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Low temperature plasmas

Magngtosphare

108 von Ps*l%\ren
>
2,
» 10° T@ghett
= %US'OW ja Sun‘s core temperature
g ]
Q. ~ 1 keV
5
© Low temperature plasmas
= =
T ~1-50eV
o

Room temperature
]

~ 1/40 eV

Plasmadichte [1/m°]

https://scilogs.spektrum.de/formbar/plasmazoo/

zuletzt besucht: Nov. 2022



https://scilogs.spektrum.de/formbar/plasmazoo/

Low temperature plasmas

\VE Qtosphare

10° von Pgl@ren
>
2,
» 10% ghe;tsﬂ ‘
B $iohe Sun‘s core temperature
g 1
g. ~ 1 keV

2

5 10 ‘\;onnen_ S | are
s EWind - . e Low temperature plasmas
5 " planet. iR, 1 ‘wei =
x 10° Nebet™ . HEEE 24l ¥ - A ~ 1-50 eV

¥

integstellarer
qegtella Room temperature

|
~ 1/40 eV

Plasmadichte [1/m°]

https://scilogs.spektrum.de/formbar/plasmazoo/

zuletzt besucht: Nov. 2022
—
(@)
N



https://scilogs.spektrum.de/formbar/plasmazoo/

Properties of low temperature.plasmas
& plasma reactors

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | URSEL FANTZ | MAY 7,2026 |AEAICTP SCHOOL 4



Low temperature plasmas T.,=1-10eV, n, = 1015 — 102 m-?
A multi-component system

Volume processes: complex plasma chemistry Example Helium
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Plasma surface interaction

on macroscopic and microscopic scale

coating, cleaning, plasma sheath, ambipolar Electrons, ions, radicals and photons
etching, ... diffusion, potentials, ... which interact via collisions
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Plasma sheath — the plasma meets a surface

distance 0 depth
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Separation: Plasma - Wall ¢_f<¢p ) Potential drop in the plasma sheath
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Low temperature plasmas
Dedicated plasma surface interaction studies

Plasma chemistry and discharge affected by

Plasma Catalyst
heat, electrons, photons, material, dielectric properties,
radicals, excited species porosity, catalyst size
Plasma Catalyst Plasma + Catalyst

= =c———>——+——+—11 e ———————————
e et s | Es M
T, e7, radicals, hv

Plasma supplies Plasma supplies

= Heat (gas heating) = Heat
= Stable radicals = Radicals (also unstable ones)

= UV radiation = (V)UV radiation
= lons & electrons

IAEA-ICTP SCHOOL 7
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Plasma — surface interaction & interaction plasma — surface
Ammonia example: nitrogen-hydrogen plasma on a catalytic surface

N2(Vv)

interaction
plasma—surface

interaction
surface—plasma
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Low temperature plasmas
Surface treatment combined with surface analysis techniques

~ 3
Voasma = 1.9 €M

NH, \ @ NHg, Hy, N,
DBD @ 1aim. plre—de——
07 10° Pa ‘0
S XPS < 107 Pa
:-
in-vacuo  |v,_ . ~14608 om? <105 Pa Combined with in-operando

transfer arm * :
analysis of DBD plasma

Gasin Gas oul
Goal: in-vacuo studies of plasma exposed surfaces

l T
? - !
il
» Role of plasma? Role of surface in ammonia formation?

» What species do preferentially adsorb and/or are formed on the surface?
= How does the nitration affect the reaction rates?
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Temperature and pressure map of plasmas

Working regimes
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High pressure

Atmospheric
pressure
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Typical plasma reactors for atmospheric plasmas

Dielectric Barrier Discharge
planar DBD cylindrical DBD

kHz @

Bogaerts and Centi 2020 Front. Energy Res. 8 111
Snoecks and Bogaerts 2017 Chem. Soc. Rev. 46 5805
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Covering a wide pressure range

Surfaguide Plasma Torch Dielectric Barrier Discharge (DBD)
Pressure: 0.1 — 100 mbar Pressure: 20 — 1000 mbar Pressure: 10 — 1000 mbar
Gas temperature: 1000 — 2000 K Gas temperature: = 6000 K Gas temperature: = 600 K

