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@) Achieving an integrated scenario for ITER and future PP is complex

ITER operation at high fusion gain Q,;=10 for 300-500s, 15MA, P, =100MW
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(_J) Achieving an integrated scenario for ITER and future PP is complex
=

ITER operation at high fusion gain Q,;=10 for 300-500s, 15MA, P,,,=100MW

P

Fusion power (MW)

Maintain integrity of its PFCs: Adequate plasma performance to

achieve burning plasma goals
 Stationary heat load < 10 MW.m~2

* Use of extrinsic radiator, low-Z
impurity (Ne)
» partial detached divertor state
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/r\:) Achieving an integrated scenario for ITER and future PP is complex

=
ITER operation at high fusion gain Q,;=10 for 300-500s, 15MA, P, =100MW
high divertor Detrimental cost to the
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\(\E,, Achieving an integrated scenario for ITER and future PP is complex
ITER operation at high fusion gain Q,;=10 for 300-500s, 15MA, P, =100MW
high divertor Detrimental cost to the
EXPECTATION radiation cools  energy confinement
pedestal and fusion power s g
4 2
' o
g
S
z
0 2 4 6 i
Time (s)
OPTIMUM .,
seed impurity would increase the pedestal Increase of small ELM or ELM-free plasma
increase the divertor pressure and confinement and desirable to minimize high-Z
radiation temperature fusion power impurity source and achieve

stationary conditions
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@) Outline of the talk JET

&

 Neon-Seeded JET-ITER Baseline: Advancing Core-Edge integration for ITER

* Exploring Plasma Response and Operational Space with Neon Seeding
Near the L-H Power Threshold

* |dentifying the Underlying Physics Driving Performance
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/(’\,) The JET ITER baseline scenario JET

2
sl High-triangularity o,,=0.35-0.38
Divertor configuration closer to ITER divertor
1 Partial detachment with extrinsic impurity (Ne)
0.5
£ Investigate core-edge-SOL integration
Yoo Exhaust (imp) , Pedestal, Confinement, Stationarity
0.5
2.5MA to 3.2MA: q4=2.7-3.3
: High power P ,.=28-32MW P_=5MW
| D-D and D-T
ITER 5 e - 3 35 4 No detachment control scheme applied
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(’\) First demonstration of integrated ELM-free high-performance
=' Neon-seeded plasma at JET

' ITER #97490
D-D operation 2.5MA/2.7T fow
# 97490 1 1/945 Hog(y.2)=1 Hogy,2)=0.9
fow=0.85 foy=0.68
¢ By=1.8 By=2.2
Z.4~1.8 Zeff_z 7
V¥ g=0.06 ||v* =06
Psep/PLH Martin <2
* L
I/Ve ,ped
15 .
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- 10 5
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@) Successfully achieved in D-T at 3SMA

D-T operation 3.0MA/2.9T
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#104600

Hag, 2 =0.85
fo,=0.68
B\=2.0
Z,4=3.2

* —
Ve ped = 0.5

=
o

Ul
MW/m?

Toor<5eV

e

Best performance DT-seeded plasmas

- and achieved very long pulse (7.4s

NBI at 30MW) Py, = 4MW
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@) Stationary 3MA Ne-seeded plasma reaches P; ., ,, = 4MW JET

DTE2 42MJ * Stationary plasma with fusion energy 27MJ
hybrid
8| ,,ihzg,mw | (DTE1 22MJ)
N (#09869)
%6 DTE1 22MJ DTES 27MJ * No time allocated to improve performance
= gasf';;:nw JET-ITER Baseling
g I ao082) (Ne-seeded) |
§ (#104600) * D-NBI beam led to D-T mix n;/(ny+n;) <0.5
£
2| DTE3 18MJ
JET baseline * about 1/3 of neutron rate from thermal
" (#104663) reaCthn
0% 2 3 4 5 6 7 8 9
time (s) *Lombardo J. Nucl. Fusion 65 (2025) 096009
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@) W content remains low in ELM-free JET-ITER baseline plasmas JET

#104600. C,, < le-4

2.0 A

1.5 - * Ne impurities dominate W sputtering in D-D

and D-T operation

1.0 -+

0.5 1 * No W screening in pedestal.

D. Fajardo et al TH/8 EX/9

z[m]

0.0 A
—0.5 A . . . .
* Indication of excellent divertor screening due

~1.0 - to main ion flow : first ER02.0 results

1.5 - H. Kumpulainen et al TH/8 EX/9

20 25 3.0 35 4.0
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© outline of the talk JET

* Exploring Plasma Response and Operational Space with Neon Seeding
Near the L-H Power Threshold

* |dentifying the Underlying Physics Driving Performance
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e : : :
éﬁ,ﬁ Confinement improves as Neon increased and n,, ., decreases JET

2.5MA T ;=3.5-4.5x10?% el.s’?

