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@» Optimisation of conventional or alternative Plasma

divertors is crucial to tackie power exhaust

Power exhaust remains a critical
challenge in the design of a fusion
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ITER conventional divertor design

Deep vertical targets with baffle
regions promoting detachment and
reducing neutral escape to the core

Reflector plates protect against
downward strike point excursions

R. Pitts et al., Nucl. Mater. Energy, 20 100696
R. Pitts et al., Nucl. Mater. Energy, 42 101854

Center

Different ADC designs for EU-DEMO

H. Reimerdes et al., Nucl. Fusion, 60 066030
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{_)) Optimisation of conventional or alternative Plasma

Power exhaust remains a critical
challenge in the design of a fusion
reactor

Quantifying performance and assessing
integration of PEX approached in fusion
reactor design

requires numerical simulations

— divertors is crucial to tackle power exhaust

Different ADC designs for EU-DEMO

ITER conventional divertor design

Deep vertical targets with baffle
regions promoting detachment an

Reflector plates protect against
downward strike point excursions

R. Pitts et al., Nucl. Mater. Energy, 20 100696

R. Pitts et al., Nucl. Mater. Energy, 42 101854 H. Reimerdes et al., Nucl. Fusion, 60 066030

Numerical code validation In
existing devices is crucial



) TCV: an exceptionally versatile testbed for m Swiss
N h | | Center
exnaust solutions

290 cm

160 cm

Tokamak a Configuration Variable (TCV) - Lausanne, Switzerland

C. Theiler, “Progress and innovations in the TCV tokamak research programme” - TUE, 17:25, this conference
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Tokamak a Configuration Variable (TCV) - Lausanne, Switzerland
with 16 independently powered coils - extremely flexible magnetic shaping

C. Theiler, “Progress and innovations in the TCV tokamak research programme” - TUE, 17:25, this conference
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= exhaust solutions Center
_ X Dlvertor S&lpef-x DlvertorD | &:ﬁ (Power EXhaust) PEX
m( ] upgrade: 2019 - 2021
Tt | Four sets of dismountable baffles
] ~\ ] allow the study different degrees
= |/ ] of divertor closure
H. Reimerdes et al 2021 Nucl. Fusion 61 024002
. ] O. Février et al 2021 Nucl. Mater. Energy 27, 100977
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Tokamak a Configuration Variable (TCV) - Lausanne, Switzerland
with 16 independently powered coils - extremely flexible magnetic shaping

C. Theiler, “Progress and innovations in the TCV tokamak research programme” - TUE, 17:25, this conference
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{0 TCV diagnostics as a tool that allows direct comparison ™ B
= between models and experiments Center

TCV can simultaneously probe many different plasma parameters, with
\\ Ts extensive coverage of the plasma volume.

¢ Electron density and temperature
(Interferometry, Thomson Scattering, Langmuir
probes...)

¢ |lon temperature (Divertor Spectroscopy,
CXRS..)

e SOL flows and fluctuations (Reciprocating
Probe Array, tangential spectroscopy, Gas

puff Imaging...)
s ¢ Radiation (Foil bolometry, AXUV, X-ray,
Spectroscopy. . .)
:% e Target heat fluxes (IR cameras,
7 thermocouples...)
= A. Perek et al. 2019 Rev. of Sci. Instrum., 90 123514 D. De Oliveira et al. 2021 Rev. Sci. Instrum. 92 043547
P. Blanchard et al 2019 JINST 14 C10038 L. Martinelli et al. 2022 Rev. Sci. Instrum. 93 123505

U.A. Sheikh et al. 2022 Rev. Sci. Instrum. 93 113513 R. Ducker et al, paper submitted to RS
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() 10V diagnostics as a tool that allows direct comparison Plasma
= ' Center
pbetween models and experiments
TGV can simultaneously probe many different plasma parameters, with
Ts extensive coverage of the plasma volume.