Electron driven Thermal plasma Electrons & Heavy particles

Power: 0.2 — 1.2 kW Power: 0.3 — 6 kW Power: < 500 W
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A. Ben Yaala,

R. Antunes et al, in preparation

under investigation

Covering a wide pressure range

Example: DBD
Electrons, heavy particles

920 mbar 500 mbar 100 mbar 50 mbar 13 mbar

Rationale

= Enhancing the
impact of electron
collisions

» Performance
analysis in a wide
pressure range

= Improved diagnostic
capabilities

empty reactor

diffuse

packed with SiO,

920 mbar 500 mbar 100 mbar 50 mbar 15 mbar
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Covering a wide pressure range
Temperatures measured from molecular emission

Surfaguide - @ SPS 5 T (C) MW torch

600 W -0 =0 FPS > T iy (B) 1000 W

0.005 - 0.05 sIm (5-50 sccm) |~ O- =~ O FNS - T, i, (N,",B) 4 -10slm
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500 bt i i L L0 1500
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Electron driven Electrons, heavy particles Thermal driven

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | URSEL FANTZ | MAY 7, 2026 FOR INTERNAL USE ONLY BY PARTICIPANTS IN THE IAEA-ICTP SUMMER SCHOOL 2026 IAEA-ICTP SCHOOL 14



An example of an application
CO, conversion in a MW torch

The building block I
Power O
g Plasma reactor
—> | Separation ste

E— CO,>CO+%0, P p
Gas lE)n lél —_—>

ronren ;

o Microwave T CO, MW plasma @

plasma

atmospheric pressure

Quartz glass
tube

Microwave
[] 3 kW

Cylindrical .
resonator £:43 GHz
Tangential ll:[ E

gas inlet Coaxial
Gas flow ~100 slm resonator
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COZ, CO
Next process

step(s)

Syngas /
Synthetic fuels
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Emission spectroscopy as diagnostic tool
Example: dry reforming of methane in MW torch CH,+ CO, » 2CO + 2H,

High resolution Echelle spectrometer

co, ' '
+ __.l'; / 6x10” 1 H, 70 % CO,, 30 % CH,, |
CH, 11 0 a 1.8 kW, 20 sIm,
& = ] 200 mbar
a5 6H = o - )
& 4 | - B-X @ _
] 1x10 | (B> ). | Cl
ok 300 400 500 600 800 900

Rotational and vibrational temperatures

7000

v CO, plasma
— 5000
= I
40004 Tup \¥
-~ T CH, pyrolysis I
rot 4
3000 —— T
0 10 20 30 40 50

CH, inflow concentration / %
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RF discharges
Low pressure plasmas

Helmholtz coils (B,.x = 14 mT)

Discharge vessel

40 cm 1 40 cm

>
14

10 cm

— |
RF circuit

13.56 MHz,
600 W
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RF circuit

13.56 MHz,
600 W
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; RF circuit
Planar coil
- 2 MHz, 2 kw/| Faraday
surrounded by ferrites creen
Quartz plat 00000 0000 Discharge
b —— = — chamber
115 cm /
M
Diagnostic port 3

| f=1-27.12 MHz
Pre < 2 kKW
p=1-100 Pa

RF feed-through — = )
L Flange for evacuation

of solenoid chamber

Covering plate /

Vacuum sealing surface

RF solenoid =y
(water cooled) — ——— ({&&_"S0))))
— Water cooled base plate

Dielectric window

(quartz, 3 mm thick) Plasma chamber

(@ 15 cm, height 10 cm)

Diagnostic and

pumping ports f=2MHz
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Powerful ICPs
H™ ion source at 0.3 Pa

RF Generator I

Matching
circuit
f=1MHz

Pre < 100 KW
p=0.3Pa

Plasma generation v H™ generation

= |onisation: o = 0.1 *» H/n,~ 0.1-5

= Dissociation: H/H, ~ 0.2 Magnetic filter field = Dissociation: H/H, ~ 0.2
= T.~ 10 eV, n,~5x108 m-3 grad-B drifts = T.=2eV, n,=6x1016 m3
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Hydrogen plasmas

o ©
o ©

) © ©

o o © ©

o]
o
o
0

o

o]

o

o

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | URSEL FANTZ | MAY 7, 2026

(o)

o o o
©c ©o o
o o0 o
[e] o o
¢l o o°
c o o
o o o
o o o
O o
© ©0 o
o O o
© o o
o o o
0 o o
o o o
o o o
© o o
© o©o o
© ©o o
o o o
o o o
o o o0
o o o
© o o

