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Speaker: Ernesto Lerche (Ernesto.Lerche EXT@iter.pemlerche@msn.com

- Laboratory for Plasma Physics, {HfM/KMS, Brussels, Belgium
- Seconded at ITER Organization, H&CD group, St. Paul lez Durance, France

JET tokamak (2008 nHOo U 2 2 9-P0R6) 6 X HANAHO

wPlasma scenario development & control
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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 necessarily reflect
those of the ITER Organization nor those of the European Commission
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Outline

wBrief introduction to thermonuclear fusion

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

wOverview of JET-D fusion results

wThe role of NBl on JET high performan€ek fasmas
- Impact of NBI on Hhode access
- Impact of NBI on flatop performance

wimpact of ICRH on-D plasmas & fusion performance
- H minority heating examples
- He® minority heating examples

- Fundamental Deuterium and-BBI heating (B fusion record)

- ICRH for impurity control

wSome ITER predictive Dsimulations
- Access to burthrough plasmas
- Impact of ICRH power on fusion performance
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wBrief introduction to thermonuclear fusion
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(a-particle, A=4)
Hélium

ﬁ Tritium Neutron
=

prompt y-rays (A=3)
wOutput neutrons too energetic: wHelium @-particle) used directly for self
- Need moderating bars to sledown and to heating via collisions with D, T ions

control the chain reaction rate

wStronggradiation emissionta) wNo longlived radioactive waste:

) _ _ - Activation of some internal machine
wLonglasting radloactlveAwaste: O2YLRySyia RdS (2 ySdziNRPyd owm)
-MmnnnQa 2F eSSl N&A
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Fusion reaction crossections (@)

3
-

10 10
Particle energy [keV]

10

Hélium

© 141Mev

Tritium Neutron

wD:T mixture is the best option
- Needs E=3@0keV for best fusion performance (hot plasma)

wintrinsically safe:
- Selfregulating crossection

wFor JET (E,~15keV, E~100keV):
- D-T reactions are split into:
(1) thermonuclear (bulk plasma ions)
(2) beamtarget reactions (fasf, bulk ions)

wIin ITER and future reactors:
- Thermonuclear reactions are dominant
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The Lawson criterion for sustained fusion
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wTriple product: N. ¢ . T.

( N = Plasma density

4 T. = lon temperature =

\ [E :W/PIN =

Magnetic confinement fusion
(tokamaks)

-[ F NBS GSYLISN}OGdzNBE omnQa 1S

- Medium density (~19/m?)
- Larget ¢ (1-10s)

wBreakeven(Q, = R,/ Pn=1)

A Losses are compensated ayheating

nt. T >10" keVs/n?t (T, > 15keV)

oolgnition (qus: I:12us/ I:)IN =4a )

A a-heating alone is enough to sustain the plasma
at high temperatures (=0)

nt. T >3.10" keVs/nT (T, >=20keV)
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But large triple product is difficult to sustain (@)

Lawson criterion CICLOHatabase
(Coordination on Int. Challenges on Long duratPeration)

100 ignition __ reactor conditions P

Q=1 L | ' ' ' ASDEX-Upgrade
5 or=0.1 e oy JET-C, JT-60U, EAST
I o JET JE -
£ 10 S ELS orerR 19905 TFTR, DIII-D JET
3 JT-60U . > JT-60U
= e, ® ET©  OTFIR 10 KSTAR
R B TFIRe JDll- De = oTFTR TFTR
* ALlCLe 130  ASDBXU SillD Tore Supra
= FT ®TORE SUPRA 1980s WEST

LHD
b SALCA *TEXTOR *
5040} St AsDEX & 2
=3 i oPLT oPLT 1 @ EAST
S o001} TFRe  °TR 4 KSTAR
(7] 1970s
= WEST
- W7-X
L]
! |
0.1 1 10 100
temperature (keV) 0.1 |
ST
Good progress at constant 0.01
performance in full-metal

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

X. LitaudonNF 2024, 2026
E. Lerche, IAEBEC 2024
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D-T devices: JEA BESTHA ITERA fusion reactor Qi
JET volume =80 r# BEST volume = 140 & ITER volume =800
1B [0S
I L E ‘ W .\m‘\ :
I=2-4MA = sy
P, =15MW e e b vl 5
fus I,=6-7MA o
P\=4050MW
Pfus:50MW } QfUS>1

l,=12-15MA
P=80-90MW
P, =500MW | Qus™>

Size (andd) matters!
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Energy confinement: IPB98 scaling law (@)

\=?
Scaling law:
0.15 0.69,,0.4: 1.39 0.587.0.78
i 1ppos = 0.056(0 BB% 15 Py 0800 QO DRLS 0550 TS
plasma current I\/Iacrﬁge size
" 'on mass (plasma volume)
- m ASDEX + AUG + START Py
L aD3D * JET v COMPASS ;,f
Toe/  vewoe Stov. || wEnergy confinement increases with  H-mode threshold:
L < JFT2M -
: k: plasma currenaaindplasma volume . JET 2.5MA/ 3.0T
E ] g 7 Py [MW] =
E T wWeak dependence on mainon = m "
&= 0.1F 6
I massbut the power needed to reach 3 " - n
L . wm 5 1+
3 H-mode (good confinement) depends ¢ =~ # o Tl o=
3 . . = 4 &
2 0o on themain ion mass 5, ¥ g
01k e *
= y | (L-H power threshold) > 3 &Y. DT
o World Wide Data Base o 2 mD
' (13 Devices) lo 2 o T
4 = 4
0.001F " » e LB T
0.001 0.01 0.1 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. SolanoNucl. Fusion 2023
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wAuxiliary 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

Msp . —
3 (47eg) kT, )%
10* . -
—L/a = 3000
a7 L/a = 500
102 8 —DL/a =150 |
—L/a=T75

LAPD regime
1076 . i
10 167 10° 10! 10°
T. (eV)

Neoclassical resistivity > Spitzer resistivity

(trapped particles)

Gnmmspu

1

When plasma temperature increases, the

plasma becomes less collisional and ohnpic

heating becomes less efficient
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Auxiliary heating systems

