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Speaker: Ernesto Lerche (Ernesto.Lerche EXT@iter.org, ealerche@msn.com )
- Laboratory for Plasma Physics, LPP-ERM/KMS, Brussels, Belgium

- Seconded at ITER Organization, H&CD group, St. Paul lez Durance, France

JET tokamak (2009-2023), WEST (... 2023-2026)

e Plasma scenario development & control

e ‘Specialized’ in heating and fuelling of plasmas (ICRH pilot, expt. coordinator)
» Session leader in JET and WEST (‘tokamak pilot’)

* Modelling: plasma heating (waves, beams, fast-ion interaction, ...)

) :
{_}) EUROfusion

=7

This work has been carried out within the framework of the
EUROfusion Consortium and has received funding from the
Euratom research and training programme 2014-2018 and
2019-2020 under grant agreement No 633053. The views
and opinions expressed herein do not necessarily reflect
those of the European Commission.

Disclaimer: The views and opinions expressed herein do not necessatrily reflect
those of the ITER Organization nor those of the European Commission
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Outline

¢ Brief introduction to thermonuclear fusion

e Auxiliary heating systems in tokamaks (recap)
- Introduction
- Neutral beam injection (NBI)
- lon cyclotron heating (ICRH)
- Electron cyclotron heating (ECRH)

e Overview of JET D-T fusion results

e The role of NBI on JET high performance D-T plasmas
- Impact of NBl on H-mode access
- Impact of NBI on flat-top performance

e Impact of ICRH on D-T plasmas & fusion performance
- H minority heating examples
- He3 minority heating examples
- Fundamental Deuterium and D-NBI heating (D-T fusion record)
- ICRH for impurity control

e Some ITER predictive D-T simulations
- Access to burn-through plasmas
- Impact of ICRH power on fusion performance
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Outline (@)

¢ Brief introduction to thermonuclear fusion
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Introduction (@)

(a-particle, A=4)

Deuterium

(A=2) @

@ Tritium Neutron
e

prompt y-rays (A=3)
e Output neutrons too energetic: e Helium (a-particle) used directly for self-
- Need moderating bars to slow-down and to heating via collisions with D, T ions

control the chain reaction rate
e No long-lived radioactive waste:

- Activation of some internal machine

* Long-lasting radioactive waste: components due to neutrons (10’s of years)
- 1000’s of years

e Strong y-radiation emission (3,o)

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 6



JET
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69\ Fm/ 99- 3.5 MeV

© 141Mev

Tritium Neutron

e D:T mixture is the best option
- Needs E=30-40keV for best fusion performance (hot plasma)

e Intrinsically safe:
- Self-regulating cross-section

e For JET (E, ,~15keV, E,,.,~100keV):

- D-T reactions are split into:
(1) thermonuclear (bulk plasma ions)
(2) beam-target reactions (fast = bulk ions)

¢ In ITER and future reactors:
- Thermonuclear reactions are dominant
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The Lawson criterion for sustained fusion (@)

e Triple product: 77 . Ty . T;

. Magnetic confinement fusion
n = Plasma density (tokamaks)
4 I’ = lon temperature > | - Large temperature (10’s keV)
- i i ~10N20 3
T, =W/P, = Medium density (~10%2%/m3)
- Large T (1-10s)

e Break-even (Q;, =P,/ Py=1)

- Losses are compensated by a-heating

nt, T, >10" keVs/m’ (7> 15keV)

® Ignition (Qqs = Psys/ Py = )

- o-heating alone is enough to sustain the plasma
at high temperatures (P,=0)

nt, T >3.10" keVs/m’ (T, >=20keV)

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 8



But large triple product is difficult to sustain ®)
\=7
Lawson criterion CICLOP database

(Coordination on Int. Challenges on Long duration OPeration)

100 ignition __ reactor conditions P

Q=1 L | ' ' ' ASDEX-Upgrade
@ Qor=0.1 ITER IT-60U JET-C, JT-60U, EHILD
'e 10F JELAELIETS orerp {10005 TFTR, DIII-D JET
3 JT60y Dll-Dg > JT-60U
= JET ® E° OTFTR 10 KSTAR
(=]
~ TFTIRe . oTFTR
S 1}k JLNI-D . TFTR
X AlCCe  1%0  ASDBXU SillD Tore Supra
B oFT ®TORE SUPRA 1980s WEST
3 LHD
£ 0.10} MIEA L asiex, TR W7-X
@ ASDEKS @ bpu-b
= ®PLT oPLT 1 @ EAST
= T10e el : & JET
é 0.01} TFRe S :’(VSE";_";_R

v W7-X
! ]
0.1 1 10 100
temperature (keV) 0.1 |
ST
Good progress at constant .01
performance in full-metal

. . 0.1 1 10 100 1000
devices in the last 5 years High performance duration [s]

X. Litaudon, NF 2024, 2026
E. Lerche, IAEA-FEC 2024
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D-T devices: JET = BEST - ITER - fusion reactor ()

JET volume=80m3 BEST Volume=140 m3 ITER Vvolume=800m3

1,=2-4MA
PIN=_30'4OMW:|» quS=0.2-O.4 . : 5 B
Pfu5_15 MW |P=6-7MA T - & g | ‘ : ',I 2 | B ko
P|N=4O'50MW - ; — A“ - R AN =
Q. >1
s : ,=12-15MA
p=
P,,=80-90MW
Pfus=500MW } qus>5

Size (and I;) matters!
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. . 2\
Energy confinement: IPB98 scaling law i_J)
Scaling law:
o 0.15 0.69,,0.4: 1.39 0.587.0.78
T 1pRos = 0.056 @’ P,” g {1’ a "k )
lasma current N
P . Machine size
o 10N Mass (plasma volume)
- m ASDEX + AUG + START Py
L aD3D * JET v COMPASS I's
= PBXM e PDX = JTEOU A~ . . .
1L o JFT2M * ITER |
I plasma current and plasma volume . JET-2.5MA/3.0T
-
E I o g 7 Py [MW] -
E e Weak dependence on main ion = m "
= 0.1 o 6
 : mass but the power needed toreach o o m
L . n 5 = +
B H-mode (good confinement) depends & ~ = o ol
3 . R = 4 &
& 0ol P on the main ion mass 5 ¥ .
s VI R s 3 e
r | (L-H power threshold) > 3 M DT
o World Wide Data Base o 2 mD
' (13 Devices) lo 2 o T
! £ 1
0.0014 - o T - a5
0.001 0.0 01 1 10 0
Predicted Confinement Time 1 2 3 4 S 6

Plasma density [10'9/m?3]

ITER PHYSICS BASIS EDITORS, Nucl. Fusion 39 (1999)

E. Solano, Nucl. Fusion 2023
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e Auxiliary heating systems in tokamaks
- Introduction
- Neutral beam injection (NBI)
- lon cyclotron heating (ICRH)
- Electron cyclotron heating (ECRH)

Outline
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Spitzer resistivity:

Why the need for auxiliary heating

3 Zﬂzmiﬁ In A

1sp : -~
3 (47eg) kT, )%
10* ' -
——L/a = 3000
a7 L/a = 500
102 e, —DL/a =150 |
—L/a=T75

LAPD regime
10'6 | 1 1
107 107! 10° 10!
T, (eV)

Neoclassical resistivity > Spitzer resistivity

(trapped particles)

Gnmfnsph:

1

When plasma temperature increases, the
plasma becomes less collisional and ohmic

heating becomes less efficient
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Auxiliary heating systems )

e Neutral beam injection (NBI) Radio Frequency Heating
(high density = high energy)

: ICRH
e lon cyclotron heating (ICRH) (30-80MHz)
(coupling + RF sheaths)
ECRH

e Electron cyclotron heating (ECRH) (100-200GHz)

(exact B, polarization)

e Lower hybrid heating (LHCD)
(penetration at high density)

""""" Ohmic Heating
Neutral Beam Injection
NBI

(120 keV JET)

e Alpha particle (self-) heating (1 MeV ITER)

( confinement + He ash)

E. Lerche | IS 2026 | Chengdu | 20-24 Jul 26 | Page 14



Auxiliary heating systems W_J)

e Neutral beam injection (NBI) —
(high density = high energy)

e lon cyclotron heating (ICRH)

(coupling + RF sheaths)

e Alpha particle (self-) heating /

( confinement + He ash)

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 15



e Neutral beam injection (NBI)
(high density = high energy)

e lon cyclotron heating (ICRH)
(coupling + RF sheaths)

e Alpha particle (self-) heating
( confinement + He ash)

Auxiliary heating systems

—> Critical energy: E_. = 14*8Te[kev]mﬁ(z

\
\
~\

Plasma heating by Coulomb collisions of fast ions

plasma

N\

fastion

i

Efast<E

crit

plasma

e

N; Z2

f\rﬁ. m;

(//7‘5
\

2/3
) (JET~200keV)

~

\

Py
%’/
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e Neutral beam injection (NBI)
(high density = high energy)

e lon cyclotron heating (ICRH)
(coupling + RF sheaths)

e Alpha particle (self-) heating
( confinement + He ash)

Auxiliary heating systems

. % Less collisions at
i \ ; high T
. 4"*1.,_.,_. 1 [H} g €
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T, (keV)

Equipartition, T, clamping

* Dominant electron heated plasmas = non-efficient equipartition 2 T, << T,

e “T.clamping” caused by turbulence driven transport (TEM, ETG)

2.5

(a)

L] , L] =

Teo=Tio

EAST (EC+LH)

* EC+LHW (H-mode)
X EC+LHW (L-mode)
A Ohmic heating

------ T, clamping = = -

80725@4.417s

T,',o [keV]

@ Standard (SD) ® Lowiota
High Mirror (HM) 4 SD: neocl. sim. Pgcpy= 4.5 MW
44 ® Highiota ¢ HM: neocl. sim. Pgcpy= 4.5 MW
& A‘
/ A S
o/ !
Y/ o Ny
of ) = "
; Py . A
©
2 A °
1
(a)
0 L] L L)
0 2 4 6 8
Te. 0 [keV]
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T, (keV)

2.5

Equipartition, T, clamping

In EAST, T,= T, can only be recovered with dominant ion heating (NBI)

In W7-X, larger T, obtained with pellet fuelling (but very peaked density profiles)

EAST (EC+LH)

(a)

L] , L] = L]

Teo=Tio

¥ EC+LHW (H-mode)
X EC+LHW (L-mode)
A Ohmic heating "

.......... T, clamping = = 1
80725@4.417s

X MK

2.5

2.0

T, (keV)

1.0

0.5

EAST (EC+NBI)

L (b) @37ss

56933

T / T T N
® Poo/P o 70~100%) °

® Pua/Piota:40~70%
©  Pre/Piotar:10~40%

--------- T, clamping = =
(0]
ooo g "oogo °°°° 00 -
8 (0]
Q
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NBI - recap

Fast neutral beam particles injected across the magnetic field and are ionised in a
given region by interacting with the plasma ions, electrons or neutrons

=» Once charged, the fast ions become trapped in magnetic field and circulate,
transferring energy to plasma ions and electrons by Coulomb collisions

As plasma gets bigger and

denser, higher energies are
needed to penetrate to the

core:

~ 60 keV on MAST,

~ 120 keV on JET,

~1 MeV on ITER

Positively- or negatively-
charged ions are accelerated
and neutralised before
injection in the plasma.