IAEA-ICTP SCHOOL 19



Low temperature hydrogen plasmas
H,, H, H*, H,*H;*, e

0.0H
T~ 10 eV —> below 1 eV
ne~ 10 m3=——> 1022 m=3 : Boundary layer
. . -0ar
lonising =—> recombining plasma . Scrape-off layer

Divertor plasmas
10 Pa Magnetic field : 14 mT 1ok

region

H_SourCe - |T‘T_“||||'T|||||||-

1.0 1.5 2.0 2.5
R(m)

0cm 20 cm 40 cm
& Plasmas for plasma technology

Linear plasma device: cascaded arc ICP, ECR, DBD, MW torch, Surfaguide, ...

EINDHOVEN
UNIVERSITY OF
TECHNOLOGY

<l A 52
area: 0.52 x 0.26 m?
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Hydrogen spectra
Emission of H, and H particles (OES)

Winderlich et al. Rev. Sci. Instrum. 92 (2021) 123510 O
19 ¢y
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Hydrogen spectra
Emission of H, and H particles (OES extended by VUV)
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Wavelength [nm]
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Winderlich et al. Rev. Sci. Instrum. 92 (2021) 123510
Friedl et al., Meas. Sci. Technol. 34 (2023) 055501
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Quantitative analysis by collisional radiative (CR) modelling
Population density of excited state p

~ Singlet system Triplet system _
HE= Lo sty o win, ding ding o, " g pay g, o dn di, Set of ordinary differential equations _
Hydrogen atom & molecule . | 6 o s oa s : | — flexible solver Yacora -
-8B - F R = @
Elevl A D o Quiality of results correlates with =)
14 4 ™~ 7= GK — _ . . o)
| 14 > accuracy of reaction probabilities 5
217 =3t 3 _ 3
] > 13 |- / 4 CR models for atomic hydrogen &
10 — 2 o N
N £ 2\ (&) Lyman band molecular hydrogen N
- ] 12 - A // 1 — electronically resolved N
6 Ya Y Wi band . .
_ CED kil — X vibrationally resolved S
H
47 1 =400 700 o 1 — vibrationally resolved S
> nm | . . w
21 = 7 — ro-vibrationally resolved for .
ol L n=t 0 selected transitions
dn
7; =nelnx Xxp(Te) + anqu(Tc) =+ anqu(Teﬂ + anqu _ne[z npXpg(Te) + anXm(Te)] - anAm - Z i1y Xi 10ss(Te)
o<y L q>p , a>p as<p o aep ' l1r)>q o i '
direct excitation stepwise exc. coll. cascades rad. cascades down coll. up coll. radiation further losses
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CR model for atomic hydrogen — Coupling to other species

lonising and recombining plasma regions & ion-ion plasma

Requires coupling to all
hydrogen species in a CR model
dISSOC'IatI\'/e ((\.a np
recombination S ~
Q\a direct H di iati
H,*  dissociative ,,I;\(\Q el 'SS(?tC'f_‘ IVE
recombination 1 recombination \0‘\\ SAElEen
H+\n ~ HE,'Jr
direct H/ Tp di iati
o Issociative dissociative
excitation H- excitation recombination
neuTr:tI:Jzaz:tion H2+ dissociative
recombination 1 recombination
H+\n / H3+
CR model: Yacora H Tp
Winderlich et al. Atoms. 4 (2016 )26
Yacora on the Web: www.yacora.de H-
mutual
neutralization
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CR model for atomic hydrogen - o-o->"°
. . : sae -0
Quantitative analysis o 6F -
[
2
: : = 1 ) |
Negative hydrogen ion source 2 4 oones - OO
Atoms | | £ ae®o- -o - O _a
2 L —
10 O _OO %@Ha asooe- -06- -5 - - _ 2 Owooeegael_ly/H2,Fu|cher x10
: OO\ 0 1 ‘ 1 ‘ 1 ‘ 1 ‘
@ o 0 1 2 3 4
(42)
= > Molecules H B PG current [kA]
= o b@@;ecues 2 Fulcher H™ source 4 e 2.0
o @ i Recombining plasma
> 1019 | Oﬁem_g‘géoo-*:g:: i > for NBI 9b
D - H, ] : 3 a Electron density =415 —
E [ S | Gmmmpmeee,O- -e- 0. o | £
c - Ce D ~
= L Hy y o 2 [ e <110 &
_E F Ceeste o oSSe - o _ o = % i =,
3 ELISE | 1L P =
w/o Cs, 0.7 Pa Electron temperature
1018 | L | L | 2.0 kW/drIV.er ‘ O L 1 T T T 0.0
0 1 2 3 4 'S 0 1 2 3 4
PG current [kA] 1kA=1.06 mT Magnetic filter field PG current [kA] = magnetic field [mT]
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CR model for atomic hydrogen
Opacity of Lyman lines, self-absorption