/
(ut
A\

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

wlon cyclotron heating (ICRH) I(gg;MHZ)
(coupling + RF sheaths)
: ECRH
wElectron cyclotron heating (ECRH) (100-200GH?z)

(exact B, polarization)

wLower hybrid heating (LHCD)

------ Ohmic Heating
2g? Neutral Beam Injection

[

(penetration at high density) NBI
: : (120 keV JET)
wAlpha particle (selj heating (1 MeV ITER)

( confinement + He ash)
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Auxiliary heating systems ()
wNeutral beam injection (NBH- Plasma heating by Coulomb collisions of fast ions

(high density = high energy)

wlon cyclotron heating (ICR
(coupling + RF sheaths)

wAlpha particle (self heating/

( confinement + He ash)
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wNeutral beam injection (NBI)
(high density = high energy)

wlon cyclotron heating (ICRH)
(coupling + RF sheaths)

wAlpha particle (selj heating
( confinement + He ash)

Auxiliary heating systems

A Critical energy: E_.. = 14.8TE[kEV]mh(Z

\
\
~\

e
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Plasma heating by Coulomb collisions of fast ions

fast ion

Efast: Ecrit

s » @ion
e

e elec

plasma

N\

fast ion

]
Efast< Ecrit
fast ion .ion
@
e elec

plasma

e

N; Z2

f\rﬁ. m;

fast ion

Efasl> Ecrit
@ion

~

\

Py
%’/

2/3
) (JET~200keV)
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wNeutral beam injection (NBI)
(high density = high energy)

wlon cyclotron heating (ICRH)
(coupling + RF sheaths)

wAlpha particle (selj heating
( confinement + He ash)

Auxiliary heating systems
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(= IR
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M - my

m,

. % Less collisions at
— (s) highT,
T ¢ I
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Equipartition, T clamping

A Dominant electron heated plasmags non-efficient equipartitionA T, <<T,

Aad®©Of I YLIAYyTE OF dzZaSR 0@ UdzNbdzx SyOS RNAGSY N

W7-X (EC)

EAST (EC+LH)

T, (keV)

2.5 L 4 @ Standard (SD) ® Lowiota
] (a) Teo=Tio High Mirror (HM) 4 SD: neocl. sim. Pgcay= 4.5 MW
:: Egzmx ::’4’::::)’ 44 e Highiota & HM: neocl. sim. Pecay= 4.5 MW
A Ohmic heating -
& “ »
/ A ES
o /
- A%/
%’ &fl A . 9 ‘
---------- T, clamping = = 1 ﬁ o ¢ A
80725@4.417s - 4
< 27
14
(a)
O L]
0 2 4 6 10
Te. 0 [keV]
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T, (keV)

Equipartition, T clamping (L))

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

VJ

A In WZ-X, larger Tobtained with pellet fuelling (but very peaked density profiles)

EAST (EC+LH) EAST (EC+NBI)

2-5 v T v T , 2 5 T T , ] * ] - v ' v
a Too=T 56933  T,=T, /
(@) ¥ EC+LHW (H-mode)| 1 (D) @s7ss " ® Ppo/Pruy70~100%) 1

¥ EC+LHW (L-mode) Y.
A Ohmic heating ' 2.0

S T.,=2T,
=-hd 7 " | © Pug/Pitwrd40~70%

©  Pre/Piotar:10~40%

i S 15 -
[}]
""""" T, clamping = - 4 ':‘.z - -O- - = = = =T clamping = =
80725@4.417s o "
" 10 2%0 QRpfP 0 .
(o} 8 o

0.5
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NBI- recap Qi
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

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

Full energy
dump

As plasma gets bigger and
denser, higher energies are
needed to penetrate to the Central support column
core. Scrapers

~ 60 keV on MAST, /
~ 120 keV on JET, &
~1 MeVonITER — 4

Positively- or negatively-

Neutral injector box —

Magnet
Neutralise

i
i

ﬁ
|

\

]

;

|
|

/ : L i e
charged ions are accelerated , | s S l\’LLL\
and neutralised before ey iy U:ﬁ: . e
injection in the plasma. / \ lon séurce
Calorimeter )
Fractional energy
\ dumps

20
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Power density [MW/m]

Collisional power

NB! slowing-down @)

1.2
1.0 -
0.8 -
0.6 -
0.4 -

\\\\\

0.2 -

0.0

Total (26.5MW)

electrons

—————————————
_____

0.0

0.2 0.4 0.6 0.8
radial coordinate

1.0

wEnergy of injected NB ions is absorbed
by collisions with the bulk plasma
(electronsandiong)

Efast< Ecrit
win JET, dominani fastio‘n ___»@oon
(Byeanr=120keV €.~ 200keV) |
® elecC

Efast> Ecrit
w In ITER, dominamtlectron heating | fastion @ion
(B,.r=1MeV >E_. ~ 400keV) o_ o
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Power density [MW/r]

Medium density (hybrid plasmas)

1.2

Collisional power

NBI: power deposition

1.0
Pl
0.6 -
0.4 1

0.2

Total (26.5MW)

~ - ~.
"——_____————'*e—-\

electrons

0.2 0.4 0.6 0.8
radial coordinate

1.0

Power density [MW/m>]

High density (baseline plasmas)

1

o
o

o
o)

o
~

o
N)

Collisional power

Total (26.7MW)

electronsg

0 0.2 0.4 0.6

radial coordinate

0.8 1

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

\
\
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(//7‘5
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~

\
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ICRHrecap (J
3/
é% 7
— Wwave
| ~—
E - ®
i = £ i
i | ICRH
. | antenna
* ICRH antennas”™ \mm'
. AT AR 14" . R
M
wA fast wave is launched into the plasma and ) o=
propagates towards the centre ; Absorption
wlt is absorbed in a narrow region where,,,.= W, : | rTJg;"
wTwo possibilities: we = %
(1) Wave resonates with a minority specfgscollisions
(2) Wave resonates directly with one of the fuel ions [Jacquet et al, IAEA -FEC 2023]
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ICRH: Coupling vs. absorption

Coupling
A Wave tunnelling through evanescence layer:

- antennaplasma distance
- SOL density

- frequency, k spectrum (antenna design, phase)

\
\
Py
z

e
(
b=

Heating efficiency
A Wave absorption in the core:

- ICRF scenario (IC layer, minority cong), K
- Core plasma profiles
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ICRH: Coupling vs. absorption ()
Coupling Heating efficiency
A Wave tunnelling through evanescence Iayer: A Wave absorption in the core:
-antennaplasma distance - ICRF scenario (IC layer, minority cong)., k
- SOL density - Core plasma profiles

- frequency, k spectrum (antenna design, phase)

#99965

4 i T i T
- Without real-time control

- With real-rime control
antenna-plasma
distance

EROG [cm]

'denshf
2 '.'1.‘ =, feedback
-

I""""'\.n

real-time T . S P ]
—
T local gas : I :

GAS [Pa.m “/s]

E . -
= _ | coupling
= 1 target

Lo
1
10
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ICRH: Coupling vs. absorption ()
Coupling

A Local gas injection = larger RF coupling

Antenna A Antenna C+D
\‘\- s ) T 2 : : 25— : -
N\« il avannag  TER-Like £ GIM11 i : Y O GIM11
%\ \ “?"" Ly AntennaB o Amenna ' s 1
N7 A (e A O ciM4 | ' GIM3 GIM 4
B AD L s GIM‘i bt : LA 2 G
M 4+ : e p . !
TR S 2 A . Il 30446
M P ]
E | g ‘ : & ‘
R - PR & st e
: i'd : .:/
1,.‘#{_.@5--%._ ------------ F======-=-=-=-1 “E Fate
- = - — = O N T e —
DIV I R
. DIV
"0z 1 15 2 05 s 1 15 2
gas rate (e/s) %10~ gas rate (e/s) 105
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ICRH:
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Coupling vs. absorption

e
|
b=

Heating efficiency

A Minority concentration has strong
impact on ICRH heating efficiency

}+ -

1.1f-

(a) |

—l
I

=
o
|

=
]
|

Heating efficiency

=
=
T

o
(2]
!
&

=
en

0.1 0.15 0.2

|'||_|fnlnr

0.05

o

0.25
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0.8

0.6

04

0.2

ICRH: Coupling vs. absorption

ICRH performance: trend on k|,

JET A2 spectra (vacuum)

1

m— On0m

y = 25m-1
,=4.0m7,

E\ ’:ll--t"‘*""*—wh.r"\-:.- '
AN - S 0.45
* /; absorptivity \ Ll
L w—@, pal W
~ Lgc (;:,._,.vr ) " 0.35¢
\\ 0.3
\ !
B \'}i i “—E 0.25
fl = 02
/ ~
;’ \*h., 0.15
B ! S r
H I ~ e 2kyd 017
! ""-..._‘ 0.05f
i coupling ""*"--..,,__ | 0
resistance
0 2 8 10 12
1
Ky, (m™)
— Lower k,: T coupling — Higher k,;: | coupling
 efficiency T efficiency
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ICRH: minority heating = slowirdown

Lo ICRH absorption Lo Collisional power
Hydrogerminority
; i Total (4.0MW) Total (4.0MW)
heating (H = 3%): i 08
A Dominant elec. heating & H (80%) y electrons Efase™ Ecrit
E . T -
~ : fast ion ion
Efast> Ecrit (mass—l) 2 .
< llisi 0.4 1
% collisions \ e clec
021
. : 0.0 . : : :
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
Helll:ImS mlnorlty Total (4.0MW) Total (4.0MW)
heating He = 3%): 081 & 081
A Dominant ion. heating £, 3He (90%) TN Etas< Ecrit
Bast < Ecrit (mass=3) E Bl J fastion P @ion
5 olec  collisions 0.1 o
& > electrons e elec
0.2 0.2
0.0 — : 0.0 } el P . :
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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ICRH is very peaked compared to NBI heating ®)

NBI deposition

ICRH deposition

Total (4.0MW)

1.2 1.0
Total (26.5MW)
P —) 10_
§
S o8] >
N \
>
iy
D061 electrons "
(D) \
S 0.4
= 044
D_ 02 | e 02 5
0.0 . . . S 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0

radial coordinate

0.2 0.4 0.6

electrons

0.8 1.0

radial coordinate

ACentral power densities are comparable despite much less ICRH power

AExpect strong impact of ICRH on the core plasma temperatures
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Electron cyclotron resonance heating (ECRH)

A Needs a small port.

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

A 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.

A C under development in Europe, India,
Japan and Russia

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

31

ITER midplane launcher

ruiL piuy

Closure Yvaveguid:

BSM Steering mirror

Focusing mirror Shield block

\
\
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~
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Power density (MW/rd)

©
N

ECRH is very peaked compared to anything ®)

\=
NBI deposition ICRH deposition ECRH deposition
1.0 5 - . . ;
Total (26.5MW)
" Total (4.0MW) n Total (SMW)
0.8 - 4t
0.6 U, 3l electrons
electrons
0a M electrons 5|
i ’\
=<l \
~ : : 0.2 _h“w"_ 1F : .
e < b ;) )
J\
A N
- - - . 0.0 | == S | 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

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

ASmaller p,.,.. off-axis (volume effect)
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Heating system functions & capabilities

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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z

e
(
b=

EC more efficient

IC more efficient
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Outline

(

wBrief introduction to thermonuclear fusion

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

wOverview of JET-D fusion results

wThe role of NBl on JET high performan€k [plasmas
- Impact of NBI on Hhode access
- Impact of NBI on flatop performance

wimpact of ICRH on-D plasmas & fusion performance
- H minority heating examples
- He® minority heating examples
- Fundamental Deuterium and DNBI heatingT{Rusion record)
- ICRH for impurity control

wSome ITER predictive Dsimulations
- Access to burthrough plasmas
- Impact of ICRH power on fusion performance
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The JET tokamak (Culham, UK) (@)

Volume = 80 i

- 1

(sc;apeéff Ia;/er) :
- SOLL

targets
1 2 3 4

wMagnetic field =3t T ) r[m]
wPlasma current =-2MA
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The JET tokamak
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olNew challenges appeared with the JET Be/W metallic wall:
- Plasmawall interaction with Be (redime protection for heat loads)
- Divertor sputtering: If W contamination in the plasma céydarge radiation
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Past DT experiments in tokamaks

25 years since last D-T experiments

A1991 (PTE - JET)
A1994-96 (TFTR i Princeton USA)
A1997 (DTE1 on JET)

Main results:

A -TDfusion production (14MeV neutrons)
- Up to 16 MW transiently
- P;s~4MW for 4sec

APlasma physics effects linked to use of
D-T mixture (isotope effects)

Fusion Power (MW)

15

s
?