Neutral injector box —

Central support column

Scrapers

dump

Magnet

rull energy

Neutralise

et

\%

r
|

ﬂ

|

n
I

Calorimeter

]

iy
i

ﬂ

\ lon source

Fractional energy
dumps
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Power density [MW/m?3]

1.2

Collisional power

NBI: slowing-down

1.0 -
0.8 -
0.6 -
0.4 -

0.2 -

Total (26.5MW)

- -

electrons

-----

0.2 0.4 0.6 0.8
radial coordinate

1.0

e Energy of injected NB ions is absorbed

by collisions with the bulk plasma
(electrons and )

e [n JET, dominant

(E,...=120keV < E_..~ 200keV)

crit

e In ITER, dominant electron heating
(Eyeam=1MeV > E_..~ 400keV)

crit

Efast<E

crit

fast ion

fast ion
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Power density [MW/m?3]

Mediu

NBI: power deposition

m density (hybrid plasmas)

Collisional power Collisional power

High density (baseline plasmas)

1.2 1 ,
Total (26.5MW) Total (26.7MW)
1.0 - o8}
(ap]
084 — =
\ S 06F electrons]
>
0.6 - | (7
electrons o
© 04
i o
0.4 =
O
oo o
a2 0.2
O ——— S e
0.0 . . . i, 0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1
radial coordinate radial coordinate

At larger plasma density (baseline plasmas), the beam penetration is less
efficient leading to flatter deposition and lower core ion heating

E. Lerche | IS 2026 | Chengdu | 20-24 Jul 26 | Page 22



e A fast wave is launched into the plasma and
propagates towards the centre

e |t is absorbed in a narrow region where ®

e Two possibilities:

% ICRH antennas

wave

ICRH -recap

IORH LA 3rt0en2

-

l\

E{g,qq

“Ju
| i1

e >
-

=,

(1) Wave resonates with a minority species = collisions

(2) Wave resonates directly with one of the fuel ions

mﬁﬁ\}ad

|
]
N

L
p——

R
(Dwave
\\_“_I
i R
l
|
|
| ICRH
antenna

i

JG09.382-2¢

|
I

O = Oy

Absorption
region

We =

lq|B
T

[Jacquet et al, IAEA-FEC 2023]
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ICRH: Coupling vs. absorption )
Coupling Heating efficiency
—> Wave tunnelling through evanescence layer: - Wave absorption in the core:
- antenna-plasma distance - ICRF scenario (IC layer, minority conc., k)
- SOL density - Core plasma profiles

- frequency, k,, spectrum (antenna design, phase)

E. Lerche | IS 2026 | Chengdu | 20-24 Jul 26 | Page 24



ICRH: Coupling vs. absorption )

Coupling

- Wave tunnelling through evanescence layer:

- antenna-plasma distance

- SOL density
- frequency, k,, spectrum (antenna design, phase)

EROG [cm]

GAS [Pa.m “/s]

R, [ohm]

- Without real-time control
- With real-rime control

antenna-plasma
distance

'denshf
'.'1.‘ =, feedback
-

I""""'\.n

10

real-time

-

T local gas

coupling
target

Heating efficiency

- Wave absorption in the core:

- ICRF scenario (IC layer, minority conc., k)
- Core plasma profiles

#99965
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ICRH: Coupling vs. absorption )
Coupling
— Local gas injection = larger RF coupling
Antenna A Antenna C+D
\]:: ~ : -:" “r_" ‘- Antenns B ITER-Like : ﬂ' GIM 11 : 25 E.[q_‘ | M3 E _ﬂ_ ﬂl GIM 11
A [ \frtenna O Gime i AC 5 Gl 4
' \ /2> o B GIM‘{}_ f'nf : | A E‘*I. GIM 3
» Gl 3+4+6 s S R . g::: 43++ﬁ4+5
I e R Bl : : -
— : P : — : :
£ 5 ‘< ¢ E i | "
= A ﬂ- A S, WS -
t t I:E 1 1
A . S o &
SRtV P G
. DIV
s ! 1.5 2 Y 1 15 2
gas rate (e/s) %10~ gas rate (e/s) « 107
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ICRH: Coupling vs. absorption W)
Heating efficiency

- Minority concentration has strong
impact on ICRH heating efficiency

11+ | {.a;

—y

=
.:.5

=
]
|

Heating efficiency

o
(2]
!
&

o
=
T
N E-'--.:-: I - ow --;---- E- . - -

=
en

0.05 0.1 0.15 0.2 0.25

|'||_|fnlnr

=
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0.8

0.6

04

0.2

— Lower k,: T coupling

ICRH: Coupling vs. absorption

ICRH performance: trend on k|,

JET A2 spectra (vacuum)

1

= On0n

KEZL5WT1
,=4.0m7,

/i

L efficiency

K :.--.-t"“"'*—w'\#f‘hl '
\ e S e 0.45
b Pl . . -
. / absorptivity \ ol
L ~ 7 (m—mf ) pal W
FC \k,vr " 0-35¢
A 0.3
\\'\ f’ o
i ?\ i £ 025
! T 02
/ ~
F S 0.15
-y
K ;’ “"'--.. ] 0.1
I ﬁ"h‘ e e _Eku'l.'ld :
! S 0.05f
- ““
I coupling SNl 0
resistance
'_'3—"- 1 L L r
0 6 8 10 12
Kk (mh

— Higher k,: | coupling

T efficiency
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Hydrogen minority
heating (H = 3%):

- Dominant elec. heating

Er.t > E i (Mass=1)

cri

Helium-3 minority
heating (3He = 3%):

- Dominant ion. heating

Ec.: < Eiy (Mass=3)

crit

Power density (MW/m3)

Power density (MW/m3)

ICRH: minority heating = slowing-down

ICRH absorption

1.0

Collisional power

1.0

i Total (4.0MW) Total (4.0MW)
! X 0.8 -
’ E.>F .
H (80%) electrons fast” Lerit
0.6 |
fastion .ion
collisions 0.4 —
> ® elec
021
. I“h = T T T 0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
radial coordinate radial coordinate
Lo ICRH absorption Lo Collisional power
Total (4.0MW) Total (4.0MW)
081 1 0.8 1
061 He (90%) 0.6 Efast Ecrlz‘
fast ion ion
o4 collisions 0’ o — ®
elec
> electrons ® clec
0.2 0.2 4=
0.0 e 0.0 —tmmee SR . :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

radial coordinate

radial coordinate
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Power density (MW/m3)

ICRH is very peaked compared to NBI heating ()
NBI deposition ICRH deposition
1.2 1.0
Total (26.5MW)

" Total (4.0MW)

o

0.6 1 electrons |
0.4 1 electrons

0.4

0.2 1 s <525 T < 0.2 _H\H-".‘_

0.0 , ; . : 0.0 . SEENSSe s :

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
radial coordinate radial coordinate

 Central power densities are comparable despite much less ICRH power

« Expect strong impact of ICRH on the core plasma temperatures
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31

Electron cyclotron resonance heating (ECRH)

Needs a small port.

Can use mirrors to point the beam
where you want it = movable parts in
tokamak

Gyrotrons are delicate beasts. The ITER
design includes development of a 1 MW
gyrotron operating at 170 GHz with a
pulse duration of more than 500 s.