Same trend applies for neutron rate Color of symbol related to H98 value

Ne-seeded? - .
1.0 HQB ' unseadedg r Pm(MW)
r @ ﬂ
350
0.9L 4 @9 I Q')%
o@ _ oD @
4 Q00 @
0.8L i ®
301
0.7 %)
25|
0.6
0.5 | | . . | 200 | . | | g
0 2 4 6 8 10 0.0 0.5 1.0 1.5 2.0
nBed (10°m3) Cffs (%)

High performance plasmas are at high neon concentration (C, > 1.3%) and high power

15 C. Giroud | IAEA FEC 2025 | 15% Oct. 2025 |,x_§,§, UK Atomic Energy Authority



e : : :
éﬁ,ﬁ Confinement improves as Neon increased and n,, ., decreases JET

2.5MA T ;=3.5-4.5x10?% el.s’?

Same trend applies for neutron rate Color of symbol related to H98 value

Ne-seeded? - .
1.0 HQB ' unseadedg r Pm(MW)
I @

350 R s

0.9L 4 @9 I Q')%
o@ _ @

0.8- I _

301
0.7 é:

25|
0.6
0.5 | | | . | 20 . | | g

0 2 4 6 8 10 0.0 0.5 1.0 1.5 2.0
nBed (10°m3) Cffs (%)

High performance plasmas are at high neon concentration (C, > 1.3%) and high power
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e : : :
éﬁ,ﬁ Confinement improves as Neon increased and n,, ., decreases JET

2.5MA T ;=3.5-4.5x10?% el.s’?

Same trend applies for neutron rate Color of symbol related to H98 value

Ne-seeded? - .
1.0 HQB ' unseadedg r Pm(MW)
35 000 3
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301
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0 2 4 6 8 10 0.0 0.5 1.0 1.5 2.0
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High performance plasmas are at high neon concentration (C, > 1.3%) and high power
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e : : :
&;,ﬂ Confinement improves as Neon increased and n,, ., decreases JET

2.5MA T ;=3.5-4.5x10?% el.s’?
Reduction of ELMs as C,,, increases

Same trend applies for neutron rate Color of symbol related to H98 value -4
| #97490 C, = 1.75%

Ne-seeded| @ 3 . 600 M
1.01 HQB unseeded | O ' Pm(MW) " Tos(°C) _

4 y N
0.9L - 0 ~ #97484 C,, = 1.5% -

®e I Qg 700 "

® ° ® p @ N

0.8- [ ® o0 e 688

30
o 800
0.7L 0 200
25; — #97492. cNe=0‘ 6%
0.6, L 850 l
750 k- |
0.5 20! 1050~ #97481
. | | 1 | 1 | | | | | 950 -
0 2 4 6 8 10 00 05 10 15 20 ot E v o e 3
ng* (10°m?) Chs (%) 750 3
12.8 13.0 13.2 13.4 13.6 13.8

Time (s)

High performance plasmas are at high neon concentration (C, > 1.3%) and high power
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@) High-confinement correlates with pedestal pressure increase JET

2.5MA FD=3.5-4.5X1022 el.s? IDsep/PLH,Martin <2
[ ' ed
L Ne-seeded @ d:, (kPa)
3 DHEH L ® unseeded O tot
I ]
0@ 'y
, @) O @ O
! O o P o 30| ) °
& 0n o ©°
0.8 1.0 L °C %o ©
: ®e ] O % O
o %0 o ©
@
20 ®
l"'+E:,|:aef:1 i
0.1 | | | . ITER range 10 ! ! ! ! !
03 04 05 06 07 08 09 1.0 03 04 05 06 07 08 09 1.0
frag — frad

Partial detachment

Core density peaking insufficient, confinement improvement stems from increased pedestal pressure

Supported by JINTRAC core integrated modelling with QualiKiZ and TGLF
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/’(\\ :
éﬁ,ﬁ Pedestal pressure increases due to plasma temperature JET
2.5MA T ;=3.5-4.5x10%% el.s’!