_ (hot-ion mode)

JET

(1997)

(baseline
scenario)

JET
(1997)

\.

0

P
o

.0 5.0

o

O JGH7.509/7¢

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 38



Fusion
power
(MW)

15

10 |

Deuterium-Tritium Experiments in JElLW

Upgrades (since DTEL):

- ITER-like wall (ILW)
- Power upgrade
- Diagnostics upgrade

Main objective :
f 15MW/5s target
DTE1/
- (1997) 92436: PFUSQ
JETILW (2016)
0 1 2 3 4 5 6

Two D-T campaigns:

- DTE2 (2021) and DTE3 (2023)

Emphasis of was on sustained fusion power, not on

peak performance:

- Initial target = 15MW fusion for 5sec

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

A World recordon fusion power / energy in tokamaks achieved in DTE2

50:50 D:T hybrid plasma
wWP\=33MW

WP = 7.4MW (59)
OOC}wf:F%wJFNN::()JZS 053)

T-rich hybrid plasma
wWP\=33MW

WP = 10MW (5s)
OOC}uézF%wJFﬁhf: 0.3 CSS)

16
b _Trich plasma ———» 59MJ |
T(EETILW)
] E— 2 TSNS S S———
target
gm— ------------------------ T S o SV -~ olr e
5 y |
g gl f ] é ...................................................... Lo
o | :
S gl DT plasma’ Wy, |
I :
z | (JETILW) :
Al : AN NS TN : N
I 1
N ¥ G2l plasTa A\
H |
I 1
0 ] i o
46 48 50 52 54

time (s)

(Oscillations due to neoonstant input power)
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Highest fusion power pulses in DTE2 i)

A Some dischargesxceededP;, ,~10MWfor a few seconds but could not be

YFAYOFrAYSR F2NJ pa

50:50 DT hybrid plasma
wWP\=33MW

WP, = 10MW (2s)
WQys= Prud/Pin= 0.3 (2s)

T-rich hybrid plasma
wWP\=33MW

WP, = 12.5MW (25s)
Qs Prue/Pin = 0.38 (29)

16

14

N
N

Fusion power (MW)

Ol dzEAf Al NB LI12S6SNJ NBf Al 6

N
o
|

Co
|

916 48

Tirich plasmé
I (JE'-I1LW) """"""""""""""" ]

\ core |mpur|ty
~\-accumutation -

50 52 54
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Additional achievements in DTE3 campaign (2023) )

ADTES: Previous (DTE2) 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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DTEZ2 fusion record exceeded in DTE3 (ICRH)
#99971 (DTE2) #104522 (DTE3)

/
(\\

30 [ g
g 2 B L8 | New DT world-record:
e 4 P.,s = 12.5MW for 5s
. E .=69MJ

0
gw Y W Ve N Small additional power leads to larger
SRCIEEE B2/ TAL WL RIS fusion and better plasma stationarity
“ B I T O T A More central elec. heating

A Larger NBI+ICRF synergy

Stored energy (MJ)

time (s)
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Fusion power (MYV) Power (MYV)

Stored energy (MJ)

DTEZ2 fusion record exceeded in DTE3 (ICRH) )

___________ _

#99972 (DTE2) #104522 (DTES3)

New DT world-record:

In particular, +1.7MW ICRF allowed for

better stationarity (impurity screening)

--------------------------------------

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

and slower NBI slowindown

|
47 48 49 50
time (s)

51 52 53
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Outline (@)

wThe role of NBI on JET high performan€k plasmas
- Impact of NBI on Hhode access
- Impact of NBI on flatop performance
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Neutral beam injection (NBI) ()
2 NBI lines injecting ions in the dlirection (heating + rotation)  {x 1oMW
wSpecies: H, D, T '*\\ \)LH:D
wPower capability = 2 x 16MW32MW Octamm S/S N
wEnergy of injected ions ¥)0-120keV Q I \~ \%
- Below critical energyA ion heating 3 T 1
- Optimal energy for BT fusionA significant beamtarget reactions R 1R N N
- Beam penetration: IR }*?'s
A Peaked absorption at low collisionality (hybridsj>T, : - beam
. . _ .
A Broad absorption in baseline plasmag:~TT, LMW

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

\
\
Py
z

Neutral beam injection (NBI)

L/
Ve
(
\\—
=

7,
A\

Collisional power

1.2
Total (26.5MW .. : :
( ) wEnergy of injected NB ions is absorbed
el by collisions with the bulk plasma
, (electronsandions)
0.8 -
wlin JET, dominani
oo electrans (Brean< Ecrit ~ 200keV)
0.4 -
wAt large plasma density, beam
0:2: > = 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, Ny dominant electron heating)
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Access to H -mode: NBI vs gas O (@)

#97781 (D GIMs)

= s PNl

power NBI+RF _ S
total radiation , | .

: A I'n best plasmas p

ﬂ?fiﬂﬁffd gas GIMs flat-top temperature built up before
strong puff significant density increased to

establish effective impurity

dge densit :
B screening (grad T))

T.(keV) nlix10"m2) gas(x10°%/s) P{MW)

edge electron | | 3 _ _
temperature A AELM-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)

OO0 00000 AOUOUD AUV ADODOO OO 1O ANOUOUN

| RN
S ELM flushing

47.0 47.5 48.0 485
t(s)
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we [10°mM™] Gas [10%e/s]

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

O—= NWHEUICD 0 © 0 OD— P WA OD— M W & 0D — N W
1] I ™ T

Srlllll'.

AccesstoH -mo d e :

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

3 SU'Ptot

earll N optimal gas
Y9 in DT late gas

gas
Pl
Edge n, ,,:,I ! 0damad |

Pedestal T.