=>» under development in Europe, India,
Japan and Russia

40-60 gyrotrons in ITER (up to 60MW)

ITER midplane launcher

ruiL piuy

Closure Yvaveguid:

BSM Steering mirror

Focusing mirror Shield block

\
\
~\

e
A\

/
\ >
\\_l/
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Power density (MW/m?3)

ECRH is very peaked compared to anything ()
NBI deposition ICRH deposition ECRH deposition
1.0 5 . . . .
Total (26.5MW)
Total (4.0MW) | Total (SMW)
0.8 4t
0.6 M 3l electrons
electrons
0.4V electrons ol
N——. "
-<l 1
L = = 0.2+ ‘\wfl_ Tr : |
B bl TP RS | \ ) !
JAENA
R
: - - - . - 0.0 e Y . 0 - - -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1
radial coordinate radial coordinate

« ECRH power densities are far higher than anything else (narrow deposition)

» Smaller p,,.,s Off-axis (volume effect)
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Heating system functions & capabilities

EC more efficient

IC more efficient

ICRH ECRH NBI
Electron heating yes yes yes
lon heating yes no yes (small device)
no (large device)
Current drive no yes yes
MHD control no yes no
Sawtooth control yes no
Fast ion studies yes no yes
Breakdown yes yes no
Wall conditioning / | yes no
T removal
Boronization Yes* no no

Note: The H&CD system capabilities depend on the system

specifics and plasma conditions
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e Overview of JET D-T fusion results

Outline
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The JET tokamak (Culham, UK) ®)

Volume = 80 m3

: = 4 ol 1 T 1
- (scrape-off layer)
R s - SOL - “
- | A 4
.o I A
| > N
2.0 f .
ﬁ. S [ - s
W \
@ X-point 0
}1 .
1 B Divertor |
targets
" L i 1 i 1
1 2 3 4
e Magnetic field =3-4 T | r [m]

¢ Plasma current = 2-4MA
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The JET tokamak
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The ‘ITER-like’ wall ®

N
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eNew challenges appeared with the JET Be/W metallic wall:
- Plasma-wall interaction with Be (real-time protection for heat loads)
- Divertor sputtering: If W contamination in the plasma core - large radiation

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 37



\
\
Py
z

Past D-T experiments in tokamaks

e
|
b=

25 years since last D-T experiments

- 1991 (PTE - JET) .o (hot-ion mode) /) ieer
* 1994-96 (TFTR — Princeton USA)
« 1997 (DTE1 on JET) g
T 10- :
B (baseline
Main results: & scenario)
* D-T fusion production (14MeV neutrons) é e
- Up to 16 MW transiently L 5 Lewi)
- Pss~4MW for 4sec //W
« Plasma physics effects linked to use of (1"592) \N :
D-T mixture (isotope effects) 8 /./J 1 3
0 . 40 50 6.0
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Deuterium-Tritium Experiments in JET-ILW (@)

\=
Fusion Main ObieCtive: Upgrades (since DTE1)
power
(MW) - ITER-like wall (ILW)
15MW/5s target
15 | _ - Power upgrade
- Diagnostics upgrade

DTE1 /

10 | (1997) 92436: PFUS-EQ Two D-T campaigns:

JET-ILW (2016)
- DTE2 (2021) and DTE3 (2023)
T Emphasis of was on sustained fusion power, not on
: "" peak performance:
0 | \\ . - Initial target = 15MW fusion for 5sec
0o 1 2 3 4 5 6 7

- Final target = 10MW fusion for 5sec
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Best stationary pulses achieved in DTE2

- World record on fusion power / energy in tokamaks achieved in DTE2

50:50 D:T hybrid plasma
e P,y=33MW

e P, =7.4MW (5s)

e Q.= Ps,o/Pn = 0.23 (55)

T-rich hybrid plasma

* P\ =33MW

P, = 10MW (5s)

e Q.= P;,./Pn =0.3(55)

16
b _Trrichplasma ———» 59MJ__|
- (JET-ILW)
[ S e R E—L .
target
gm— ------------------------ F AN~ Ty M - b S —
5 y AU
] — e T
& ! -
S gl DT plasma " WV wute T I
I : : .
z i (JET-ILW). o
Al : _____________ : o ]
: A
N ;
ol | o DI LN
[ I
0 S ; o
46 48 50 52 54
time (s)

(Oscillations due to non-constant input power)
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Highest fusion power pulses in DTE2

—> Some discharges exceeded P; .=10MW for a few seconds but could not be
maintained for 5s (auxiliary power reliability, core impurity accumulation, ...)

50:50 D-T hybrid plasma
e P,y=33MW

* P; . = I0MW (25s)

e Q= P /Py = 0.3 (25)

T-rich hybrid plasma

e P,y=33MW

® P, =12.5MW (2s)

e Q= P;,/P =0.38(25)

16 | |
Tirich plasmaE 5
[ —— ('J ET-ILW )y )
; core |mpur|ty
12 N accumu I:atron """""""" 1
3 f
S 10p b L R i
15 I : 1
Qo ] : 1
| E— ko D_I_pl_asma_________ e S ]
o (  (JET- ILW) ; .
@] 1 ; :
g & B S :L A L A : """""" 7
L i ; L 1
i. : - !
Al ) : \ .................... i
i
‘-
2 S N S 113 =0 R . """""" i
r, : : -
! i i I
0 i I I |
46 48 50 52 54
time (s)

E. Lerche | IS 2026 | Chengdu | 20-24 Jul 26 | Page 41



\
)
z

Additional achievements in DTE3 campaign (2023)

e
(
b=

« DTE3: Previous (DTEZ2) fusion record broken with more ICRH power :
Larger peak power and more energy (better stationarity): P; . =12.5MW (5s), E;,,=69MJ

neutrons
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Fusion power (M) Power (MY\)

Stored energy (MJ)

30

)
o

-
o

DTE2 fusion record exceeded in DTE3 (ICRH) )

#99971 (DTE2) #104522 (DTE3)

.........

________

_______

------ NBI (+2IVIW) -------- .

__________

'
_____

49 50 51 52 53
time (s)

New D-T world-record:
P;,s = 12.5MW for 5s
E;,.=69MJ

Small additional power leads to larger
fusion and better plasma stationarity

- More central elec. heating

— Larger NBI+ICRF synergy
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Power (MYV)
o

Fusion power (MYV)

Stored energy (MJ)

DTE2 fusion record exceeded in DTE3 (ICRH) (@)

#104522 (DTE3)

#99972 (DTE2)

___________

1

NBj matc?hed |

__________________________________________________________________ —

|
47 48 49 50 51 52 53
time (s)

New D-T world-record:
In particular, +1.7MW ICRF allowed for

better stationarity (impurity screening)
and slower NBI slowing-down
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Outline (@)

e The role of NBI on JET high performance D-T plasmas
- Impact of NBl on H-mode access
- Impact of NBI on flat-top performance

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 46



Neutral beam injection (NBI) (@)

2 NBI lines injecting ions in the |, direction (heating + rotation) 2,9

. L3
e Species: H,D, T s
i Pellets
e Power capability =2 x 16 MW = 32MW R ani 2
e Energy of injected ions = 100-120keV Q, S

- Below critical energy - ion heating

Normal beam

- Optimal energy for D-T fusion = significant beam-target reactions
- Beam penetration: ‘S: \
. . . . . 7
—> Peaked absorption at low collisionality (hybrids): T.;>T,, L . beam

. . ° §.
—> Broad absorption in baseline plasmas: T, ~ T,
16MW

N Octant 8 NIB

[King et al, Nucl. Fusion, Special Issue on DTE2 2023]
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Power density [MW/m?3]

- . (7N
Neutral beam injection (NBI) ()
o Collisional power
Total (26.5MW
( ) e Energy of injected NB ions is absorbed
L0 by collisions with the bulk plasma
, (electrons and )
0.8 -
¢ In JET, dominant
0.6 electrons (Ebeam< EcritN 200keV)
0.4 -
— e At large plasma density, beam
0.2 1 [ : penetration is less efficient
""""""""""" (flatter deposition)
0.0 . . . :
0.0 0.2 0.4 0.6 0.8 1.0
T radial coordinate T
Magnetic axis Separatrix

(In ITER, NBI = dominant electron heating)
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Access to H-mode: NBI vs gas (@

by
=2 N\

e

#97781 (D GIMs)

PN

power NBI+RF _ S
total radiation , | .

|

* In best plasmas pedestal

ir;gzﬁzt:d gas GIMs flat-top temperature built up before
strong puff significant density increased to

establish effective impurity

dge densit i
edge density screening (grad T,)

T.(keV) nlix10"m2) gas(x10°%/s) P{MW)

edge electron | | ,_U | 3 _ _
temperature » ELM-free phase is relatively

short, followed by regular type |

ELMs that guarantee edge
impurity control (flushing)

edge ion
temperature
Pedestal screening

edge radiation

Do au) Prag MWM2) TikeV)

O=NW OMN & O 00 AD——NNW TD——NN O=NWHEU OO = = N

| RN
S ELM flushing

47.0 47.5 48.0 48.5

i(s)
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we [10°mM™] Gas [10%e/s]

O—= PN WHEDICD 0 © U OD— PN WA TD— M W A ITD — N W SO
1] I ™ T

, P rad,eage [(M
o s o e MY g kev ...

Srlllll'.

Access to H-mode: Optimal gas ‘slug’ vs NBI onset @ @)
\=Z \=7

#100822 (D) #100834 (D) #100836 (D)

* A gas puff (‘slug’) is needed for an optimal H-
mode entry: transition from hot ion pedestal phase

WPt
] (ELM-free) to the type | ELMy regime (flat-top)

=
T

. e * It has to be well synchronized with the application
early gas P !ma gas _ ]
in DT late gas of NBI power

gas .
1 v ;
- ; ' { Too early gas slug:
Edge Ne | *Earlyincrease of the plasma density, Low pedestal T;
1 (sometimes impurity influx), delay to reach high fusion

: performance
Pedestal T, j
; | Too late gas slug:
C ' ' ' 1. Large pedestal T, but too long ELM-free phase,
- Edge radiation i uncontrolled edge radiation (impurity influx)
. : Optimal gas slug:
Neutron rate | e+ large pedestal T, (comparable to late gas), short ELM-free
1 phase, edge impurity screening, good fusion performance
{1 reached early
65 470 475 480 485 490 495

-

Time (s)
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Edge impurity screening (Ti) (@)

» High performance plasmas with sufficiently hot pedestal
feature inter-ELM edge impurity screening

Strong T, gradients outside the pedestal
region ‘block’ impurity influx from SOL

5

P

w

Strong VT, |
pedestal

Temperature (keV)
r

—
T

85 06 07 o08 09 1 14
radial coordinate
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78 7a)
ELMy H-mode phase: NBI power level O )

#99950 (ref.)

D:T hybrid discharges

#99914

...............

MW
o o

......................................................

-
o

.......................................

Power (MY\)

o

gas (1 02 e/s)

o

.......................