¢ Electron density and temperature
(Interferometry, Thomson Scattering, Langmuir [ ) )
probes.. Global comparison of

¢ lon temperature (Divertor Spectroscopy, diagnostics and modelling
CXRS...) \_ J

e SOL flows and fluctuations (Reciprocating a4 )
Probe Array, tangential spectroscopy, Gas Interpret results throu gh

TDSS puff Imaging...) theti d ¥
— e Radiation (Foil bolometry, AXUV, X-ray, L Syn euc lagnos ICS )
— Spectroscopy...)
E e Target heat fluxes (IR cameras,
g thermocouples. . .)
DSS Z

A. Perek et al. 2019 Rev. of Sci. Instrum., 90 123514 D. De Oliveira et al. 2021 Rev. Sci. Instrum. 92 043547

P. Blanchard et al 2019 JINST 14 C10038 L. Martinelli et al. 2022 Rev. Sci. Instrum. 93 123505

U.A. Sheikh et al. 2022 Rev. Sci. Instrum. 93 113513 R. Ducker et al, paper submitted to RS
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{C) Outline of the presentation Plasma

INtroduction

INn-depth experimental validation and
optimisation in a LSN TCV scenario

Divertor closure scan: the role of neutral
compression

Alternative Divertor Configuration scan:
the role of magnetic divertor geometry

Predictive analysis: the Tightly Baffled
Long-Legged Divertor (1BLLD)

5 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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INntroduction 4 ™)
Code validation on a fixed
e In-depth experimental validation and and well diagnose scenario
optimisation in a LSN TCV scenario g y
N

Divertor closure scan: the role of neutral
compression

Alternative Divertor Configuration scan:
the role of magnetic divertor geometry

Predictive analysis: the Tightly Baffled
Long-Legged Divertor (1BLLD)
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In—depth experimental validation and and well diagnose scenario
optimisation in a LSN TCV scenario - y
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Divertor closure scan: the role of neutral

CcoMpression Application and interpretation
of experimental results

Alternative Divertor Configuration scan:
the role of magnetic divertor geometry N
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Code validation on a fixed

In—depth experimental validation and and well diagnose scenario
optimisation in a LSN TCV scenario - y
4 =~ )

Divertor closure scan: the role of neutral

CcoMpression Application and interpretation
of experimental results
Alternative Divertor Configuration scan:

the role of fic divert t - J
e role Of magnetc aivertor geometry p \/ 4

Predictive analysis: the Tightly Baffled Predictive studies to design

Long-Legged Divertor (TBLLD) upcoming upgrades




B Swiss
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— modelling and divertor reactor design
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{©) SOLPS-ITER: state of the art tool for boundary plasma Plasma
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— modelling and divertor reactor design

-EIRENE mesh (follows PLASMA SOLVER
“PFCs geometry) — 0
V“ B2.5 lestl';'eu'd Braginski Capable of simulating reactor conditions:
" . 2 o e physical size, magnetic field strength, mixed plasma
gf\é Finite Volume gg_ species, wall geometry...
i 52
&5 2 3 : e -
3 EIRENE «inetic, Boltzmann ‘g’E Simplifying hypotheses on plasma transport

e fluid plasma transport model, cross-field transport mean-field

Monte Carlo + drifts, toroidal symmetry...
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{_)) SOLPS-ITER: state of the art tool for boundary plasma " Plasma

~ modelling and divertor reactor design center

s

_EIRENE mesh (follows PLASMA SOLVER
B2.5 lestl';'eu'd B Capable of simulating reactor conditions:
" . 2 o e physical size, magnetic field strength, mixed plasma
ol Finite Volume %g species, wall geometry..
£2 —
88 S
a g %3 . e -
3 EIRENE «kinetic, Boltzmann [RE; Simplifying hypotheses on plasma transport

e fluid plasma transport model, cross-field transport mean-field

Monte Carlo + drifts, toroidal symmetry...