Influences VUV radiation (photo-induced ionization) and Balmer emission

n(H)=10*° m™

[ T,=700 K, Bessel emission profile

— 1¢
_9 ]
(@)
o
) 0.1¢F
o
©
(@)
(2]
O 0.01F
o ]
©
E i
S 0.001
o E
o) :
(ol
1E-4 Lo
1015

l:ll_l;)lG 1ol7l 1018 1019l
n(H) [m™]

T TT T 1016 E I ' | v 1 i 3
< F n(H)=10* m®, T,=3 eV, n;=4-10"* m* 3
® - B T,=700 K, Bessel emission profile
E 1015 3 S E
%‘ ; Optically thick
% 10 ¥ B s 3 E
o ~ n=
© C _ > < - —
c 13| n=2 B-- ~n ! n_5n=6 ]
8 107 Fm-- Opticallythin - -m- - -3 Fg_ ~
[ C
;_:i 12 [
o 10°F E
(al C
AT BRI R 1011 I 1 L 1 L 1
1020 10%' 10% 10 11 12 13 14

Only = 0.4% of L,
radiation escapes!

For divertor plasmas implemented in EIRENE photon module
Reiter et al, PPCF 44 (2002) 1723
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CR models for molecular hydrogen
The Yacora family

Richard Bergmayr, PhD thesis, Augsburg University 2025

Electronic CR models Vibrationally resolved CR

models
Singlet system Triplet system _
n=

+ Iv+ K1+ 1 ¢+ 41 1 3yt 3yt 13 3yt 43 3

|_|2_ | s’y oplyy phn, dizydimg diag s’z Py P, Ay oy dag Vibrationally
Triplet system resolved CR model
5 o g 2 P R S 4 Kk P r s 7 for X1
— BB - 2 = fomm = - —
y HH - D k |2 Vibrationally

resolved CR model

Singlet system

for entire H, system

W
g’ Lyman band

¢
)

Combined electronic
model

Ro-vibrationally resolved
models

Energy [eV]
i
|

12 + i
Werner band
<400 T Benchmarking Corona model for
11 | - - - . Fulcher-a band
. = 400 - 700 nm Laboratory experiments
A >700 nm . ;
= = " Negative ion sources
0 " Linear devices Extended corona
= Divertor plasmas model
[ |

EIRENE code, SOLPS-ITER code
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Evaluation of the input data basis

Electronic CR models — Yacora-H2

Electronic CR models

Triplet system

Singlet system

Combined electronic
model
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Electron impact excitation
e + H,(n) 2 e + H,(n')

© Miles data set: semi empiric cross sections =
Miles et al, J. Appl. Phys. 43 (1972) 678
significant

@ Janev: summary of measurements and calculations inconsistencies
Janev et al, Report JUL-4105 (2003)

@ Celiberto: calculations for a few transitions, 2001.
Celiberto et al. ADNDT 77, (2001)

© MCCC: molecular convergent close-coupling method in the

adiabatic-nuclei formulation, fully guantum mechanical
Scarlett et al, ADNDT 137 (2021) 101361

— close collaboration with Fursa group, Curtin University, Australia
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Evaluation of the input data basis
Electronic CR models — Yacora-H2