-
o

Pfus (M“N)
3]

-
oo

-
o

Wi, (MJ)
[8)]

o

)
o

Prad (M“N)
=

time (s)

Fusion power (MW)

12 : ' : : :

—
o

—————————————————————————————————————————————————————————

(00]

_________________________________________________

6%

0 i i i
10 15 20 25 30 35 40
Input power (MW)

e Large input power is needed for high

fusion performance
(ion heating, beam target reactions)

e Steep dependence at high P,

e Performance is very sensitive to NBI
power waveform (and power level)
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Power (M)

gas (1 02293'3)

Pfus (M“N)

—

o

-
o

w

euv= 40Hz / 25Hz

48 49 50 51
time (s)

#99950 (ref.)
#99868

e~ e~
a\ (17N

e Ragged NBI input kills plasma performance

= impurity influx, cold pedestal, slow ELMs,
core W accumulation, emergency stop

e More gas can be used to drive faser
ELMs and avoiding core W
accumulation but pedestal remains
cold and performance is poor

(safety net on ELM frequency)
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ELMy H-mode phase: Gas injection level

#99950 (ref.)

D:T hybrid discharges

#99594
30 F = | T ) A — — -
g | ;
é 20+ P.dg .................................... _|
0] SSCISE S U N S I - —
o
o
| ] | | |
T T T T T =

gas (1 Ozzefs)
I

= 40Hz > 60Hz

47 48 49 50 51 52
time (s)

e Fast ELM'’s (good for stationarity)

CXRS (49.5s)

e Too much gas kills plasma performance
(pedestal + core degradation)

#99950

________________________________________________________________________

...................................

e~ e~
a\ (7N
x
=
©
o
o
(]
(V5]
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Edge localized modes (ELMs)
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e
{
=

18 Optimal ELM frequency

357 | | |

e ELMs play a key role in the plasma N
performance and stationarity . ___la__rg_e______; ___________________________ S edes;a| ________________ _

- Too slow ELMs = less efficient o radiation egradation ;

impurity flushing (radiation) £ ; :
§ i R L e B e .

- Too fast ELMs = degradation of the — \@b

pedestal and core performance =
7 ESSRS NS S SRS A .

a @

s . O s

o © 0 i

15 i | o

0 20 60 80 100

Important to control ELMs for good
and stable plasma performance

ELM frequency (Hz)
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Outline (@)

e Impact of ICRH on D-T plasmas & fusion performance
- H minority heating examples
- He3 minority heating examples
- Fundamental Deuterium and DNBI heating (D-T fusion record)
- ICRH for impurity control
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lon cyclotron resonance heating (ICRH) ()
IORH LA :r?j\% ‘ B
= A 1
=l "R
— ’ Oyave
1 ~—
= i
— | ICRH
| antenna
% ICRH antennas \ﬂ m'
. L o UU R
oo Y
T ® = Oy
e A fast wave is launched into the plasma and
propagates towards the centre § Absorption
* |t is absorbed in a narrow region where o, . = ®. : eaen
N q|B
e Two possibilities: W, = ——
m

(1) Wave resonates with a minority species = collisions
(2) Wave resonates directly with one of the fuel ions
[Jacquet et al, IAEA-FEC 2023]
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Different ICRH schemes tested in D-T @)
N=1H/N=2D (N=13He)/ N=2T N=1D
Bo=3.4T / f=51 MHZ Bo=3.4T/ f—33MHZ Bo=3.8T / f=29MHz
— : : ’ ;
Mostly used T | A~ ITER 2 ITER
1.5p 15k
AtDng il L A P L +Dpp)
5 |
< 05} - 05} a
- _ :QC,' _ -
N E o} ™ s o >
= ‘|T|
05 - 05F
o
§li g ! = -
¥ i
15 -1.5-% Z|
5 25 3 a5 25 25 3 35 4 22 25 3 35 4
R(m) R(m) R(m)

ICRF electron heating

Dominant ion heating

Dominant ion heating +
Ds,; fusion enhancement

® 3-jon ICRH schemes [v kazakov, this conference]
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Z(m)

Fundamental H and N=2 D, , +D,,; heating ®)

N=1H/N=2D

Bo=3.4T / f==51MHz

N=1H/N=2D
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Fundamental H and N=2 D, +D,,; heating (@

N=1H/N=2D

2ﬁ
1.5}
1+ (]
N
I
05" <
X
or W
2

Bo=3.4T / f==51MHz

n,=8e19/m3, T,/T.=8/10keV

50%D:50%T, 2%D

nbi’

, 2%H,

04

0.35¢--

<
w

0.25}-

0.15¢--

power absorption (a.u.)
o
I

o
-

0.05}-

1 O
—

'
—— ]k ke k-
1 ' 1

(SPA=0.98)

S elec (21%)

_________________________________

1
i
i
— D (25%) : ]
— T{1%) i !
—— D-nbi (7% |--F A o
—— T-nhi {1%) : : |
— H4e%) | K1Y Lo P
Be (0%) D:bu"( ]
' s i
NSRS SRV | N P S U .
: :
' 1
' 1
S Saehl SUEESTERRCPRSS B BUPE X SeEERER TR Lo
' 1
: E i
--"""""i"Dnbr-" [ARAR] [ AERRERRELAEEEELEEERS ;*
: \ ..-..._\_‘_:} elec !
SRR SRR » S S AL Sagonnomoee L
E “‘\ :
1 b 1
P et
-05 0 0.5 1

R-R, (m)

« Strong SPA
* Dominant H heating:

H=45%

(Doui = 25%; D =7%)
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power fractions

= i 7N
Fundamental H and N=2 D, +D,,; heating O
n,=8e19/m3, T./T=8/10keV Collisional power redistribution for H min.
. o = 3 =5%
1 D:T, 2%D,.,,;, , H scan, N (Pgens=0-7MW/m3 at X[H]=5%) Efasz>Ecrit
SPA 7\‘\— / (H) fast ion .ion
SRS SO S N - ®
0.8 5 T~ ® elec
Y — 0% AR L S S o
< of E :
04 - - J ---------------- Efast ECViZ
. elec
02{;1 _EEL-.-:_-a:_-_-_:@_'_:if_'ﬁ'_'f_-_?:f_f: ? fast I: / .Ion
® elec
o teg—p—e—d-t-—5 88 —% R
0 5 10 15 20 0 5 10 15 20
H concentration (%) H concentration (%)
» Always good absorption * Dominant electron heating from
« Dominant N=2 D, +D,, heating H minority up to X[H] ~ 7%:
for X[H]<2%: * When dominant N=2 D absorption,
- Enhanced DD neutrons electron heating is still important
> Fast (MeV) D ions (fast D ions)
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Fundamental H and N=2 D heating—> experiments

JET-ILW baseline H-mode: B,=2.7T, 1,=2.5MA, P, ,=20MW, f=42.5MHz

B o Oh

Wenng M)
(o ]

‘ — NBI- unr_.r

.................

—_

--= NBIICRH |

................

;M

s

k3

Tu[I {ke\/)

E : !
oy
E g i
EE E )
5 | I i i I
B8 9 10 11 12 13
E. Lerche | 22 _ time (s}

RF Power in Plasmas | Hefei |
16/05/2019 | Page 62

14

7 7 aux

NBI only (84746)

RF+NBI (84744)
LIDAR

(=1179)

o NE!-I -only
| O NBMHICRH |
02 25 3 35
R{m)

* Larger temperature with ICRH

(2keV for 6MW)

* Flatter density (turbulence)

=\
)

~

/
{

Py
\\_//
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H min = 3%

- Strong electron heating

Collisional electron

- Fast H+ ion tails (long sawteeth)

H min ~ 0.5%

- Strong N=2 D acceleration

- Very fast H+ ion tails: sawteeth

completely stabilized

T , (keV)

b

20

n

P (MW)
o

oo O

Wmhd(MJ)
SO =N W s N

O k
\{\E’/) \{\‘“;’//'))

(7]

L= @N=2D |

7 (g) ::' é\"g_ (D @ 3D0keV)
N 400 | . ;-_..,h-‘-_"__ ) B "'1-.‘..- TSR ORI
Y R R R
0 " —
8 9 10 11 12 13 14

time (s) 1] 20-24 Jul 26 | Page 63



Intermezzo: Sawtooth pacing with ICRH

\\
Z
—
\)
)
'l

7 N\ £/ ™\
&=/ &/

- ICRH modulation allows to induce sawtooth crash - Sawtooth pacing

T, (keV)

N=2 MHD

(M)

pla

W

e
P
T

=
—
;

_ JPN89939

48 50 52 54 56

1|:| .....',-...........i............:

JPN899/76

[y 1
0 EFRisahss

50 52 54 Nucl. Fusion 57 (2017) 036027
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Fundamental *He and N=2 T, ,,*+T,,,; heating

N=13He/ N=2T
Bo=3.4T / f=33MHz

T

T

—
Ie‘.

=21

__N=17He/N=

R(m)

ITER reference
(50:50 D:T)
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1.5

0.5

-0.5

N=13He/ N=2T
Bo=3.4T / f=33MHz

Fundamental *He and N=2 T, +T,,. heating

T

T

—
Ig.

]

13He IN=2T

N=

R(m)

3.5

n,=8e19/m3, T,/T,=8/10keV

50%D:50%T, 2%D. , 2%3He,
= ciec (76%) (SP4=93%)§
— D (3%) :
0.8} — gﬂgfﬂagn;. """"""""""""""""""""
— B e
P = O O A

power absorption (a.u.)