1
H T keV Tioss (keV)
1o 28 25| =085 (keV) 25|
@
200 2.00 o0
| e. e @
0.8 15 % ® 1.5 ® o
.‘ ®
e % 0o
O
1.0L O 1.0L
oo o} oo o8
0.5 0.5 Ne-seeded @
' unseaded-o
0-0 | | | | | | | | | | | | |
03 04 05 06 07 08 09 1.0 03 04 05 06 07 08 09 1.0
frad frad

Increase of pedestal T,/T, from 1 to 1.5 as C,, increased

Pedestal pressure widens and pedestal density gradient lowers
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7 . ]
@) Access to ELM-free high-performance regime JET

2.5MA all gas-rate (I'y=1.5-6.0 x10%? el.s1)
D-D operation

Pe. (MW) Ne-seeded @ }
sep ' unseeded O |
25 ®
O
®
20|
15
10
50
0 2 4 6 8
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('\;) Access to ELM-free high-performance regime .IET

2.5MA all gas-rate (I'y=1.5-6.0 x10%? el.s1)
D-D operation

P (MW) [Ne-seeded. @
sep " unseeded O |
25— ) HtoLphase'
& ® L-mode
O no ELM
20|
15
10
50
0 2 4 6 8

nseP (10°m3)
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7 . ]
@) Access to ELM-free high-performance regime JET

2.5MA all gas-rate (I'y=1.5-6.0 x10%? el.s1)
D-D operation

Psep (MW) Noseeded ® . From unseeded, P, nggds to be high enough to
 unseeded O | avoid hard H to L-transition
25— H to L phase
L-mode
no ELM
20,
o)
15|
10|
5
0 2 4 6 8

NP (10°m°)
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@) Access to ELM-free high-performance regime JET

2.5MA all gas-rate (I'y=1.5-6.0 x10%? el.s1)
D-D operation

Psep (MW) Noseoded ® . From unseeded, P, nggds to be high enough to
 unseeded O | avoid hard H to L-transition
25_ . H to L phase
L-mode . .
o ELM * No-ELM domain exists at low n, ;.= 2-3 x10"° m
20| ’
15/
10|
5
0 2 4 6 8

NP (10°m°)
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@) Access to ELM-free high-performance regime P, /P, 21.25 JET

2.5MA all gas-rate (I'y=1.5-6.0 x10%? el.s1)
D-D operation

* From unseeded, P_._ needs to be high enough to

Psep (MW) 'Ne-seeded @ - SEp -
_unseeded O||  Hgg avoid hard H to L-transition
25— H to L phase 1
L-mode
0 ELM ! * No-ELM domain exists at low n, ;.= 2-3 x10"° m
20,
‘ ﬂE . . . .
* No-ELM domain at high confinement is at:
15, = lown = 2-2.5x10"% m™3
. Psep/PLH >1.25 ( high C,, and enough power )
10|
0.5 = 20% reduction in P, threshold in D-T opens
5. | | | access to high-performance 3MA plasmas
0 2 4 6 8

nSeP (10°m°)
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/E_)) Outline of the talk JET

=

* ldentifying the Underlying Physics Driving Performance

= What mechanisms reduce the ELM size ?
= Why does the density decrease with neon seeding ?

* How can we achieve density control without ELM ?
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@) Is the decrease of n, .., & n, .4 With Neon due to SOL and divertor?

<4 Experiment

SOLPS-ITER w. drifts
pt Case 1: unseeded

Case2:C,.,=1.6%
Case 3: Transport of unseeded +I',_(as in case 2)

+++*++ & 1
k4 +.|.+ +'++ +

[=)]

Ne [109m—3]
ey

PJ

From unseeded, with no change of transport assumption in
divertor, SOL or pedestal, adding I'y, as in exp:

o o

. drop from 3.8 to 2.6x10° m= asin exp. (drop S,)

Ne ,Sep

° drops by 10% instead of a 30% seen exp.

e ,ped

=» Pedestal transport must change ( in addition to n,.,) to

account for n, .4 decrease

Similar results from SOLEDGE, EDGE2D-EIRENE

0.0 T '
3.70 3.75 3.80
P, =0.85 R [m]

27  C.Giroud | IAEA FEC 2025 | 15t Oct. 2025 | J&4, UK Atomic Energy Authority




@) ETG turbulent transport dominant in Ne-seeded pedestal, with

=" particle flux reversal from unseeded to Ne-seeded JE T
- . 20 -2
Electron Heat Flux [Mw.mE} Electron Particle Flux (10 m )
a | 0.15 '
== Cng1-753 (GENE, local, with 3
0.2 —o—Cy1.3% particle species)
—a— unseeded A
0.00
0.1
0.15 Cre/
0
0.95 0.97 0.99 0.95 0.97 0.99
i e

Total heat transport increases at high C,, : increased T./T, destabilises ETG modes and stabilises ITG modes

Possible particle flux reversal from unseeded to seeded : low T./T, at low seeding

= inward particle flux at the pedestal top due to low wavenumber turbulence
= compatible with higher pedestal density