10% ¢ —_— —
: Celiberto
Electronic CR models Electron impact excitation | |
) C ]
e + H,(n) 2 e + H,(n') S
3
. 0
O Miles data set: 2 107} :
Triplet system Miles et al, J. Appl. Phys. 43 (1972) 678 © ;
o 3 X'E, — CHI,
Janev: 1050 T oo
Janev et al, Report JUL-4105 (2003) —ETev]
e
® Celiberto:
Singlet system Celiberto et al. ADNDT 77, (2001) £ 107} ]
b [
c
© MCcCe: =
Scarlett et al, ADNDT 137 (2021) 101361 § 102} ]
Combined electronic 4 :
model O
-24 | m
107 X2y — GKIZ3
10 100 1000

E. [eV]
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Improvement in the input data basis
Electronic CR models — Benchmark

ICP plasma, lab experiment

= T, and n, from Langmuir probe
= Electron densities < 1017 m-3

Wainderlich et al. 2021 J. Phys. D 54

Impact of data used in the analysis
on density ratio

1014 — — 77— — T T T ' T T T 1 T T T 1 T T
5 0.4} Per=700W 4 | p=1Pa 110
“'?g __ - -8~ - Janev i N - 4~ 110
= T __.-2-- MccC I 03F 1 | S
2 A S T \ i Janev | g =
& W measurement o ) i . | <
O a3 © . N 3
2 1071 , > 02 ‘% : 1 F K 10.6 %.
) _--0- - _ = h T I o ]
= 0 - Miles- - - - @ Ll e N ] T
© - ) - O- Janev L 104 T
> , (@) IR S % - ' I\JI
& ’ 0.1 IR I + mMccc | |
o MCCC i §, _-- 1o
g -0--0--_.¢ | -0 |
[ 0--0 Mlleso @— - -o- -Miles
1012 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 0.0 P R PR | | 0.0
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Improvement in the input data basis
Electronic CR models — Spin mixing

. . 16
singlet system triplet system 10° pr——
F|ICHI, ny =10 mS, T, = 1000 K
(TS S M i o e TSR o = i e T M 1 TR 15 [ uj =X ' ogas ]
9 g g g 10 g g g 9 107 ¢ R
_ Lo | +0.5%
s ' 1 :
d97 ] 100 £ 1
% “r - ] } ""./4:2.8% (nwith_nwithout)
= e 1012 [ Te=5eV.- ] Nwithout
S 13} i & E o -
0 =
c = 10"k = .
Yo L g T =
[ < 1010 :_Te,?’?y - v i E
: F - 0 1
11k E § - of 9% nfluence rather small
. N 10 E wil/ E
L '§ i § L A3.0% i  but most pronounced
3]: eerresnens T s ] i
oL X 1 10°¢ 1 forlow T, and high n,
, FT=1 eV +2.6% ]
107 o 0 with Spin-Mixing 3
H 5 N H 5 . F +0.7% @® w/o Spin-Mixing ]
e . - . Lial L el Ll Ll
e + Z(n_ )Slnglet e + 2(n 13)tr|p|et 10 1016 1017 ; 1018 1019
— — n, [m™]
e+ Hz(n_z)triplet 2e+t Hz(n_zig)singlet ¢

Use of separate electronic models (singlet and triplet) sufficient
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Vibrationally resolved CR model for X?!

Yacora-H2(X1,v)
18
16 - Singlet system
4

14_. R LA n=s3
. 12 - EFlZ; Cll_Iu n=2
> 1 B's!
D, 10 H
L

8 -

n=1
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potential energy [eV]
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e
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[EEN
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Measurement via

Fulcher band emission

oo N
T —

H (o))
— .