- Edge ?radiatic:m

Neutron rate

Opt i

.
o
wn

Time (s)

470 475 480 485 49.0 495

=

/i
\

2 N A EN
mal gas oslx\i,;@o vE)
Al 3l a LdzFT 6watdaAQd Aa y ¢

mode entry: transition from hot ion pedestal phase
(ELMfree) to the type ELMyregime (flattop)

Alt has to be well synchronized with the application
of NBI power

Too early gas slug:

AEarly increase of the plasma density, Low pedestal T
(sometimes impurity influx), delay to reach high fusion
performance

Too late gas slug:

AlLarge pedestal But too long ELMree phase,
uncontrolled edge radiation (impurity influx)

Optimal gas slug:

AlLarge pedestal. fcomparable to late gas)hert ELMfree
phase, edge impurity screeninggay fusion performance
reached early
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Edge impurity screening (Ti) (@)

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

Strong T, gradients outside the pedestal
region Oblockdé impurity 1 nflux from SOL

5

P

w

Strong BT, |
pedestal

Temperature (keV)
r

—
T

85 06 07 o08 09 1 14
radial coordinate
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ELMy H-mode phase: NBI power level () @

#99950 (ref.)

D:T hybrid discharges 0591, 12 , : : ; ;

o

-
o
1
M

§3 10
":20 ! !
o ~ i i
2 10 < ; |
o = 8 ] :
0 - 5 e
= 2 | '
s - 2 6 : e
o o i i
= 1 g : i
e w4 | |
© = ' '
mo | | | | LL E i
Qé ;

2 5

= :

o 5 0 | | | |

" 10 15 20 25 30 35 40
12 Input power (MW)

2 10 wLarge input power is needed for high

z 5 fusion performance
0 (ion heating, beam target reactions)

s 20 wSteep dependence at high,P

=

R wPerformance is very sensitive to NBI
02 power waveform (and power level)
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ELMy H-mode phase: NBI power level O ©)

g #99950 (ref.)
= #99868 . .
2 wRagged NBI input kills plasma performance
g LN A impurity influx, cold pedestal, slow ELMs,
% 1P \r——— _ core W accumulation, emergency stop
So—L
g 10 — i ————e ]
i e g e 1 wMore gas can be used to driteser
* ’ | | ELMs and avoiding core W
accumulation but pedestal remains
cold and performance is poor
(safety net on ELM frequency)
20 [oeeereeeeeneef e
2
JE-R[1] S . :
~ - T =40HZz/ 25Hz
04? 48 49 50 51

time (s)
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ELMy H-mode phase: Gas injection level

=7
. g #99950 (ref.)
D:T hybrid discharges 409504
s 30T (g g T = T -y 1 wTlToo much gas kills plasma performance
S 20 g e s (pedestal + core degradation)
R T R POy WwCl 3G 9[aQad 060322R TFT2NJ
L - CXRS (49.55)
-0 . VUSSR S SO BN A S : : : |
o T : L JL __________________ |
< W F——r - #99950 | |
NS S B S B B 1 0 [T . #99504 |
T T T | ! ! :
; I
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Edge localized modes (ELMSs)

wELMs play &ey rolein the plasma

performance and stationarity

- Too slow ELMs = less efficient
impurity flushing (radiation)

- Too fast ELMs = degradation of the

pedestal and core performance

D-T neutrons

x 10
3.5 | | |
— -
sl large g v ] Pedestal _: . |
radiation degradation;
DB e O N _
P
2 g -
i . O i
0 © o
15 I | Y
0 20 60 80 100

18 Optimal ELM frequency

Important to control ELMs for goocd
and stable plasma performance

ELM frequency (Hz)
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Outline @

wlmpact of ICRH on-D plasmas & fusion performance
- H minority heating examples
- He® minority heating examples
- Fundamental Deuterium and DNBI heatingT{Rusion record)
- ICRH for impurity control
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lon cyclotron resonance heating (ICRH) ©
" Y B
;-ﬂ 1
=i "R
— g Wwave
1 ~—
F- =
i = z |
. — | ICRH
antenna

A

% ICRH antenna

"
"""" ® = Oy
wA fast wave is launched into the plasma and
propagates towards the centre 3 Absorption

. ; . 3 region
wlt is absorbed in a narrow region where,, .= W, J 4B
wTwo possibilities: We = il

m

(1) Wave resonates with a minority specfgscollisions
(2) Wave resonates directly with one of the fuel ions
[Jacquet et al, IAEA -FEC 2023]
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Different ICRH schemes tested iRTD

/=
(i(
-

N=1D
Bo=3.8T / f=29MHz

N=1H/N=2D
Bo 3.4T /=51 MHZ

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

Z(m)

2F oI SR . ;
2F ] 2F
‘ Mostly used ~ ITER ITER
15p 15k 15p
ot 1 A FDypy 4 i Tyg L +Dyp)
N N
1 %
05 E 05F o 05} 0O
— II _ “
or T E o} e s o pd
e i
Z
05 05F
(]
W
1k -1
& e -
15 15 ‘IT ?"
o i £ - 4
-2 i L L L -2 4 L L L -2 L 1 L L L
2 25 3 35 4 2 25 3 35 4 2 25 3 35 4
R(m) R(m) R(m)

ICRF electron heating

Dominant ion heating

Dominant ion heating +
D, fusion enhancement

w3-ion ICRH schemesr. Kazakov, this conference]
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Z(m)

— I (17N
Fundamental H and N=2 D, +D,, heating O
N=1H/N=2D

Bo=3.4T / f=51MHz

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

e
(
b=

N=1H/N=2D n,=8e19/n?®, T/T,=8/10keV
Bo=3.4T / f=51MHz 50%D50%T 2%0,,, , 2%H

T

Z(m)

04

- (SPA=0.98)
-———-elec(21%) | fy T
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| =—— D-nbi (7%) |[----pf\-------mmm e
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;25 s a5 4 AStrong SPA
ADominant H heating:
H = 45% (Dp = 25%: D, =7%)
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power fractions