Local and global simulations in process to quantify the latter point

28 C. Giroud | IAEA FEC 2025 | 15% Oct. 2025
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A : ;
() Integrated modeling used to test understanding of key
=" experimental results : profile and time evolution JET

oo Che =1.75%
R 150" P_ (kPa)
4.0 W..., (MJ) -e- Experiment JINTRAC-COCONUT
TH 50
oo — JINTRAC
6.0 j- T (keV) | Standard EDGE2D-
20 <> (oms) | EIRENE settings
‘o 6"—‘ - QualiKiZ for
ol 4 anomalous transport
4.0
Pragd(MW) |5 core and pedestal
o0r . ar . (ETG transport coeff ~
20| max B n, (10m~)
— ol M GENE)

1.0 n
0.0 2 'ﬁ.u

18.0 18.2 Time (s) 18.4 3.2 3.4 3.6 3.8

R(m)

* Stationary conditions can be obtained with wider pedestal (as in exp.)
* Compatible with ELM-free conditions and high performance
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Conclusion JET

Stationary, ELM-free, high-performance neon-seeded plasma achieved at 3MA in D-T,
near the L-H power threshold with partially detached divertor conditions

* Access conditions identified at n, ., about 2x10% m=, P, /P, > 1.25 as seen at

e,sep

medium and high current, in D-D and D-T operation.

* Adding Neon:
- Improves the plasma performance via primarily an improved pedestal

- Reduces the separatrix and pedestal density, via modified pedestal transport
possibly linked to a particle flux reversal.

* Unique scenario fulfilling major ITER requirements — underlying physics must be
disentangled to enable reliable extrapolation to ITER operation.
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) contributions at IAEA on JET-ITER baseline JET

N4

Day Session Name Title
Wednesday 3141 . . . e e
@ 14:00 Poster 2 H.J Sun Impact of the Plasma Boundary on Machine Operation, and the Risk Mitigation Strategy on JET
Friday 2857 D. Faiardo Theory-based integrated modelling of tungsten transport: validation in present-day tokamaks and
@16:10 Oral -ral predictions for ITER
Saturday 3486 Theory-based integrated modelling of tungsten transport: validation in present-day tokamaks and
@08:30 Poster 7 D. Fajardo predictions for ITER
Friday 2761 . . . . .
@16:50 Oral H. Kumpulainen Simulation of tungsten erosion and edge-to-core transport in neon-seeded JET plasmas
Saturday 3485 H. Kumpulainen Simulation of tungsten erosion and edge-to-core transport in neon-seeded JET plasmas
@08:30 Poster 7
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) JET-ITER baseline contributions so far

JET

=4
Person conference Title
C. Giroud PSI 2024 High-current Neon-seeded ITER baseline scenario in JET D and D-T
I. Carvalho EPS 2024 Neon-seeded ITER baseline scenario experiments in JET D and D-T plasmas
E. i EPS 202 L e e .. -
Alessi PS 2025 Impact of light impurities injection on n=1 core MHD activity at JET
C. Leoni EPS 2025 Effect of neon seeding on density profiles and particle sources in the Integrated scenario at the Joint European
Torus
V. Zotta EPS 2025 The ITER baseline scenario on JET in D-T with Neon seeding
E;T:.iltt:erland- EPS 2025 High and medium Z impurity concentration determination with InDiCA in JET
M. Marin TTF 2025 Modelling impurity-seeded plasmas at JET
I. Ivanova-Stanick | Plasma 2025 | Integrated numerical analysis of the neon seeded JET-ITER baseline scenario in deuterium plasmas
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@) See the 3MA DT JET-ITER baseline plasma on Youtube JET

= ©Voulube "

Click here

INTEGRATED NEON-SEEDED ITER
BASELINE PLASMA SCENARIO IN DT

Puffing neon: JET tests a way to smooth out fusion plasma

f‘\‘} EUROfusion 538 CJ ~ Share [] save
IETS

="  1.26K subscrib

33 C. Giroud | IAEA FEC 2025 | 15% Oct. 2025 | ,@, UK Atomic Energy Authority


https://www.youtube.com/watch?v=3ZyATi24BdU

/’ e ° ° °
@) JET-ITER baseline contributions at this conference JET

Back-up slides
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S

Pedestal experimental point close to resistive stability boundary  JET

Ideal Resistive

Cy.=1.75% +
C. =1.3% =" +
Cy. =0.76 %

0.6 -
unseeded o ' 0.5 - (
i 0.4 4

1.5 2.0 2.5 3.0 3.5 4.0
a

1.5 2.0 2.5 3.0 3.5 4.0
a

* Mix of small ELM-like events and large ELMs, both disappear at high C,

* Pedestals are either unstable to resistive MHD modes or within the uncertainty of the resistive
stability boundary
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) Additional information : SOLPS-ITER modelling JET