» Strong SPA

« Dominant 3He heating:
SHe = 50% (T, = 10%; elec = 25%)
« HFS absorption reduced
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power fractions

Fundamental *He and N=2 T, +T,,,; heating ®)

\=?
n,=8e19/m3, T./T=8/10keV Collisional power redistribution of 3He
D:T, 2%D,,, , 3He scan, (Pgens=0-7MW/m3 at X[3*He]=5%)
0.7; F i Efast Ecrit
3
( He) fast ion .ion
0.6 s
® 05 \ T ® elec
2 0.
= \\
:_‘; 04 o
g D
803
©
2
0(2 0.2 \&\
T )
0.1
ok _ "-G-“?""G“‘?"--e---a
, 0 2 4 6 8 10
He concentration (%) He3 concentration (%)
« Good SPA for X[3He]>1-2% « Dominant ion heating throughout
« Dominant N=1 3He heating » Balanced bulk D and T heating
for X[*He]<1%
» Electron LD and TTMP always
important
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Fundamental *He and N=2 T heating > experiments ®)

JET-ILW: N=1 3He
D plasma with H, 3He and H+3He min. ICRH
(B,=3.4T, f=33/51MHz)

+3
6.4 I : T T 64— ! 1 H! (>I3-!,/e)
: i T s | s o
oelec  TH g fusph ) dons T A
: RO " o : : |
(] """"" 8}": """" ‘.“.%(>3-°) ] """""" i":";f" """ A """""
g . L Al :
R "‘3 """"" CE-] e O P
S ool G AR PHe ol T Ay
[ e . ; o @ : o i
< ST T B (8% P e P
% 5.4‘)';"‘:'"" i “'.“"‘""15';.":: """ i' """""" E """"""" =2 54; ;;iEiﬁ"""‘ "1: """""" e E -------------
- o A A : : = o = ; : o
of o R : : 5) Sl : : (<3 /o)
52 0";;"""5"-‘;:"-'-""1: ------------ R tronososo o § 2 ote--- "r.,..oe """""" T """""""
“'u' n"‘:rt i i i O E ~.~,.... : 3 E
i . feoseneenesd 5p- o R N -
ml o Q"
S — o — 4.8-eeeeen e 0 --------- o RTR R
+83 s 5 6 7 8 453 4 5 6 7 8
Picrh (MW) P\crh MW)

« N=1 3He heating can provide bulk ion heating
if concentration is right

« Combined H+3He min. ICRH provides balanced
electron and ion heating
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Fundamental D, + D,,; heating

ITER alternative
(T-rich)

JET fusion record

1.5

-0.5

-1.5

Bo=3.8T / f=29MHz

N=1D

] ]
e

1T

Tnbi i
*
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i 7N
Fundamental D, + D,,; heating Q)
n,=8e19/m3, T,/T.=8/10keV Bo=3.8T / f=29MHz
15%D:T-rich, 4%D, ., ) D:T scan (4%D,, ) )
0 5 b . (SPA=99%) | Epi™E i
05| b bulkpp .+ —elec (12%) . fast ion @ion
=1 — D45%) |l ®
3 | — TO%) |l
m ! —— D-nbi {20%) |} T e elec
DL | i s M S —— Tnbi (0%)  [i° @
S : — H{0%) ; S
=4 ! Be (13%) |1 S
5 0.3} S -
2 ! ! m
o i i 5
$ 0.2} 2
g || :
o i i
0.1
o) H S !_
1 1

« Strong SPA

* Dominant N=1 D heating:
DbU|k - 450/0, Dnbi=30(y0

« Off-axis

heating

D concentration (%)

« Good SPA up to X[D]=60%
* Dominant N=1 D, .+D,; htg. for X[D]<30%
« Some heating (~20%)
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2 ways to achieve high fusion yield

e
(
b=

Thermonuclear reactions:

- Hot D and hot T ions (T>15-20keV)
- a-heating, requires high performance (good confinement) plasmas

- Working point for steady-state nuclear fusion reactors (ITER, DEMO, CFEDR, ...)

Beam-target reactions:

— Fast D (120keV) colliding with thermal T plasma or fast T (180keV) colliding with thermal D plasma
- Achieved with NBI or ICRH on medium performance plasma

—> Suitable for devices aiming at generating large D-T neutron fluence for material studies (VNS)

(about 50% of the JET fusion yield)
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Beam target D-T fusion cross-section

DT fusion cross section (mz)

27

10

-

o
Iy
@®

I
w

—
oI

-

o
o
=3

Stowingidown +~ Jf'ICRF ‘acceleration

10° 10°

Energy of fast ion (keV)

* D-NBI has optimal energy for D-T
reactions in JET (120keV)

* N=1 ICRH is preferable to tailor the
Deuterium distribution for D-T reactions

O
N4
y ICRH: ©=No,
x 10
5 ; :
D-bulk
g N=1 ICRH
L
2
2
= N=2 ICRH
\:--__Z____
\\‘ﬁ—. --------
0 100 200 300 400 500
E (keV)
6_
A D-beam
5_
% 4 N=1 ICRH
3 4 _
z
59 "/ N=2ICRH
T ol g \\\/ 1
5 -
o » L
1 0 \ e
g Ih""“'---..,,_____ N

o

200 300 400 500
E (keV)

o
—
o
o
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Impact of NBI species and isotope mix on fusion power

L/

/,
A\

6 D:T-beam 6 D-beam
o b7 £3MW b D:T beam:
| =O- Theam-D | .." e _ . .
147" e 14 5 / I,\?I?HD Max. fusion with |
L, | @ total > ICRH: 0| @0y balanced D:T ratio
= ~oay N=tH h LN - For D:T = 50:50
= - S . or . .
| Ry L W — Y s
=B ./. o, N=2D T %4 L3 45% thermonuclear
= 8] 2 = 8 bi”)\, kot 55% beam-target
— .',’ ‘ O\Q/@ v
E e_i \\. 6 \O\Q/ \\i D'beam:
Z - ¢ ‘o d : :
R P adi > K TR a % - Max. fusion with
il o O~ % o8 o o, D:T ratio < 0.3
2 o/ nﬁo“ﬁ’o'}a\:o 2 d” \ Q‘u\qt ' '
T T~ 1 ~ QL _ : T = .
,f -0_,0‘0 o‘u“q\ ,f thermonuclear 3\\‘ W|th DT 2080
0lec@ T O~y U-MM%M% 25% thermonuclear
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 .
D:T ratio D:T ratio 75% beam'target

* T-rich plasmas with D-nbi and N=1 D ICRH allows
maximizing fusion power in JET (‘beam’-target reactions)

» Expect about 3MW of fusion enhancement with SMW |ICRH
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Impact of NBI species and isotope mix on fusion power @
6 D:T-beam 6 D-beam
o b7 £3MW g D:T beam:
| =O- Tbeam-D | _U" .y . .
147" e 14 5 / I,\?IjHD - Max. fusion with |
L, | @ ol ICRH: | 1] o8 balanced D:T ratio
s 3l N=1H o o, - For D:T = 50:50
ST 2o W b B L 3 45% thermonuclear
2 ol s Q';;. ol b?&, ‘\; 55% beam-target
2 . ‘\ \O\Q@ X',
S . 1 % = ‘of’f \e D-beam:
- b‘u,g'gdo‘mn\ ! . TR a, % - Max. fusion with
A N o~ It ‘o 0, q D:T ratio < 0.3
- ’ —g..; _0:_:0- \q o d.r \u\\q“ . . |
/ -0’0...-0" Onu% \ ) thermonuclear \u\\\‘ - W|th DT - 2080
ot'g’ 02 04 06 08 OHT}) °00 02 o4 o6 os \10 2570 thermonuclear
| ~ DTratio | ' ~ DiTratio ' 75% beam-target

* T-rich plasmas with D-nbi and N=1 D ICRH allows
maximizing fusion power in JET (‘beam’-target reactions)

Done prior to the expts.

» Expect about 3MW of fusion enhancement with SMW |ICRH
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W (MJ) TokeVy P o MW)  Power (M)

Ijrad (M“N)

ICRH impact on D-T fusion power

Téo (HRTS)

0 i i i
46 48 50 52 54
time (s)

AP = 4AMW

AP, > 2.5MW
(Qcr1>0.6)

AT,y ~ 2keV

AW, ~ 1MJ

» Excellent RF wave absorption
with N=1 D heating (break-in-slope)

 Fusion power strongly correlated with ICRH power waveform

fast ion
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Neutron enhancement due to ICRH (ETS H&CD modelling)

/
(\\

Fusion power profiles

-
(o4}

P:,s= 9.8MW > 12.3MW (+2.5MW with 4MW ICRH)

NBI+ICRH
1.6 —— therm+ICRH (2.5MW) e
La. — beam-target (9.8MW) thermonuclear: 20%
| — total (12.3MW) ‘beam’-target: 80%
1.2 - .
NBI only Note: In the core (p<0.2), the ratio

‘thermal’ / BT is larger (33 : 67)

=
o
I

——- thermal (1.3MW)
- beam-target (8.5MW)
- total (9.8MW)

o
(o4}
I

|ICRF fusion enhancement:;
* Nicre= 2.9/9.8 = 25%
* Qcre= 2.5/4.0 = 0.62

o
[=)}
I

o
B
I

Fusion power density (MW/m3)

o
M
I

1.0

Prom | Done after the expts.
« Beam-target reactions are dominant but the ICRH enhancement is
stronger on the thermonuclear component in the plasma centre

* Predicted RF fusion enhancement is in very good agreement with
experimental measurements (incl. neutron spectroscopy)
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ICRH effect on fast Deuterium tails

]

Z,
A\

Neutral particle analyzer

N #9996 ETS modelllng
10 : : ' : 1014
L —15%D:85%T

. ——50%D:50%T
=
T

3 ® 10'?

g B

é 1012 g

= 7

S 2

= =

° @ 1010
° '
| ] _

10" o a‘ ‘\ PICRF_O'SMW
1 ! (thermal)
i
1
i i i i i 8 v | |
120 130 140 150 160 170 180 10
Deuterium energy (keV) 0 100 200 300 400
Energy (keV)

* Substantial increase of D, population in E=120-170keV range

« Supported by ETS H&CD modelling
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ICRH effect on D-T neutron spectra @)

Diamond neutron spectrometer

® HKM14 - t=485-40 55
ETS-FoFla-FPaointvolume
— Simple MBI (Gaffay)

#99971

= 800 ICRH

NBI only

7 7.5 8 8.5 9 9.5
Euep (MeV)

* Neutron spectrometry suggests 20-25% thermal contribution to 14MeV neutrons
(75-80% beam-target fusion)

» Spectral broadening of the neutron spectra is consistent with ICRH modelling
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15