O+

Fulcher-a

Electron impact
excitation

Xy *

00 05 10 15 20 25

internuclear distance [A]

n/g

Ro-vibrational population

in the ground state
Briefi et al. 2020 Plasma Sources Sci. Technol. 29

107 ¢ T T T T T T T T T
TR ICP, 1 Pa, 600 W Hydrogen
n X 'z, state |
10°F w gv=1 E
- \ 5
I " e 4VS 2
10 0, A B 3
E - ! A 4 v=3
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L “‘1 A \ 4 |
v V=
10 ¢ "o}.\ v % 3
5 r % ]
[ ® < ]
- < -
105 L Tu. 1 = 4000 K -‘&“%‘% ]
E Too 1 = 600 K ", ;
[ Ter2= Tup 2= 6700 K, p=0.174 "*u .
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0 5000 10000 15000 20000 25000 30000
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Vibrationally resolved CR model for X?!
Yacora-H2(X1,v)

Measurement via Low pressure plasma, H™ source
Fulcher band emission T.=25eV,n,=6 10 m=3
18 - 18 ¢ B
1 I o o Briefi etal. 2018 AIP Conf. Proc. 2052
16 - Singlet system 16 | Fulcher-a 10 . I
| — - W e T,,= 6150K ]
- [ ]
1 =g o, T T T8 — 14+ . 10 . ® © o Model 2004 3
| ——— L D .. | a % e T, ,=11400K ]
12 g o 22| o 70 ® Juw=1L00K:
S “ S | 107 o ° . %eay
D, 10 ! © 10+ _ =) Model 2022
S | Electron impact [ \
L 2 \>/ -3 ..g
8 8 8 excitation < 10 OES measurement: ® T, = 5900 K 3
S . > T,, =3000 +500 K @ T, = 8350 K ]
8 6 | c Vi ]
o -4 ° _
e | 10 .
4 B 1y + ([
- Xz 5 Model 2022 @
2+ 10 extended % -
_ T, = 4260 K
n=1 O‘.I.,.,,,,, 10-6 A TS R T RS R
00 05 10 15 20 25 1 2 3 4 5
internuclear distance [A] E, - E, [eV]
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Vibrationally resolved CR model for X?!
Yacora-H2(X1,v)

BUG: p;;=0.6 Pa, Prr=40 kw, 1,s=3000 A
Relevance of transport 10%——————T—— T Toib 3500 K 3500 K
H,(v) are ] T 820 K 800 K
e i
metastable states 2 101 \\\‘ | Tiirot 2 6410 K 4720 K
c W e ] B 0.51 0.41
T A L\‘ .
®] . N
= B 10 ® 4 (calculation) = -
=< o Aa 1 T 2.1eV 8 eV
Q. > \\ “ n
S o Typ=3500£500K ® =Y 710*m= 10 m*
5 ; 107  (measured) . ERL™ 4.8101°m3 8101 m?3
'c—;s =4 L 1 n, 110°m3 1,510 m?3
H,(v) are created & 10 ¢ 4 . 3106 m3 51017 m3
in the driver = plasma grid ¢ 5 16 oon.3 I
(calculation) e Np2+ 310 m 510 mr
ob—1 .+ 1 1), Ny 110 m3 0Om3
0 1 2 3 4 5

E,E,_, [eV] T, 5600 K 5900 K
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Ro-vibrationally resolved Corona model

Yacora-H2(v,N)-Fulcher

H
(00]
1

=
o
—

BN
o
T T

Electron Impact
Excitation

potential energy [eV]

= Ground state n(X!, v, N) according to two-temperature distribution
n(X',v',N') =

nHo [(1 _8) ﬁmt (rU,a N,: Tgu,.s') ﬁﬂ*ﬁb(v!a Tfﬂibl) + B ﬁ’f'()t (U,: N!: Tf'otZ) ﬁ?;féb(vla Tf'me)]

dn
= Rate equation: ;= Z XgpNaNe — Z Aoay

q<p q<p

Electron Impact Excitation (EIE)
e + Hy(XL,v,N) > e + H,(d3,Vv',N")

Spontaneous Emission
H,(d3,v',N’) 2> H,(a3v’,N”) + hf

= Separate treatment of d3(v,N)+ and d3(v,N)- (selection rules)

o0 05 10 15 20 2

internuclear distance [A]
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5 = 45 259 fully ro-vibrationally resolved MCCC cross sections applied
Scarlett et al. 2023 Phys. Rev. A 107
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Improvement in the input data basis
Ro-vibrationally resolved Corona model — Yacora-H2(v,N)-Fulcher

Benchmark with spectra from lab experiment (ICP, p = 1.1 Pa, Pg= 700 W)