— i 78
Fundamental H and N=2 D, +D,, heating Q)
n,=8e19/m?¥, T/T;=8/10keV Collisional power redistribution for H min.
D:T, 2%0D),,;, , H scan (Pgen=0.7MWI/m? at X[H]=5%) E
1 : : : 0.7 Efasl> crit
SPA 7\‘\’ / (H) fast g .iOﬂ
e S U , T eclec
Y] — 0 AU WL R
g o | |
] _o—o—0
041 g g g Efas< Ecrit
y Dy, eleg,--ﬂ ; fast ion @ion
02 FEadg W-ﬁ-&-&.—.ﬁ:h-:_-ET_'_'_'_@_'_'_'ET_-?T:-_ ________ .
- & : ® elec
DGF‘_:_:_:_:_:_:_ _______ S I = =
0 5 10 15 20 20
H concentration (%) H concentration (%)
AAlways good absorption ADominant electron heating from
ADominant N=2 D,,+D,, heating H minority up to X[H] ~ 7%:
for X[H]<2%.: AWhen dominant N=2 D absorption,
A Enhanced DD neutrons electron heating is still important
A Fast (MeV) D ions (fast D ions)
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Fundamental H and N=2 D heating A experiments

JETILW baseline Hnode:B=2.7T|=2.5MA P, ,=20MW, f=42.5MHz

aux

201 NBI only (84746)
15
gm RF+NBI (84744)
E . ~_LIDAR
[ T 4
(a) {t 11.7s)
0 S A N . 2 N D
5 : . , . .
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- leo s s 0 L ' :
. : : : 2 25 3 3.5
R{m}
E AlLarger temperature with ICRH
N (2keV for 6MW)
= ) , , , | , AFlatter density (turbulence)
8 9 10 1 12 13 14
E. Lerche | 22 time (s)

RF Power in Plasmas | Hefei |
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Collisional electron heating

20 T T 1_ !
.1 NBI : :

n

H min = 3%

P (MW)
o

oo O

A Strong electron heating

A Fast H+ ion tails (long sawteeth)

T , (keV)
)

b

H min ~ 0.5%

A Strong N=2 D acceleration

A Very fast H+ ion tails: sawteeth

completely stabilized | = (i) N=1H

N2 | N

ey

0 Wiy (M)
OO0 = N W A 0N

Efast< Ecrit

| (D @ 300keV) |
fast ion __— .iOn bewn

NPA (cts)
I
o
o
ﬁ~“.~'
:
;
:
s
Ih
’f

i ? i ;
: : : : \
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Intermezzo: Sawtooth pacing with ICRH () ()
A ICRH modulation allows to induce sawtooth crash A Sawtooth pacing
_ JPN89939 — _ JPNB9976
E ey g - (E}E 5' E LI S—
o “a o8 ICRH . |
0 0 :
6— .
- (b).
% .
K
(c):
2 0.2k
=
1 01
2
z° RE
0 4iﬂ 51} 5i2 Eitl 56 0 -'LE! 5i{]l 5i2 5i-1 EE -
Time (s) Time () MNucl. Fusion 57 (2017) 036027
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Fundamental 3He and N=2 T, +T,, heating (@)

N=13He/ N=2T
B0o=3.4T / f=33MHz

ITER reference
(50:50 D:T)

e
Ig_

=2 T

Z(m)
N=13He /N

o
ol
]

R(m)
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Z(m)

15

0.5

-0.5

-1.5

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

FundamentaPHe and N=2, , + T, heating

T
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1
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A N7
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power fractions

Fundamental 3He and N=2 T, +T,, heating

n,=8e19/n¥, T/T=8/10keV
D:T, 2%D,,, . 3He scan

*He concentration (%)

AGood SPA for X[3He]>1-2%

ADominant N=1 3He heating
for X[*He]<1%

AElectron LD and TTMP always
important

Power density (MW/m3)

o
o

o
~

Q
w

O
(N

Collisional power redistribution ofHe
(Pgens=0. 7MW/ at XPHe]=5%)

r | Etase Ecrit
(\’;&\ 5 (3He) fast ion .ion
"ow .
? \ e
/ o
) /ﬁ\ P
/ \
/ T ®
~o elec
‘ﬁ-.- cicu
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He3 concentration (%)

ADominant ion heating throughout
ABalanced bulk D and T heating
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Fundamental 3He and N=2 T heating A 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 | : T T T 64— ! 1 H!( I;)/e)
Y : o : ; 3 (>N
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s 0 (530 g g B
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3 Sl E (<3%) 22 SRR n 3He
B SIJAA ------ oo eoeeeee feoeeaneneny =54 OEK e e  —— b
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: g . . 0, - | (<3%)
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“'u' n"‘:rt i i i O E ~.~,.... : 3 E
i fraseseases sy 5p- o R N
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4.8} I:I ------------ o — 4.8f-romeeueees e 0 --------- o I S
i i | i 46 ' ' | '
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AN=1 3He heating can provide bulk ion heating
if concentration is right

A Combined H+3He min. ICRH provides balanced
electron and ion heating
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Fundamental ), + D,,; heating ({:’;}},
N=1D
Bo=3.8T / f=29MHz
ITER alternative | TN T |
(T—rich) 15+ e
1

JET fusion record 05k A
z i
£ pa

o
T ]

-05
Dnbi
1r- [ ]
|_
—
-1.5- 11
zZ
-2

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 69



\
\
Py
z

Fundamental D ,, + D, heating

n,=8e19/n¥, T/T,=8/10keV B0o=3.8T / f=29MHz
15%DT-rich, 49D, , D: T scan(4%0,,;, : )
0.6 i . (SPAE=99%) ! Efast> Ecrlt
0 EEDb“'k _______ S dlec (12%) 1. fast ion @on
> — D45%) i [
3 | — T%) |
ﬁ | — Denbi (29%) |} T~ e clec
D e e S A S —— T-nbi (0%)  [i° @
S i — H{0%) i 9
s ! Be(13%) | 3
5 0.3 el &
2 ! ! m
© i i =
3 0.2 =
(w] I 1
a ! i
0.1
LN MRS L i | SRS
I[—:I1 1 DD 0.2 04 0.6 0.8 1
D concentration (%)
AStrong SPA AGood SPA up to X[D]=60%
ADominant N=1 D heating: ADominant N=1 D, +D,,,; htg. for X[D]<30%