(a) E, ,=69MJ
= 10k---f AN b oo -
= E =59MJ
- us
t:n_'E 5
——99971 (DTE2) 3
——104522 (DTE3) "o
o 9f
0 : | : iy
o (HRTS)
0 .
< 15}
3 (c)
= 10
. | . . T 5t .
6 8 10 12 14 16 = (CXRS)
time (s) 0
6 8 10 12 14

time (s)

» Steady NBI power - Larger fusion yield

« Extra 1.5MW of ICRH - Larger fusion enhancement + stationarity (impurity screening)
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Core ion temperature vs input power

e
(
b=

« Core ion temperature increases with total input power (E_;;~150-200keV)
* ICRH scenarios with predominant ion heating feature higher core T, for same input power

Crystal spectrometer (R=3.15m)
14 ! | | : : ;
’  N=1DJCRH | L
| 20:80 D:T (2.5MA) - -

—
(8]
[
L
H

i

—_—
T
I
I
I
I
I
I
I
I
I
I
I
I
|
I
I
I
I
I
I
I
I
I

Jd
]
I
I
I
I
I
I
I
I
I
I
I
|

a
I
I
I
I
I
I
I
I
I
]

N=2TICRH | |
50:50 D:T (2.3MA) .. - -

.
--------------------------- Ll T TEEEE

—
—
I

D ICRH
) 3MA)

Core ion temperature (keV)

—
o
5
N
\

822 24 26 28 30 32 34 36
Total power (MW)
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Overview: Fusion power vs. fuelling rate _J)

* Increased fusion power as gas flow rate is reduced (larger pedestal t
* Improved P;,, with N=2 T ICRH heating at medium gas level (but lower NBI)
» Highest P; in T-rich plasmas with N=1 D ICRH despite higher gas injection,

Fusion power (MWV)

15

—
o

(&)

unstable
%

N=1 D ICRH
20:80 D:T (2.5MA)

unstalble?

N=2 T ICRH

.
.
.
o

' tea,

' .

I A | B AT '

(R 7 ) EEE R LI

' ' e
' '

' '

. N=13He (>3%) ICRH
 50:50 D:T (23MA)

............. []'] 50::50 D:T (2.3MA)

1.4

1.6 1.8
flat-top gas flow (e/s)

x 10

unstable = Slow ELM’s, imp. accumul.

Less core electron heating =
Higher gas flow threshold for
stationarity:

N=2 T ICRH:
- Marginal core electron heating ?

N=1 D ICRH:

- Higher | (needs more gas)
- Marginal core electron heating?
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VNS example
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Core impurity accumulation

=N
)
\\_/’l
=

\=Z
35 . 99972 Radiation (bolometer tomography)
30 - W HHnputipower—- B Aot
25 | ____________________________________________ ]
gzo T T PR STy -
5 15 Fusionpower L. _
(=} . h —_
o _ E
10F---- ¥ | . A, .| 4. SRR N N i -—
/ r-4
B | e N |
; Radiation [ e, :
4 1 I L e
0E | |
15
< Centfral density
L L SR — “E
2 E
© ; g
o : : =
& gl [ Centralelec wa = | i |2
C témperature! A
0 | | | |

48 50 52 54
time (s)

* Core radiation = lower T, = more radiation = hollow T,

2 25 3 35
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(No) Core impurity accumulation

a5 | | ! 995!»)71

30 - sl |

25 F |- g Irfaput.poweré ................... .

P L S S —— -

g 15 --------?-Fusien-pe\f/ver--------------ir -------------------- -
oL | /ﬂ‘ : ' E
-

Temperature (keV)
Density (10'%/m°)

temperature

ol | |
48 50 52 54
time (s)

e Radiation roughly constant; kept in the outer
part of the plasma =2 T, profile stays peaked

Radiation (bolometer tomography)
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Core impurity control using ICRH

e D-D Neon seeded baseline discharge (2.7T/2.5MA)

9 10 11 12 13 14 15 16

:....i...:....‘l...:.. ......
' ' ICRH :
N T e S
:,"'MI A T (LRI

= NBl-only 5 :
oo = = NBIICRH }-i---o-i )

time (s)

bulk (MW)

prad

SXB/T - core

a

Z(m)

—_
o

—
Lo ]
T

1.0 1.5

05

.05

o
T

[ T R =

Q P i i i i i
~ NBI only / - NBI+ICRH

[Lerche, Nucl. Fusion 2016]

» Central ICRH is key for impurity control in high performance JET plasmas (elec. heating)
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Outline

¢ Brief introduction to thermonuclear fusion

e Auxiliary heating systems in tokamaks
- Introduction
- Neutral beam injection (NBI)
- lon cyclotron heating (ICRH)
- Electron cyclotron heating (ECRH)

e Overview of JET D-T fusion results

e The role of NBI on JET high performance D-T plasmas
- Impact of NBl on H-mode access
- Impact of NBI on flat-top performance

e Impact of ICRH on D-T plasmas & fusion performance
- H minority heating examples
- He3 minority heating examples
- Fundamental Deuterium and DNBI heating (D-T fusion record)
- ICRH for impurity control

e Some ITER predictive D-T simulations
- Access to burn-through plasmas
- Impact of ICRH power on fusion performance
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)

e
|
b=

1) Initiation  2) Ramp-up 3) Flattop 4) Termination

B |p [MA] Kim, NF (2018) .
15 --- -

10k <n.,> [1019 m™3] L ]

5

140

— -
o J
o o

o
=]

=
=]

Powers [MW]

b
=)

Courtesy of M. Schneider

n
=]

=

10 20 30 40 50 60 70 80 90 100 Time(s) 480 500 520 540 560 580 600 B20
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)

e
|
b=

1) Initiation  2) Ramp-up 3) Flattop 4) Termination

| | .
| Kim, NF (2018) -
ECH for breakdown and ' [MA] _—

burnthrough assist <n > [1099 m?] ]

ER V) —-— e - -

5

140

120

)
L]

o
=]

=
=]

Powers [MW]

b
=)

Courtesy of M. Schneider

n
=]

=

10 20 30 40 50 60 70 80 90 100 Time(s) 480 500 520 540 560 580 600 B20
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)

e
|
b=

1) Initiation  2) Ramp-up 3) Flattop 4) Termination

B |p [MA] Kim, NF (2018) .
15 --- -

<n.,> [1019 m™3]

10
5k

wf 7 JASSREE N S

Increase current while keeping low
density / high T, (reduced flux
consumption) and low W core
concentration - ECH

> B0}

Pow

| - Courtesy of M. Schneider

20 | __—

10 20 30 40 50 60 70 80 90 100 Time(s) 480 500 520 540 560 580 600 B20
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)

(/ p=
|
=

b
=)

1) Initiation  2) Ramp-up 3) Flattop 4) Termination
B |p [MA] Kim, NF (2018) .
15 .
10 7
5 i
140
120} Reach high plasma
Emu' performance / high gain
S | — NBI+ICRH heating
» | —> MHD, impurity control
2 60 —
E | _ﬁ—‘lhkh H‘_\\‘

- — \w\;—'\\ i Courtesy of M. Schneider

_| —

n
=]

=

1 i 'l 1 Il 1 i 1 i i I'n i
10 20 30 40 50 60 70 80 90 100 Time(s) 480 500 520 540 560 580 600 B20
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)

,
(C
\\_
P —

1) Initiation  2) Ramp-up 3) Flattop 4) Termination
i | [MA] Kim, NF (2018) A
15 | P o= |
10 : <n.,> [1019 m™3] :

5

140

Control plasma energy
decrease during H-mode
exit to avoid wall contact
Control particle exhaust
ECH to avoid impurities

— -
o J
o o

o
=]

Powers [MW]
(8]
. =

b
=)

n
=]

Courtesy of M. Schneider
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Heating mix and fusion gain

1
Ve
\\—
=

Paux [MW]

\=*
+ Build-up of alpha heating is essential to access burn plasma conditions
« Density ramp should not be too fast = Tailoring P, /<n.> is critical
« Too fast n, ramp = Ti drops = Alpha heating drops > No H-mode access
ITER 15 MA 5.3 T DT max(Paux)=70 MW ~0.9ncw frad. core = 30% [Yoon IAEA FEC 2026]
70 (@) 100 '-.‘ /\_J\bv 00l — EConly
60 o "1, —— EC+NB
500f —— EC+NB+IC
50 _ 80 —— NB+IC
w0 S = 400
= = C
—— EC only é—"so EC only 300 ©
30 EC+NB 3 EC+NB N
20 - —— EC+NB+IC 40 EC+NB+IC 200
—— NB+IC NB+IC
. / 100
o 20 0
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250

Time [s] Time [s] Time [s]

« ECRH only needs slow density ramp for equipartition to take place (larger T,) to ensure large fusion
power in the flat-top phase

+ NBI+ICH based scenarios allow for higher fusion gain (due to more ion heating)

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 92



\
\
Py
z

ITER modelling: D-T shot=53301

JINTRAC (run 80)
ETS H&CD (verification using JINTRAC transport coefficients)

e
|
b=

NBI ECRH ICRH
) | 35
ol 33MW 37MW 0.04
30 - ICRH=0
25
25 - 0.02 A
20
2 =204 3 0.00-
£ 151 H g, e
15 i
17MW
10 —0.02 1
10 i
5 ~
run 81: input (JINTRAC) 54 —0.04 A
04 * run 10080: simpletransp - »
0 100 200 300 0 100 200 300 0 100 200 300
NBI+EC+IC ALPHA
70 0 -
100 1 <100MW
60
| —10 -
il | 80
— 40 - — 60 = —
- : :
Z 30 | Flat-top |= =
I N 40
= —30 A
20
10
/J —40
0 - 0+
0 100 200 300 0 100 200 300 0 100 200 300
Time [s] Time [s] Time [s]
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ITER modelling: D-T shot=53301

JINTRAC (run 80)

ETS H&CD (verification using JINTRAC transport coefficients)