T.= 8.8 eV, n,.=1.84 10'® m-3 from Langmuir probe

20 Bergmayr et al. 2025 J. Quant. Spec. Rad. Transfer 338
= 910 L L L e
= gx10%0 |- Q192 Q45 Q1Q2 Q4 Q5 Q192 Q4 Q5 Q2
“ b in=ol ok v=2| =) = Excellent agreement in
E 7x10% | V=EO) V=Ll measurement | {|V=2| V=3 J
= a0l |2 — || I - | ] absolute values
= 0T v=0) V=1 =2 v'=3| |
2 510 | T T = Previous model
S axw0®| | € Q3 Q3 Q1 Q3] — factor 3 higher emissivit
40—'0) [ | e i o i L
E Laml || N BEn ] .
T B N . I ] » Q-lines show general
= 20 | B - .
o 2107y 10 nes e agreement
o 20 [ | N 10 il
o DT - l| ' 1"l ]l
0 l‘.\T. ;\I.;’ .I;"ll;‘.l' l.”‘.‘J. e ;.'I;".‘J; i‘”‘. ‘I."". l.'I - .J; . ;.‘Jlil ‘.’ L.‘L."I.’lll ‘.'UI. ‘I.J.‘ -
600 605 610 615 620 625 630 635

wavelength [nm]

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | URSEL FANTZ | MAY 7, 2026 FOR INTERNAL USE ONLY BY PARTICIPANTS IN THE IAEA-ICTP SUMMER SCHOOL 2026 IAEA-ICTP SCHOOL 36



Ro-vibrationally resolved Corona models

Fraction [%0]

Yacora-H2(v,N)-Fulcher, -Werner, -Lyman z, Feneetal 2010 Flasma Sources sei Techno, 25
o 1 Simulation Fulcher band
g 4 + Corona d-a .
< I T,,=3000 K 1
. - o 3 ]
Applicability of Corona model %0
— check with electronic CR model 2.1
[
= 0 | .“ i \I.‘\Mwﬂlmlum IMI‘}IA
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| . N E 30 1 =4500 K
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Low temperature hydrogen. plasmas
In fusion devices
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Low temperature plasmas in fusion devices

View into the JET tokamak

JFg - % * '
‘5."‘,‘, g 4 = ] g 5 05 B

A & High temp.
| 0.0F Core plasma f
% o Low temperature
- i 45 I
5 mE A 4 I - Boundary layer
S in E A Scrape-off layer
X - Separatrix

Divertor region
Low temperature

— "
N T T AT T YT NN TN N S A

T,~50 eV—> few eV —> below 1 eV
1.0 1.3 2.0 Z.3
N~ 1018 — 1021 m-3 R(m)

lonising plasma =—> Recombining plasma Cold plasma edge: SOL and divertor region

Wide parameter range
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Van de pol et al. Fusion Engineering and Design 136 (2018)

Linear plasma devices
Regimes of divertor plasmas

MAGNUM-PSI

Vacuum pumps
(17500 m3/h each)

Design values for high performance
detached divertor operation in ITER:

Superconducting magnet
(<25 T, 1.3 m bore) " n,~ 101 -10%' m3

"=T,~0.1-10eV

= Particle flux ~ 1023 - 102®* m?2 st

" Heat fluxes > 10 MW m

= |ow neutral background density < 1 Pa

source
chamber e

target chamber e

target exchange and _- -7 «©
analysis chamber. -~ AD

s
”

target manipulator .-~

-
e
-
-~
-

L/
Exposure tungsten tile to plasma in Magnum-PSI
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Linear plasma devices
Regimes of divertor plasmas

Kreter et al. 2015 Fusion Science and Technology 68

PSI-2 = Arc current ~ 1000 A, Arc voltage ~ 150 V
O JULICH = Diameter of plasma column ~ 6 cm _ _
- Magnetic field in exposure chamber 0.1 T T.~1-25¢eV (in D), up to 40 eV (in He)
| . * T,,~05-5¢eV

—_—— T . N n, ~1017 - 1019 m-3
e .- | ’ lon flux ~1021 - 1022 m2 s1
Incident ion energy (bias) 10 - 300 V

i

credit: Forschungszentrum Jtlich

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | URSEL FANTZ | MAY 7, 2026 FOR INTERNAL USE ONLY BY PARTICIPANTS IN THE IAEA-ICTP SUMMER SCHOOL 2026 IAEA-ICTP SCHOOL 41



