99948 DT      3.5 MA / 3.35 T

NBI heating power

Core ion temperature

Core electron temperature

ICRH heating power

t (s)

Baseline scenario results
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Physics of baseline scenario

• High current implies high density.
• Density constantly increasing in T (better 

controlled in D).
• Margin above H-mode power threshold 

reduced.
• ELM impurity flushing becomes less 

effective.
• Impurities concentration and radiation 

increase leading to disruption.

Core density

Radiated power

ELMs (BeII)

ELMs (BeII)

t (s)

96482 D, 99948 DT      3.5 MA / 3.35 T

Transition to low-
confinement mode

Physics of baseline scenario
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Hybrid scenario

• Performed for first time in DT.
• 42 MJ fusion energy produced.
• 40-60 thermal/beam-target. 
• High confinement predicated on high βp 

(lower plasma current).
• Low current implies low density.
• More comfortable power margin above H-

mode power threshold.
• Regular type-I ELMs.

NBI heating power

Core density

Radiated power

Core ion temperature

Core electron temperature

ELMs (BeII)

ELMs (BeII)

97781, 99869               2.3 MA / 3.45 T

t (s)

ICRH heating power

Hybrid scenario
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Physics of hybrid scenario

• Dominant screening of impurity in the 
pedestal as opposed to flushing with ELMs 
(as in baseline).

• Develop access to H-mode to set up 
pedestal impurity screening.

• Temperature gradient favourable.
• Density gradient detrimental.
• Regular ELMs maintain pedestal condition: 

high temperature, low density In D and DT.
• Ti>Te

2.3 MA / 3.4 T

49.0 s < t < 49.5 s

Physics of hybrid scenario
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Principle of optimised fuel mix scenario

• Maximize non-thermal contribution to 
fusion power.

• T plasma heated with D neutral beams. D/
T ratio determined by beam fuelling.

• Maintaining a T rich plasma for a 
sufficient time can be challenging.

D/T ratio

F
us

io
n 

po
w

er
 [

M
W

]

09/05/2022 25

Luca Garzotti | IoP 48th Annual Plasma 
Physics Conference | 11th – 14th April 2022 | 
Liverpool, UK



Optimised fuel mix results

• Hybrid scenario better suited to this 
kind of optimization (low density, 
central NBI deposition).

• D-minority ICRH heating scheme – 
requires high TF,

• Steady high performance T rich plasma 
achieved. 

• 59 MJ fusion energy produced.
• 25/75 thermal/beam target from 

modelling neutron spectra.
• Neutron rate follows closely NBI 

waveform.

NBI heating power

Core density

Radiated power

Core ion temperature

Core electron temperature

ELMs (BeII)

t (s)

ICRH heating power

T concentration
D concentration

99971                              2.5 MA / 3.86 T

neutron rate

Optimised fuel mix results
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Fusion power

• Fusion performance in DTE2 with 
ITER-like wall beyond that of 
DTE1 with C wall.

• High performance sustained for 
5s.

Fusion power
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Comparison with predictions

The results compare well with predictions made using state-of-the-art transport models up 
to the maximum heating power achieved (NBI+ICRH ~34 MW).
Gives us confidence in our capability to predict the plasma behaviour in ITER.

Baseline scenario DTE2

Modelling data from V. Zotta et al. accepted for 
publication in Nucl. Fusion 

Comparison with predictions
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Open questions

• Several aspects of the physics underpinning the behaviour of the different scenarios 
are understood.

• There are open questions for more detailed physics studies:

• Dynamics of the main gas density in D, T and DT and implications for stationarity.

• Impurity build-up and avoidance strategies.

• ELM dynamics (in particular of irregular ELMs typical of high current scenario).

• Effect of MHD (including fast particle induced MHD) on fusion performance.

• More pulses in D to come later in 2022 to finalize the scenario studies.

Open questions (for plasma scenarios)
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Conclusions

• A successful DT campaign was conducted at JET in 2021 thanks to the joint effort of a wide 
team of European scientists.

• Three scenarios were developed for high performance.

• Hybrid and optimised fuel mix gave record performance sustained for 5 s

• Baseline gave performance in line with predictions but could not be sustained for 5 s.

• Several ITER-relevant physics aspects of the scenario development were highlighted during 
the DT campaign and the preparation of the reference shots in D.

• Rich database of plasmas has been collected awaiting in depth analysis, which has just 
started and will last for several months.