1e20 Electron density 1e20 lon density (D+T)
1.4 1.2 4
1.2 - 104
1.0 - - ;
imposed 0.8 1 imposed
= = €7
= 0.6 - =
0.4 -
0.4 -
0.2 1 run 81: input (JINTRAC) 0.2
e run 10080: simpletransp
0 100 200 300 0 100 200 300
Electron temperature lon temperature (D=T)
35 1 55 4
30 -
Flat-top 20 1
25 >
< 20 1 = 151
Y k-
154 101
o calculated calculated
5 -
5 -
0~ T T T T 0 T T T T
0 100 200 300 0 100 200 300
Time [s] Time [s]

Perfect agreement
(by definition)

D-T FUSION
500 -
400 -
300 - u

calculated
200 -
100
O -

0 100 200 300

Time [s]

\
\
~\

(//7‘5
A\

~

\

Py
%’/
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ITER modelling: P;

shot=53301, run_in=481, run_out=8481,

crh

= 0MW

time=300.0,

Bo=5.3T /Ip=15MA Pnbi=33.0MW, Pecrh= 8.5MW, Picrh= 0.0MW, Palpha=110.7MW, Prad=-40.4MW

T [keV]

power density [MW/m3]

Electrons Tritium
) I A
17.5 4 n ——- initial 17.5 ——- initial
--?p.\ —— final [~y - final
15.0 - - "-:\ ----- original H 15.0 011 original
N g '?'.\
12.5 - e 12.5 v
. N
[l ™
10.0 4 - 10.0 - N
3 e
i .3
% a
7.5 S 7.5 1 Sy
N\ h"h
~, -,
5.0 - :, 5.0 1 :
2.5 1 2.5 4
O.D T T T T T O.D T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Electrons Tritium
total (81.5MW) | p 124 = — total (16.5MW)
nbi (25.7MW) — nbi { 3.6MW)
ecrh ( 8.5MW) 0.10 4 ecrh ( 0.0MW)
icrh { 0.0MW) —-= Jcrh { 0.0MW)
alpha (84.9MW) | g pg - alpha (12.9MW)
rad (-40.4MW) rad { 0.0MW)
0.06 1
0.04 4
0.02 4
0.00 4 Bt ==
T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Deuterium
17.5 - === |nitial
_“-.\ final
15.0 "“.‘%._ﬁ ----- original
2,
12.5 1 g
‘.‘\.
i
10.0 1 N
Y
Y
i R
7.5 ‘h“‘-\
"l.\‘
5.0 1
2.5 1
0.0 T T T T
0.0 0.5 1.0 1.5 2.0
Deuterium
0.12 4+ —— total (16.5MW)
— nbi { 3.6MW)
0.10 4 ecrh '[ D.GMW}
—-= icrh { 0.0MW)
oog 4\ e alpha (12.9MW)
rad ( 0.0MW)
0.06 1
0.04 -
0.02 -
0.00 + F=———————t—— =

T. <reference
A

Very low ion heating
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T [keV]

power density [MW/m3]

20.0

ITER modelling: P;

shot=53301,

Electrons

5 —== Initial
17.5 A \.\ final

15.0 4 %

12.5 RN

10.0 N

7.5 4 .t
5.0 1

2.5 4

0.0 T

o --=-- griginal

T
0.0 0.5 1.0 1.5

Electrons

nbi (25.7MW)
ecrh { 8.5MW)
icrh { 3.9MW)

total (85.3MW)

alpha (84.9MW)
rad (-40.4MW)

crh

run_in=481,

= 10MW (reference)

run_out=8481,
Bo=5.3T / Ip=15MA Pnbi=33.0MW, Pecrh= 8.5MW, Picrh=10.0MW, Palpha=110.7MW, Prad=-4(

time=300.0,

Tritium Deuterium
20.0 20.0
=== |nitial === Jnitial
17.5 4 final 17.5 + final
§ iginal I~ original
—* ----- Orl Ina I‘ -----
15.0 N 9 15.0 A M
. )
. .
*, S
12.5 M 12.5 g
=y y
‘\'\ -"\-
10.0 - 10.0 A =
‘\.‘\I ‘\-%N
7.5 4 “‘*-.\ﬂ 7.5 4 "-w-,_"
-.“H‘ "'h,_‘
5.0 ~ 5.0 :
2.5 - 2.5 -
O.D T T T T T 0.0 T T T T .I
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Tritium Deuterium
— total (19.5MW) — total (19.5MW)
0.20 + —— nbi ( 3.6MW) 0.20 1 —— nbi ( 3.6MW)
ecrh ( 0.0MW) ecrh { 0.0MW)
L —-- icrh { 3.1MW) - —-= jcrh { 3.1MwW)
TN e alpha (12.9MW) m - alpha (12.9MW)
rad { 0.0MW) rad ( 0.0MW)
0.10 A 0.10 1
0.05 A 0.05 -
0.00 A 0.00
T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

\
\
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z

e
(
b=

T. = reference
A

Some central ion
heating with ICRH
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ITER modelling: P;

crh

, run_out=8481,

=20MW

time=300.0,

Bo=5.3T / Ip=15MA Pnbi=33.0MW, Pecrh= 8.5MW, Picrh=20.0MW, Palpha=110.7MW, Prad=-40.4MW

T [keV]

power density [MW/m3]

shot=53301, run_in=481
Electrons Tritium
20.0 20.0
R -=—~ initial === initial
17.5 % final 17.5 A 5 final
B R original “ original
15.0 5 15.0 - S
~ N
N -~
12.5 A RN 12.5 - =3
N “
'\.‘ “I._
10.0 N 10.0 |
\”‘. A
7.5 4 “'.“ 7.5 4 "%_
"'-‘.' o -"'h.’.
5.0 5.0 ~
2.5 - 2.5 -
0.0 T T T T T G.D T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Electrons Tritium
—— total (89.2MW) 0.30 —— total (22.6MW)
0.6 1 —— nbi (25.7MW) —— nbi { 3.6MW)
05 ecrh ( 8.5MW) 0.25 ecrh ( 0.0MW)
' —-- icrh { 7.7MW) —-- icrh { 6.1MW)
044l N e alpha (84.9MW) | g204 |\ | eeees alpha (12.9MWw)
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0.1 -
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—— - 0.00 ——————=
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More central ion
heating with ICRH
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[Mw1]

80 1
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20 A

Example of non-iterative ICRH power scan (preliminary)

run 81: simpletransp ICRH=0
run 81: simpletransp ICRH=8MW (default)

run 81: simpletransp ICRH=20MW*
run 81: simpletransp ICRH=30MW*

( *P.,q increased by 33% Py

NBI ECRH
L
: : L
20 - 4
: &
: Z 15 : H
i : : .
‘® run 81: ICRH=0 10 - :
¥  run 81: ICRH=8MW (default) : m
A run 81: ICRH=20MW+* 5 |
¢ run8l: ICRH=30MW*
| ousmpngeg 7 run BL:JINTRAC olm
0 100 200 300 0 100 200 300
NBI+EC+IC ALPHA
POURVVIVIVR 140 -
MO‘ 120 - ‘%
A
SIS oy ""'
yopeeeeeeeeee 4, 100 1 W
[ TR SERILIRIEELLLIYERIN
: oy 80 4 ’!~ﬁi‘.
: AL B
H [ ] =
: Smmmmnemnn | = 60 - ?
¢ ) 4
. 40 4
i Flat-top ’
é —_— 201 :
' ’
Pt 0 { uomssens
0 100 200 300 0 100 200 300
Time [s] Time [s]

[Mw]

Fixed transport coefs!

ICRH 30MW
SRS
20MW
............................... AhasAALAA
SMW
FVTTITITITYYVIVTVIIIIRRRIITIYYY hhhdbinnd
y OMW
0 100 200 300
RAD

W +6. 7MW

+10MW

T T
100 200
Time [s]
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Example of non-iterative ICRH power scan (preliminary)

1e20

run 81: simpletransp ICRH=0

run 81: simpletransp ICRH=8MW (default)
run 81: simpletransp ICRH=20MW*
run 81: simpletransp ICRH=30MW*

Electron density

e

2

/

run 81: ICRH=0

run 81: ICRH=8MW (default)
run 81: ICRH=20MW#*
rungl: ICRH=30MW#*

run 81: JINTRAC

T T T
100 200 300

Electron temperature

L
LF. ._\\‘“‘

BAALMAG VYT
AP

T T
200 300

Time [s]

T
100

1.2 1

lon density (D+T)

1e20
R
¢
4
.n'
Ay
..r?
‘-’
s
T &
Jd
6 160 260 360

lon temperature (D=T)

Flat-top

AT, = 5keV
100
6 160 260 360
Time [s]

-
Ve

\
\
~\

/
(\\'\\

Fixed transport coefs!

From 0 = 30MW ICRH:
T, = 15— 20 keV

P, . = 400 — 600 MW

But ...

- Max. ICRH=20MW in ITER (one antenna)

- Full H&CD / transport simulation needed to
confirm these results

D-T FUSION

700 ~

600 4

500

1

e ol
é APfus =200MWV
&
g Qycr=6-7
Time [s]

2/
—Z
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Conclusions (@)

* Auxiliary heating power is key for achieving high performance discharges in tokamaks, and
each system should be explored in its best role for given conditions

* Engineering: Periodic system maintenance and systematic conditioning is important for
guaranteeing large power levels and reliability

* Physics: Each heating system should be tuned to provide the desired results for a given
plasma scenario (based on prior modelling)

e Never put ‘all your money’ on a single system:

A combination of various heating systems ensures flexibility for
achieving best plasma performance under different conditions
(ion heating, electron heating, current-drive, MHD control,
impurity control, ...
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ELMSs
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. 2\
Edge localized modes (ELMs) ()

e ELMs: MHD instability in the plasma edge that

periodically expulses particles and energy from the
plasma core into the SOL

ELMs in MAST tokamak

Power (MW\)
[\ W
o o

-
o

o

[#2]

Be emission)

L 1
a7 47.5 48 48.5 49 49.5
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Edge localized modes (ELMs)

\
\
Py
z

e
{
=

18 Optimal ELM frequency

357 | | |

e ELMs play a key role in the plasma N
performance and stationarity . ___la__rg_e______; ___________________________ S edes;a| ________________ _

- Too slow ELMs = less efficient o radiation egradation ;

impurity flushing (radiation) £ ; :
§ i R L e B e .