[

@)

Quter target #103185

SD+,c0re SD+,t0tal Prad

103398 1.1e22 1.06e24 5.7MW

=
Ln

103398

Dye = 1.6e21 5.49e21 6.25e23 14.AMW
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@) Characteristics of core MHD in Ne-seeded plasmas JET

Sawteeth Neoclassical Tearing Modes
2.5MA / 2.8T

v' Only high-n NTM (n = 4, 5, 6) in pulses with
optimized H-mode access phase and Neon
injection.

v n=4 NTM not strongly affecting plasma
performance (< 5 %) but decreasing the
amplitude of the inter-sawtooth 1/1 mode and
the sawtooth period.

v n=3 NTM in pulse with too fast Neon injection
and 3 increase.

3 - T T T
115  12.0 125  13.0  13.5 _ _ _
time [s] v n=2 NTM in pulses with long-period 1st
Improvement on confinement obtained with Ne-seeding is sawtooth in the H-mode access phase.

correlated with increase of T, ,

- lengthening of the ST period, and increasing the ST
inversion radius
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/;_;1) Neoclassical Tearing Modes

——

7

JPN: 104614 BT: 2.90T Ip: 2.50 MA

- _ _
o v' Only high-n NTM (n = 4, 5, 6) in
27 | pulses with optimized H-mode
101 : A | access phase and Neon injection.
- —
OP— 3.0 !
) P adandais ‘mv ' v' n=4 NTM not strongly affecting
.08 LAk JL plasma performance (< 5 %) but
@ v ,_,‘."1 7 R oy . .
2 e :}//” ““”\mv: "" decreasing the amplitude of the
] e ‘-w:i:l.ﬁl inter-sawtooth 1/1 mode and the
. n=4 =
L o1 ,Ir-\,',.,_"."w L sawtooth period.
gt ﬂL\ Al v n=3 NTM in pulse with too fast
§ .‘“ | [ “ L MJ r - . . .
g’ w4 \ | Wi\ ”W‘erw Neon injection and B, increase.
n=5

©71 h=4 ' LT : ; R . .
5 ©{ n=3 e O B v n=2 NTM in pulses with long-
Soind fmmm‘w\.‘&-w.--,,m..,.M""l‘,;.-~ period 15t sawtooth in the H-mode

o »"I} : Mﬂ%ﬂﬂ access phase.
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78
@) As C,. is increased, n

2.5MA I';=3.5-4.5x1022 el.s 1 subset N, sep determined by power balance

eped aNd N, . decrease , P, ;.. increases JET

Psep,inter=P;, — P 4 core— dw/dt
P (MW) Ne-seeded @ nPed (10193
Hﬂﬂ sep,inter unseeded | Q e (107mY) 0O
1.0
! 25 8
0l *e °q
0] 6
15 * ® ©
- O ® B
4
10
20
0.5 5
0 2 4 6 8 0 2 4 6 8
NP (10°m?) nEeP (10%m°)
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a : '
@) Operational space of JET-ITER baseline at 3.0MA JET

3.0 MA all gas-rate (I'y=1.5-6.0 x10%2 el.s1)

D |DT
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LhCH o - no ELM
* O ]\ | * ]
20| BR 5
| -
O L‘k | & X
151 * & X w
w
10L
5L
0 2 4 6 8

nseP (10°m°)
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a : '
@) Operational space of JET-ITER baseline at 3.0MA JET

3.0 MA all gas-rate (I'y=1.5-6.0 x10%2 el.s1)

D DT
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1 % i
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N
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a : '
@) Operational space of JET-ITER baseline at 3.0MA JET

3.0 MA all gas-rate (I'y=1.5-6.0 x10%2 el.s1)

D DT
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7 Demonstrated scenario is compatible with D-T operation with
@) high-performance and no-ELM JET

#104614
2 5MA/2.9T # 104614 p /PLH <7
sep
Hog(y,2) =0-9
By=2.2
: * Similar behaviour in D-Tasin D
imgm% TN
70F — * Transfer from D to D-T was
SO fairly straight forward.
20 B, . : :
1S- — Similar observations at higher
0SE current 3MA and 3.2MA
1:5: Cpe(% W\\ 4100 ' | -
051 ]N - Change from D to D-T was
450 - ] ——— | beneficial at 3MA
;gg th.’- ) I TUE (°C) 380
10 12 14 Time (3]15 18 307424 148 1a8 150
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