D, = 45%; D, =30%

ASome Be heating (~20%)
AOff-axis Be heating

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 70



2 ways to achieve high fusion yield @

Thermonuclear reactions:

A Hot D and hot T ions (T>P®keV)
A a-heating, requires high performance (good confinement) plasmas
A Working pointforsteadg G I S y dzOf SIF NJ FdzaA 2y NBFOUZ2ZNAR O6L¢

Beamtarget reactions:

A Fast D (120keV) colliding with thermal T plasma or fast T (180keV) colliding with thermal D plasm:e
A Achieved with NBI or ICRH on medium performance plasma
A Suitable for devices aiming at generating largé Deutron 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)
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10° 10°

Energy of fast ion (keV)

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

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

(17N
25 ICRH: w=Nw,
x 10
5 . :
D-bulk
g N=1 ICRH
3
S
2
L N=2 ICRH
\:--__Z____
\\‘ﬁ—. --------
0 100 200 300 400 500
E (keV)
6 A
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5_
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2 41 |
3
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1 8 \\\ "'--.____.___ J

o
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E (keV)

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

Fusion power (MW)

16

14 1

12 -

10 1

D:T-beam 6 D-beam
-O- DT +3MW >4
-O - Theam-D . .lc" .,
=0 - Dbeam-T - / ICRH:
. i N=1D
-@- ftotal ICRH: 11 ,." ..,
’_; N=1H o ‘e
- — .. N e
P &, N=2D 107 g .-
o ‘e S N
o . X 7 \ o
=4 N 8 A \.
‘ 0% Lk
o7 S \*9@/ \'\*.5
& v 6 1 0\\
\0\. ,0'-0"'0,_ ‘t'ﬁ. ’,O-"Q: \\
o0 ol s 41 O Q. x
s Oy ~ 9 / . O A9
fo nﬁ. -0~ lo Q b\ Q
’ 0...,_0:__.0- N / e R
T T ol Q g ®.qs
’ -0~ L - R /  thermonuclear o
Vs o3 ’ \
o0 K\
’:(" T T T T Iml.‘"‘l“ 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
D:T ratio D:T ratio

AT-rich plasmas with D-nbi and N=1 D ICRH allows

maximizing fusion power in JET ( 6 b etargereactions)

\
\
Py
z

e
(
b=

D:T beam:

- Max. fusion with
balanced D:T ratio

- For D:T =50:50
45% thermonuclear
55% beam-target

D-beam:;:

- Max. fusion with
D:T ratio < 0.3

- With D:T = 20:80
25% thermonuclear
75% beam-target

AExpect about 3MW of fusion enhancement with 5MW ICRH
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Impact of NBI species and isotope mix on fusion power

Fusion power (MW)
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AT-rich plasmas with D-nbi and N=1 D ICRH allows

maximizing fusion power in JET ( 6 b etargeireactions)

D:T beam:

- Max. fusion with
balanced D:T ratio

- For D:T =50:50
45% thermonuclear
55% beam-target

D-beam:;:

- Max. fusion with
D:T ratio < 0.3

- With D:T = 20:80
25% thermonuclear
75% beam-target

Done prior to theexpts

AExpect about 3MW of fusion enhancement with 5MW 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)

DPqe = 4MW

DP,. > 2.5MW
(Qicr>0.6)

DW,, ~ 1MJ

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

AFusion power strongly correlated with ICRH power waveform

\
\
~\

e
A\

~

\

fast ion

Efasl> Ecrit
@ion

Py
%’/
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Neutron enhancement due to ICRH (ETS H&CD modelling)

Fusion power profiles
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b=

Pius= 9.8MW A 12.3MW (+2.5MW with 4MW ICRH)

thermonuclear: 20%
0 b e dangét: 80%

Note: In the core (r <0.2), the ratio
0t her mal 6 /33:BA) i s | ar

ICRF fusion enhancement:
Ah cre= 2.5/9.8 = 25%
AQlCRFz 2.5/4.0 =0.62

1.8
NBI+ICRH

1.6 - —— therm+ICRH (2.5MW)
’ng 141 —— beam-target (9.8MW)
S ' —— total (12.3MW)
S 121
2 NBI only
v 1.0 1 th
2 —=- thermal (1.3MW)
© s ——- beam-target (8.5MW)
= 0.
g ——- total (9.8MW)
2 0.6
-
o
5 0.4
L

0.2

0.0 . '

0.0 0.2 0.4 0.6 0.8

pnu-rm

Done after theexpts

ABeam-target reactions are dominant but the ICRH enhancement is

stronger on the thermonuclear component in the plasma centre

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

-

7,
A\

Neutral particle analyzer

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

. ——50%D:50%T
=
T

F ® 102

©

< 107 Eg

=) o

= N

5 2

= =

° o 1070
° '
— ] _

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

ASubstantial increase of D,,, population in E=120-170keV range
ASupported by ETS H&CD modelling
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ICRH effect on D -T neutron spectra (L))

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)

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

ASpectral broadening of the neutron spectra is consistent with ICRH modelling

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 78



Best results (record D -T fusion power) require reliable input power ()
15
(a) E, =69MJ
S 10F---f-AW-Aame Ty . -
< E,  ~59MJ
t:n_E 9
—99971 (DTEZ2) E
—104522 (DTE3) VE -
0 - . - 2
- (HRTS)
; .
= (c)
fém-
6 8 10 12 14 16 = (CXRS)
time (s) 0
B 8 10 12 14

time (s)

ASteady NBI power A Larger fusion yield

AExtra 1.5MW of ICRH A Larger fusion enhancement + stationarity (impurity screening)
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Core ion temperature vs input power
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b=

A Core ion temperature increases with total input power (E,,;~150-200keV)

A ICRH scenarios with predominant ion heating feature higher core T; for same input power

14

— — —
- (%) w

—
o

Core ion temperature (keV)

Crystal spectrometer (R=3.15m)

N=2 T|CRH |
50:50 D:T (2.3MA) _

|
........... [ e —

e .