NEUTRAL SOLVER
SENSITIVITY SCAN CODE VALIDATION
4 N ( )
RSO '

RO Assess how the modellin

s . . J Robustness of the model

Sy assumptions influence the :
St | R . . compared to experiments
e\ simulation results

E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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/((_72;; Low values of ion heat flux limiters significantly cool " Plasma
down the outer divertor Center
lim oT 25
Conducted heat flux along the SOL:  4) = — K, EH
dl S
4 0 ) =
hm SH _ SH 8) I
K= =R g " ~ X 2 outer
1+ qMaX % 10l divertor cooling
. : J ~ 9 i /o o Te
//cFLscan/// X T
|1|1m ~ K” H at high collisionality % f(0-5 ) 1
CFL

|1|1m < K”SH at low collisionality

E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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{C) Low values of ion heat flux limiters significantly cool = Swiss
down the outer aivertor Center

Experimentally guided flux limiter optimisation

—

DSS chord 30/ |

lim ©~ oT g ’
Conducted heat flux along the SOL: 4] = — K| s H
> \
( 1 1 ” ’é DSS chord 1
hm SH __ SH
K= ki = Hep)x
1 i o
+ TA”S“())‘LPS < 8eV 0 T1o 20
qMaX 50 —.I | | | I’ (eV)
g : , | O SOLPS-cf, =0.3- cFL 10
40 ® SOLPS-cf, =0.8- ci, =0.8 |
hm a0k | ® DSS (experiments)

Ko~ K” Hat high collisionality

T, (V)

20
hm

K| <1<|| at low collisionality
10

DSS chord number
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/

N o | - - B Swi
{_J) Optimisation of Garbon sources: chemical sputtering Plasma
= only effective at the targets Center
Chemical sputtering SPTchem target+main

T 40 Experiment Synthetic SOLPS chamber

2 ° e Qualitative difference: Clll emissivity peaked in the

s far-SOL

;*E 5 e Cli-front is further away from the target than in

3 experiments

= 1

L Mg

O

Clll front position as an indicator of
A LS divertor conditions

SPTchem €verywhere



CIII emissivity (ph/s m3)

® 3 Optimisation of Carbon sources:

\:

only effective at the targets

1020 Experiment

Synthetlc SOLPS

O = N w K~ X

SPTchem everywhere

B Swiss
Plasma
Center

chemical sputtering

Chemical sputtering SPTchem target+main
chamber

e Qualitative difference: Clll emissivity peaked in the
far-SOL

e Cll-front is further away from the target than in
experiments

...but chemical erosion by neutrals is induced by
ion flux and high wall T (only at the target)

J. Roth and C. Garcia-Rosales 1996 Nucl. Fusion 36 1647

Clll front position as an indicator of

........... divertor conditions



/

(17N B - . ' - m Swi
{_J) Optimisation of Garbon sources: chemical sputtering Plasma
= only effective at the targets Center
Chemical sputtering SPTchem target+main

68\ <1020  Experiment chamber

& ° e Qualitative difference: CllIl emissivity peaked in the

s o far-SOL

;*E 2 e Clll-front is further away from the target than in

3 experiments

= 1

L M,

O

...but chemical erosion by neutrals is induced by
ion flux and high wall T (only at the target)

J. Roth and C. Garcia-Rosales 1996 Nucl. Fusion 36 1647

Chemical sputtering SPTchem target only

e Recovers qualitative experimental emissivity pattern
e Recovers ClIl front location
e However, underestimates emissivity ~factor 2

e Gl front position as an indicator of

4V A divertor conditions
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() Multi-parameter, multi-location comparison of Plasma
= experiments and simulations Center

—Upstream profiles

PN To (V)
6

JINTRAC Im?rd pinch 300
—»Ppol=0.95 —10m/ ) '.-;-,;:“:‘; - 200 500%90 TS data
Vpinch S 5SS\ N 9‘3; =
No pinch X, pr—
‘:;f:.’ 100 4 \