Conclusions
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Run-away suppression with the SPI (P. Buratti)
MHD studies in the hybrid scenario on JET (P. Buratti, E. Giovannozzi, G. Pucella)
MHD studies in the baseline scenario on JET (E. Giovannozzi, G. Pucella)
Control of electron temperature profile by using ICRH and RT data coming from Electro Cyclotron Emission (M. Cappelli, M. 
Zerbini)
Fully predictive simulations for moderate beta baseline scenario on JET (V. K. Zotta, R. Gatto, C. Mazzotta, G. Pucella, in 
collaboration with Uni Tor Vergata)
Effects of Ne seeding on performance of JET baseline scenario (S. Gabriellini, V. K. Zotta, R. Gatto, E. Giovannozzi, G. 
Pucella, in collaboration with Uni Tor Vergata)
Integrated Tokamak Scenario simulations using RAPTOR code (C. Piron)
JET neutron camera monitoring/exploitation s (D. Marocco)
JET Compact Neutron Spectrometers monitoring/exploitation (F. Belli)
JET ICRH studies (C. Castaldo)
JET Scrape Off Layer Modelling using SOLEDGE2D (N. Carlevaro)
Runaway Electron beam control in JET (G. Artaserse)
Investigation of differences in Electron Temperatures measurements by ECE and Thomson scatterin in high performance 
DT plasmas (F. Orsitto, L. Senni)
Analysis of isotopic effects on JET polarimetry measurements (F. Orsitto, L. Senni)
Support to JET operational tools and shifts (M. Baruzzo, P. Buratti, M. Zerbini, G.Artaserse, G. Pucella)

• ENEA has participated intensively in the success achieved in the DT campaign, several 
scientific studies were carried out:

ENEA participation (science)
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• In total 20 Session Leader shifts were cover, with extensive preparation work of 
discharge programming as Reference Session Leader for several C40 and C41 
experiments: M18-03, M18-18, M21-09, M21-11, M21-16, M21-21. 11 
Diagnostic coordinator shifts were covered, and 32 MHD expert shifts, 
contributing significantly in the achievement of record Nuclear Fusion energy 
produced in DT pulses.

In 2021 several operational shifts were covered as RDE (Rostered Diagnostic 
Expert) for magnetic diagnostics during Tritium-ops experimental sessions, to 
monitor scientific relevant data acquisition systems KC1E, KC1H, KC1M for 
experimental purposes 

ENEA participation (operation)
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ENEA involvement in DT analysis

• Demonstrate fusion power up to 15 MW, sustained for 5 s
• Integrated Scenario modelling 
• MHD stability of DT Scenarios

• Demonstrate integrated radiative scenarios in plasma conditions relevant 
to ITER (would be a bonus for DTT, to be carried out in future JET Ecp)

• Demonstrate clear alpha particle effects
• Characterization of fusion products
• Alpha particle effects analysis and modelling

• Clarify isotope effects on energy and particle transport and explore 
consequences of mixed species plasma

• Address key plasma-wall interaction issues
• Demonstrate RF schemes relevant to ITER D-T operation

• Validation of ITER-like heating schemes
• Study of RF-induced impurity source

My view on where ENEA could be effective in producing new and interesting results 
from existing DT data (DT analysis and modelling 2022), but beware the EUROfusion 
funds are limited!
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Baseline scenario

Peak fusion power ~8.3 MW.
50-50 thermal/beam-target.
Ti~Te

ELM pacing D pellets inducing compound 
ELMs.
Marginally above L-H power threshold.
In D-T limited by impurity accumulation.

NBI heating power

Core density

Radiated power

Core ion temperature

Core electron temperature

ELMs (BeII)

Stored energy

ELMs (BeII)

t (s)

96482, 99948                      3.5 MA / 3.35 T
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99869

NBI heating power

Core density

Radiated power

Core ion temperature

Core electron temperature

ELMs (BeII)
Stored energy

ELMs (BeII)
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99950
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Comparison to predictions

The results compare well with predictions made using state-of-the-art transport models.
Maximum heating power achieved (NBI+ICRH) ~34 MW.

Experimental point 99948 3.5 MA / 3.3 T

Baseline scenario DTE2

Modelling data from V. Zotta et al. accepted for 
publication in Nucl. Fusion 
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Optimization of q profile

Potential MHD at high beta requires careful tailoring of the current profile.
Transport simulations predicted and experimental evidence confirmed an increased 
hollowness of the temperature profile with isotope mass affecting the evolution of the q 
profile.
Density increase of 20-30% necessary when going from D to T in order to get the same q 
profile at the end of the current ramp.
Fine tuning of fuelling different in D, T and DT. 

A. Ho, APS Plasma Physics division 2021
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