' N=1DICRH | -
| 20:80 D:T (2.5MA) -

7

________________________________________________________

D ICRH
.3MA)

26 28 30 32
Total power (MW)

E. Lerche | IIS 2026 | Chengdu | 20-24 Jul 26 | Page 80



Overview: Fusion power vs. fuelling rate )

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

15 ! ! !
| s N=1 D ICRH _ A -
; ? : unstable = S| acoumid.L MO s , |
g ynstable: 20:80 D:T (2.5MA)
unstable | _
<. | Less core electron heating =
SO L9 © NPV S Higher gas flow threshold for
2 ® stationarity:
Pt N=1 Be+D W
s ICRH R
o 50:50 D:T O N=2 T ICRH:
< % , - Marginal core electron heating ?
o D
N=1 H, N=2 D ICRH N=1D ICRH:

- Higher |, (needs more gas)
- Marginal core electron heating?

50:50 D:T (2.3MA)

. N=1°He (>3%) ICRH
. 50:50 D:T (2.3MA)

92 14 16 1.8 2
flat-top gas flow (e/s) x 10%
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VNS example
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Core impurity accumulation @)
\=?

a5 | 99972 Radiation (bolometer tomography)

30 - W-Haput pewer---
gzo N S TGS S G W -
5 5. FUsionpower gL _
8 Pttt T

10 f---- A St L SRR T R 1T

| N N |

a Radiation ey

0k | i | Bkt 0

15
< Central density
L e R SRR —— E
: \ e
m :
2 s/ Centralelec™w > 1 | g
C temperature A

0 i i i i

48 50 52 54
time (s) ; : ;. -EEp
ACore radiation A lower T,; A more radiation A hollow T, % %5 &5 35 %
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(No) Core impurity accumulation ({)};
. | | ! 99971 Radiation (bolometer tomography)
25| gW AR Input-power JIF7} i
% 20 et .
T - - Fusion-power-.... LR .
& : : =

Temperature (keV)
Density (10'%/m°)

temperature

T, (keV)

ol | |
48 50 52 54
time (s)

wRadiation roughly constant; kept in the outer
part of the plasma&\ T, profile stays peaked
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Core impurity control using ICRH (@)
wD-D Neon seeded baseline discharge (2.7T/2.5MA)

| p - Z 151 Bulk radiation™" iy
B X0 g
i lIcRH CRE R 1
TWGAIT TN LB
FAl i i i i 1 0
T 4
. g
. : . |
— NBlonly | | N\ o2
at- == NBRICAH |-t}
; : : : = 1r
. . : ]
o4 (C)-i A n e ﬂ'.'-lt‘fe'nl.'_'-_:'fg"".“*-,
e 2. 1. ... N
||_
-1 ....................................................
0

Z(m)

9 10 11 12 13 14 15 16
time (s)

[Lerche, Nucl. Fusion 2016]

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

wBrief introduction to thermonuclear fusion

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

wOverview of JET-D fusion results

wThe role of NBl on JET high performan€k jdJasmas
- Impact of NBI on #hode access
- Impact of NBI on flatop performance

wimpact of ICRH on-D plasmas & fusion performance
- H minority heating examples
- He® minority heating examples
- Fundamental Deuterium and DNBI heatingT(Busion record)
- ICRH for impurity control

wSome ITER predictive Dsimulations
- Access to burthrough 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) (@)

1) Initiation  2) Rampup 3) Flattop 4) Termination
1, [MA] Kim, NF (2018)
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)

e
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1) Initiation  2) Rampup 3) Flattop 4) Termination
[ | .
. Kim, NF (2018
ECH for breakdown and p (MA] — ( )

burnthrough assist
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)

e
|
b=

1) Initiation  2) Rampup 3) Flattop 4) Termination
1, [MA] Kim, NF (2018)
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Increase |current while keeping low
density / highT, (reduced flux
consumption) and low W core
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)

e
|
b=

1) Initiation  2) Rampup 3) Flattop 4) Termination
1, [MA] Kim, NF (2018)
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H&CD in a typical ITER pulse (DT baseline 15 MA / 5.3T)
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1) Initiation  2) Rampup 3) Flattop 4) Termination
1, [MA] Kim, NF (2018)
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Control plasma energy
decrease during #hode
exit to avoid wall contact
Control particle exhaust
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Heating mix and fusion gain

L
Ve
\\—
=

Paux [MW]

\=?
- Buildup of alpha heating is essential to access burn plasma conditions
- Density ramp should not be too fat Tailoring Bec4<n.> is critical
- Too fast prampA Ti dropsA Alpha heating dropg, No Hmode access
ITER 15 MA 5.3 T DT max(Payx)=70 MW ~0.9n6y frad, core = 30% [Yoon IAEA FEC 2026]
70 (a) 100 '. /\_J\l\’v 600l — EC only
60 o | —— EC+NB
500{ —— EC+NB+IC
50 _ 80 —— NB+IC
40 § §400
=
—— EC only §,60 EC only %300 (©

30 EC+NB 3 EC+NB N

20 |- —— EC+NB+IC 40 EC+NB4+IC 200

1o / —— 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)
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ITER modelling: D -T shot=53301 @)

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

NBI ECRH ICRH
35 A
33MW 37MW 0.04 - -
30 - ICRH=0
_— 0.02
S 20 F J
g E: 0.00
15 - '
1/MW
—0.02 1
10 A - 0
) —— run 81: input (JINTRAC) 51 —0.04
| * run 10080: simpletransp . »
: 160 260 360 6 160 260 360 6 160 260 360
NBI+EC+IC ALPHA

Mw]

100 -<100MW
80 —101
E- 60 4+ E‘—ZO
Flattop |2 =

40 A

_________)’ —30
20 A

/ —-40

4 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)
12
1.0 A
imposed | ©87 imposed
'r?
E
E 0.6 1
0.4 -
—— run 81: input (JINTRAC) 0.2
run 10080: simpletransp
0 100 200 300 0 100 200 300
Electron temperature lon temperature (D=T)
25 1
Flattop 20-
—)
= 15 |
>
2
10
calculated calculated
5 -
T T T T 0 _I T T T
0 100 200 300 0 100 200 300
Time [s] Time [s]

Perfect agreement
(by definition)

D-T FUSION
calculated
1(I}0 260 3CI|0
Time [s]
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ITER modelling: P;,, = OMW

e
|
b=

Bo=5.3T Ip=15MA

T. <reference
A

Very low ion heating
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