0.8 0.9 1 1.1 08 0.9 1 1.1
ppol ppol

Including Vpinen estimated by JINTRAG improves
accuracy of upstream profiles

E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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= experments and simulations

—Upstream profiles

pinc

accuracy of upstream profiles

~Outer leg profiles

3X1019 Ne (m'3)

Te (€V)

Ti(eV)

TS data

20
TS data

15

10

5

0

1
7:DSS data
A

ppol

divertor conditions

0.95 1 1.05 1.1 0.95

1 1.05 1.1 0.95

ppol

1 1.05

ppol

Optimisation of flux limiters improves accuracy on

1.1

L/

-3
5 ><1019 rl-]e (m ) X 300 Te (e\/) ne (m-3) % 1 019
JINTRAC i~ Medpna [r—— 5
T}»pﬁ:oys 10 4 200 ojg’g TS data 4
! No pinch—"" & P . 3
2 100 /
\ 2
0 0
08 009 1 11 08 09 1 1
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Including v, estimated by JINTRAC improves 0
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{)) Multi-parameter, multi-location comparison of Plasma

" ' ' Center
experments and simulations
—Upstream profiles
o Ne (M T, (V) 3 —Plasma flow profiles
6 1 ——ward pinch 300 Ng (M™)
JINTRAC pna
_ R §° N
SPpo=095 o af = E 200}, we TS data N — VB—Unfavourable ~ V B— Favourable
pinch SO N° (%] 5
No pinch — & P E Ne
2 100 \ ’ 0 ~ SOLPS © TDSS
=
QO -5
0 0 9
o8 09 1 11 08 09 1 141 D 10
N ppol ppol o) 15
Including Vpineh estimated by JNTRAC improves ﬁé N
accuracy of upstream profiles S
- - 0.98 1 1.02 1.04 0.98 1 1.02 1.04
Outer leg profiles U Ppol Ppol
10 Ne (M®) T, V) T (V) Simulations recover main trends of flow profiles:
15 20 1
. [Saata) \ 7S data |y [Pesaat e SOL profile features in forward (favourable
10 /%3%? ’ V B) and reversed field (unfavourable V B)
1 5 5
. . . e [rends with upstream plasma density
0.95 1 1.05 1.1 0.95 1 1.05 1.1 0.95 1 1.05 1.1
Ppol Ppol Ppol R. Ducker et al, paper submitted to RS
Optimisation of flux limiters improves accuracy on |
divertor conditions

E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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) Divertor closure scan: SOLPS-ITER quantitatively Plasma
reproduces the beneficial effect of divertor baffling

Increasing baffling increases divertor neutral
density for the same upstream conditions.

Increasing divertor closure

NINO SISO SILO LILO

7N\

10 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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E(:)) Divertor closure scan: SOLPS-ITER quantitatively - (%th

Increasing baffling increases divertor neutral
density for the same upstream conditions.

Increasing divertor closure

NINO

SISO

ZBN

SILO

N T

log10(Np)

reproduces the beneficial effect of divertor baftling

Simulations compared with a database of 100+

TCV shots;

< ne >COF€ (m's)

e Good guantitative agreement between simulations and
experiments

© SOLPS
° EXp.