- Too fast ELMs = degradation of the — \@b

pedestal and core performance =
7 ESSRS NS S SRS A .

a @

s . O s

o © 0 i

15 i | o

0 20 60 80 100

Important to control ELMs for good
and stable plasma performance

ELM frequency (Hz)
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ELM freq. (Hz)

= =N
ELM control: Main actuators (@) (&)
\=? \=
Gas injection rate Power (through separatrix)
x  D-D hybrid = ~ DDhbid] Gas pu | |
) 5as puff legacy
O D-Thybrid 4511 O D-Thybrid | i gl —

Perforl:'nance 5 | |
) i | | i : : i gas=(1.35-1.45)x10%%/s
20 | | | | | |
1 1.2 _1_.4 _ 16 1.8 2 27 28 29 30 31 32 33 34
gas injection rate (1/s) x 1022 PSep (MW)

e ELM frequency increases with gas
injection

e Similar in D:D and D:T but low gas
domain not easily reachable in D:T

* ELM frequency increases with P,
e Slightly lower frequency in D:D for

given P, partly due to lower gas but
isotope effects can be at play
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. : : 72 72
ELMs: Key for performance & stationarity ) ()
\=? \=
18
3500 5 5 - 12 -
S ey : O D-T hybrid T S B 7O D-Thybrid |
3 Ix%\ -------------- o | | =
| e} e L] -
- 'I,x R \\\O DD (x80) % x g
= : X\ \ ; e R, -
"q‘; 3] xll ______ xxm‘\ ______________ ] S ® 8& O
= k00 R : T Bl B - e -
© ol : — PO
= : ¢ o Lo : o 0 !
c % - o o 5 I F XAE e B SRS MR i
O ol X L X Of _ x X% 0 |
5 L | Ol o F | )
] ! A ; S )T A + B ]
= 9 AN | i
| ; N e SN S — .
1.5 llx """"""""""""" (ﬁ)*\ """"""" n . : gj Q
x 1 1 | | | 1
< § % 20 40 60 80 100
1 | | : : ELM freq. (Hz)
0 20 40 60 80 100 36

ELM freq. (Hz)

e Optimal for fusion performance vs f
fepv~40Hz (D:T); e, ~30Hz (D:D)

* When ELM’s get too slow, bulk radiation increases
leading to lower core temperature but also lower
P.ep (Which makes things worse ...)

e D:D plasmas have lower radiation (larger P
better performance at lower fg,,

sep) =

x  D-D hybrid
O D-T hybrid

| |
40 60 80 100
ELM freq. (Hz) _. corche | 11S 2026 | Chengdu | 20-24 Jul 26 | Page 106
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ELMs: Relation with pedestal

]
Ve
(

\

~
=

=7
o Edge density (line integ.) Pedestal ion temperature
4 :f :f :f f 4.0 a
o x  D-D hybrid ;
38l i © D-Thybrid |- | x D-D hybrid
0 e — | -T hybrid |-
. i . (intérf.) o D:Thybrld
SSxOO N | ; (CXRS)
ST R %6\ L o ] % ------------------------------------------ N |
e TR T | < AN
5 X o@&? i ' 3 o N\
< I T - LN , T N {1 3 | |
c” xx O Q} ,_% o Qe T
3 xk Xx i O | |
N o A - B x
: : : : 2.0 .
2.8 b I R . « I Q. - @ ’ ’ i
H % o H H
25 | | | | 15 | | | |
0 20 40 60 80 100 0 20 40 60 80 100
ELM freq. (Hz) ELM freq. (Hz)

e Pedestal density increases when ELM frequency is reduced

» Pedestal temperature shows a maximum in ELM frequency (as P
If the ELM frequency gets too low, T; .., degrades

sep);

* D:D pulses feature lower n, .4 at given ELM frequency, so can sustain high
ion temperatures down to lower ELM frequencies (~30Hz)

\
\
)

s
A\

~

\

Py
%’/
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Plasma scenarios
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High performance plasma scenarios (fz})
Baseline scenario Hybrid scenario
- Exploit confinement at high plasma - Medium plasma current (<3MA)
current (>3MA) - Less peaked current profile
- Fully diffused current profile (low shear in the core)
- Moderate 3 regime (P ~2.0): - Exploit confinement in high 3 regime
(more robust to high order MHD) (more sensitive to MHD)
- Medium/high core collisionality - Lower core collisionality
- Difficult NBI penetration - Easy NBI penetration
(wide deposition) (peaked deposition)
-T,~ T, (equipartition) -T,> T, (elec-ion decoupling)
- Needs max. power for high current - Needs max. power for high beta
- Uses gas + pellets to control ELM’s - Uses gas only to control ELM’s
- Neon seeded branch: - Tritium-rich branch:
(divertor heat-load and ELM control) (enhanced beam-target reactions)
8= p__ nksT » Plasma pressure (energy) / magnetic pressure

Pmag  B?/2p0
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The Baseline scenario - overview

1
Ve
\\—
=

/
(ut
A\

JET #99948 3.5MA/3.35T

e Main reference scenario for ITER 2o —— —
—_ - o T e ! Fd
* Solid H-mode entry, efficient ELM Z 20f bulk radiation
control with pellet injection 10F
. . 0 — -
e Slow evolution towards maximum Z osl D2 pellets Be Il outer divertor
= - -
performance (~2sec) é 04l
e High plasma stored energy (~12M)J) ° ook
. . . . 12 -
e T.~ T, (high core collisionality) 5 . _ stored energy .
e Peak fusion power = 8.3MW T "
e Stopped by too high radiation: g_DT fusion power |
— Continuous increase in radiation % ) B .
— Less frequent ELM’s (impurity flushing less - —
effective) g |_electron core temperature i
: . . S HECE)
— Off-axis radiation runaway leading to a T 4L ion temperature (XCS)
plasma disruption 0 ! " I !

8 9 time(s} 10 11

Not enough time with full NBI power and
pellets for optimization in DTE2

[Garzotti et al, Nucl. Fusion 2019]
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The seeded baseline scenario )

JET 25MA/27T
#99464 (without Neon) - #39621 (with Neon)

Integrated scenario with Neon seeding . gg | NBI power L) 5 T l_FH- Pl r
demonstrated for the first time in D-T: S 151 e
— 10 ICRH power
e Well-controlled long pulse 4 Y O e Ty,
- n
e Good plasma energy confinement 15 I” Radiated power WF!
< 10 |
e Large radiation fraction in the X-point % s |
region (not in the core) 0 bome? b
e Divertor heat-load strongly reduced 4 - Stored Energy
=
e ELM'’s partially suppressed without s ,
impurity accumulation 0
G 800 J
o =
S 400 | -
= — vertical divertor surface temperat:l}{ Tile 7 )
u 1 1 1 | 1 1
49 50 51 52 53 5)\
. . . .. ti
Confirms Neon as promising extrinsic ime (s)
radiator for ITER and future reactors Low divertor
temperature

[Giroud et al, Nucl. Fusion, Special Issue on DTE2 2023]
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The Hybrid scenario - overview

e Tested for the first time in D-T

e H-mode entry:
- Edge impurity screening (T, ,.q)

e Flat-top:
- ELM control with gas (imp. flushing)
- Constant radiation throughout

¢ Fast evolution towards maximum
performance (~1s)

e T.> T, (low core collisionality)
e Sustained fusion power for 5s

e Occasional performance degradation
due to core impurity accumulation or
MHD activity

Alternative high performance
scenario for ITER

=0
=N
77 ’\)/\\
>
=z

/
(\\

JET #99869 2.3MA/3.4T

EUMs = 40Hz

__________________________________________________ —

. elec. tem perature

g S gy . S, S —

o | |

|
7 8 9 10 11 12 13 14

time (s)
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The T-rich hybrid scenario - overview

e Tested for the first time ever in H-mode

e Pure D-NBI and fast D ions (ICRH) in
a T-rich plasma for enhancing beam-
target fusion reactions

e H-mode entry:
- Edge impurity screening (T, ,.q)
e Flat-top:
- Fast and small ELM’s (imp. flushing)
- Constant radiation throughout
e T.>> T, (low core collisionality)
e Record fusion power and energy:
- 10MW for 5sec, 12.5MW for 2sec

e Occasional performance degradation
due to core impurity accumulation

\
\
Py
z

e
(
b=

JET #99971 2.5MA/3.8T

Potential scenario for ITER ramp-up
phase or for beam-target dominant
fusion devices

| .
10 11 12 13 14
time (s)
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The Baseline scenario — theoretical predictions

/,
|

15 11 [T T 117 1 [ 11 [T1 T '

| —4& Extrapolation at 3.0 MA/2.8T T |

 —% Extrapolation at3.5 MA/3.3T

. —¥% Extrapolation at 3.8 MA/3.5T
—4¢- Extrapolation at 4.2 MA/3.7 T
--§- Extrapolation at 45 MA /3.7 T

0n Experimental dataat3.5 MA/3.3 T
s
=
Il.:.'
2
D |
20
Good agreement between Simulations confirm that higher
experiments and theoretical power is needed to keep good
predictions for [,=3.5MA performance at higher current

[Maggi et al, Nucl. Fusion, Special Issue on DTE2 2023]
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The Hybrid scenario — theoretical predictions \{\//};;
Hybrid scenario DTEZ2
20 T Ty [T T
I Modelling performed
15 __ before the experiment )
i CRONOS-TGLF |
L JINTRAC-BGB
E‘ - JINTRAC-QLK
= 10 -
EI_E - Experimental data
5t K : .
I 0'1%%
L (-__:l -
—iD Modelling data from J. Garcia et al,
oL .. ©@% ... .. ... .. NucFusion59 (2019086047 |
0 10 20 30 40
P [MW]

Good agreement between experimental results and
theoretical predictions with different models
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