0 1 1 1
0O 0.02 0.04 0.06 0.08 0.1 0.12

Pnaiv (Pa)
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{_)) Divertor closure scan: SOLPS-ITER quantitatively " Blame
reproduces the beneficial effect of divertor baftling

. o . Simulations compared with a database of 100+
Increasing baffling increases divertor neutral

. " TCV shots:
density for the same upstream conditions.
e Good guantitative agreement between simulations and
Increasing divertor closure experiments
NINO SISO SILO ¢ Trend explained by simple analytical model:
. . N N\ ) (n >,o<( onaiv +Coar)PY 5
1 ' N 2 x10 . : .

decreases with increasing baffling
H. Reimerdes et al, IAEA-FEC 2023

O

" 30% [ e

. LIl © SOLPS
. o Exp

< ne >COF€ (m's)

log10(Np)

0
0 002 004 006 008 01 0.12

Pnaiv (Pa)




/\\:,)) SOLPS-ITER simulation database used to inform o Do
= reduced models Center

Two-point model estimates main divertor target quantities given
upstream plasma pressure and input power:

Input Output
tot
upstream (u) p u nf PM r oPM
t
SOL
qu Tt2PM

target (1)

11 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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~=" reduced models Center

Two-point model estimates main divertor target quantities given
upstream plasma pressure and input power:

Input Output
tot
upstream (u) pu HI%PM FQPM
t
SOL
ql/t TtQPM
target (t)

Physical complexity hidden in two lumped parameres:

Power losses along SOL SOL
4q; R

1—f, = R
P gl R,

f(Meff)
p” Ru>

Momentum losses along SOL

_fmom -

pl‘ot Rt

u

P. C. Stangeby 2018 Plasma Phys. Control. Fusion 60 044022
M. Carpita et al 2024 Nucl. Fusion 64 046019
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) SOLPS-ITER simulation database used to inform Plasma
=" reduced models Center
Two-point model estimates main divertor target quantities given
upstream plasma pressure and input power: 1 1- fpwr 1-from
Input Output
tot PM
upstream (u) pu nf F?PM | SILO
SOL 0.5
ql/t TtQPM
NINO
target (t) SISO
0 - S 1019 ' ' ——x 101
Physical complexity hidden in two lumped parameres: 0 2 4 6 0 2 4 6 8
Power losses along SOL <ne>core (M=) <ne>core (M=)
g R

L= fowr = gSOL R, o
u u Understand and decompose contributions
Momentum losses along SOL

po (R fMegy) 10 for @A fryom With the help
= Jonom = ot ?u of SOLPS-ITER simulations database
u 1

P. C. Stangeby 2018 Plasma Phys. Control. Fusion 60 044022
M. Carpita et al 2024 Nucl. Fusion 64 046019
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I Alternative divertor scan: SOLPS-ITER analysis of Plasm
the power exhaust performance of ADCs

ADC-experimental database:

o [CV magnetic flexibility, carefully modifying only outer
divertor leg geometry

e Fach ADC is compared with a reference LSN
scenario with matching core plasma properties.

XD SXD

TN [N

M. Carpita, Invited talk AAPPS-DPP 2025

12 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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) Alternative divertor scan: SOLPS-ITER analysis of Plass
the power exhaust performance of ADCs

/,a-

/,

' —

Experi
ot periments XD SOLPS
[ fx=2(LSN)

fx=6
fx=12(XD) ]
Target

ADC-experimental database:

e [CV magnetic flexibility, carefully modifying only outer
divertor leg geometry

e Fach ADC is compared with a reference LSN

scenario with matching core plasma properties. X-pt SXD
CCD R,=0.6m
XD SXD E R;=1.1m /
N
r_\ O Target
Q
-+ LL
C
X-pt
g [ Lpor=0.8m
— Lyot=1.0m -

Target

X-Ptisn | | | |
Target . : . . .

1 1.5 2 2.5 3 3.5 1 1.5 2 25 3 3.5

19 #10 19
M. Carpita, Invited talk AAPPS-DPP 2025 Ngor (m™3) #10 near (m™3)

12 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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Q) Higher-order effects - like drifts - are important to " Bloms
= capture ADC trends Center
B Experiment | SO!_PS - drifts QFF
X-DIVERTOR:
%10* e Simulations w/o drifts overestimate Te
E S drop with f,

-0.01 0 0.01 0.02 0.03 0 0.01 0.02 0.03

dru (m) dru (m)

M. Carpita, Invited talk AAPPS-DPP 2025

13 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025



=

Q) Higher-order effects - like drifts - are important to - s
= capture ADC trends Center
B Experiment | SO[_PS - drifts QFF SO!_PS - drifts QN
X-DIVERTOR:
%10* e Simulations w/o drifts overestimate Te
E S drop with f,

¢ Drifts are needed to quantitatively
estimate the effect of £,

-0.01 0 0.01 0.02 0.03 0 0.01 0.02 0.03 0 0.01 0.02 0.03

dry (m) dry (m) dru (m)

M. Carpita, Invited talk AAPPS-DPP 2025

13 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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{O) Higher-order effects - like drifts - are important to " Bhema
= capture ADC trends Center
B Experiment | SO[_PS - drifts QFF SO!_PS - drifts QN
X-DIVERTOR:
%10* e Simulations w/o drifts overestimate Te
E S drop with f,
) ¢ Drifts are needed to quantitatively

0.03 0 0.01 0.02 0.03

dry (M)

-0.01 0 0.01 0.02 0.03

estimate the effect of £,

X-POINT TARGET:

¢ Plasma potential well in the
secondary PFR is seen in both
simulations and experiments

M. Carpita, Invited talk AAPPS-DPP 2025
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{O) Higher-order effects - like drifts - are important to " Bhema
= capture ADC trends Center
B Experiment | SO[_PS - drifts QFF SO!_PS - Qrifts QN
X-DIVERTOR:
%10* e Simulations w/o drifts overestimate Te
E S drop with f,
) ¢ Drifts are needed to quantitatively

0.03 0 0.01 0.02 0.03

dry (M)

-0.01 0 0.01 0.02 0.03

estimate the effect of £,

vexg / |VExBl (M/s)

3

X-POINT TARGET:
¢ Plasma potential well in the
secondary PFR is seen in both

simulations and experiments

e Produces E x B convective cell
pushing particle towards CFR and
cooling down outer target

M. Carpita, Invited talk AAPPS-DPP 2025

13 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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{_)) The TBLLD upgrade: predictive studies show significant Plasm:
— Improvements in the power exhaust performance enter
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H. Reimerdes, “Implementation of a Tightly Baffled Long-Legged Divertor in
TCV” - WED, 14:00, this conference

14 E. Tonello, Swiss Plasma Center - EPFL | 30th Fusion Energy Conference - IAEA, Chengdu, China | 15th October 2025
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The TBLLD upgrade: predictive studies show significant
mprovements in the power exnaust performance

H. Reimerdes, “Implementation of a Tightly Baffled Long-Legged Divertor in

TCV” - WED, 14:00, this conference

G. Sun et al 2023 Nucl. Fusion 63 096011

B Swiss
Plasma
Center

First SOLPS-ITER simulations of the finalised TBLLD geometry.
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{C) The TBLLD upgrade: predictive studies show significant

— Improvements in the power exhaust performance

First SOLPS-ITER simulations of the finalised TBLLD geometry.

H. Reimerdes, “Implementation of a Tightly Baffled Long-Legged Divertor in
TCV” - WED, 14:00, this conference

G. Sun et al 2023 Nucl. Fusion 63 096011

Outer target temperature x10 lower compared to unbaffled
TCV at the same input power,

TBLLD geometry has same outer target conditions as
unbaffled geometry, injecting x4 power

15

NINO (330 kW)

-
o

(63

Temperature (eV)

04 06 08 1' 1.2
Input power (MW)

Swiss
Plasma
Center
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{©) Conclusions and perspectives

Significant step forward on edge-code validation and
optimisation using TGV controlled experiments

Controlled experimental databases are crucial for code
validation: highlight the role of mid-size tokamaks in producing
these databases

Large databases of reliable and validated simulations allow us to
assess when reduced models are sufficient and when higher-
order effects should be included
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