The role of molecules in recombination processes

Electron lon Recombination EIR Plasma ionization
H"+e +e > H*+ e~  3-bodyrec. and/or H+ e — H" + 2e” ionization of atoms and
H" +e” — H* + hv  radiative recombination H,(v) + e~ —> H," + 2e™ ionization of molecules

n,~ 1020 - 10t m-3
T.,<15eV

Molecular Assisted Recombination MAR
H,(v) + H* — H,*(v) + H charge exchange with
H*(v) +e- —>H+H* dissociative recombination

l
H
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The role of molecules in recombination processes
Investigations at a linear device

Cascaded arc

Pilot-PSI, UPP
at DIFFER
Molecular Assisted Recombination MAR
+e+e >H+e 3-bodyrec. H,(v) + H* - H + H,* charge exchange
+e > H+hv radiative rec. H,*+e — H+H* dissociative rec.
7.5 - " | ' | I : 6 3 ' ' ' " ASDEX Upgrade
— Balmer lines 852 ? #9700, #9702
= 1 —°T Molecular radiation: H,
% 50} = z 41 0-0
Ne~ 1020 - 1021 m=3 & . Ne ~ 1019 - 1021 m-3
Y 92 =3
T.<15eV = - 2 T,~2-10eV
E 25t . 25
2 102 €°f
5 | 2052 . Ll
o
£ 00 ___._.ZMA_A_,A_L 1 JL 0 |
365 370 375 380 385 390 6I02 6I04 6I06 6I08 6I10 6I12 6I14 6]I.6

Wavelength [nm] Wavelength [nm]



The role of molecules in recombination processes
Investigations at a linear device

10 Pa Magnetic field : 14 mT
10%Pa - courtesy:
at TU/e H "@
Ocm 20 cm 40 cm

2-0 6 v 1 v - 1 v L | v § 1021 1017 ; 1 v T L] T 1 - 1 3
_ “.‘Te zzlii cm z:ZF; cm 1016 , . zzli cm z:25I cm 1
° o 11020 0
15 ®eqel. | I 110 1015F % 72 | :
028 o : & e, Overpopulation
) N ::zl : . 1019 IE 1014 3 :l. 3 e, ® 1 I of n=5 and n=6 -
—_ 9 — F o © e %o
% 1.0+ 1:.'0000.\ I : = ?1013 : 3:::4: i : ) 1
|_Gl) I\‘\'\ .\'\. n E 1018 '§.| _2\1012 ,. 'ii:S :‘. & : ) -.
- e e S i =
0.5} | % I ] 1017 © 10 n=9 [ 1
® ® O F ]
I e ] 1010 I
| eeegee-® : : ]

0.0 1 N 1 N 1 N 1 N 01016 109 1 . 1 . 1 : 1 .

0 10 20 30 4 0 10 20 30 40
Distance from nozzle [cm] Distance from nozzle [cm]

Van Harskamp, PhD Thesis, TU/e 2012

Plasma parameters from Thomson scattering, probes, OES, ...
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The role of molecules in recombination processes
Investigations at a linear device

10 Pa Magnetic field : 14 mT
104 Pa - courtesy'
Cascaded arc %&‘ TU /e Eindhoven
at TU/e Hy T
0Ocm 20 cm 40 cm
1018 T T T ] T T T T 1018 T T | I T T T T T
17 z=13 cm m YACORA 17 £ z=13 cm ® YACORA
.10 : 10~ F :
& " o I ® Experiment 16k I _250 Experiment
élO v | R 10 ] | -~ E)r\r/]erpopulation
15 15 [
‘\Cm 10 -5.. | E 10 : I of n=5 and n=6
< 1014 | % | \? 104fF = |
§ 1013 "@- > 108F ..h. 2. !
A 1012 . " . & 1012 i = ‘
| ] 8 I *. e
10t I o 10t F I 1 8,
102 | | n=2 I 102 k| h=4 | | .
109 I 1 | 1 I | 1 | 1 | 109 F I N 1 I L 1 1 I | 1 |
0 10 20 30 40 0 10 20 30 40
Axial direction [cm] Axial direction [cm]

Plasma parameters from Thomson scattering, probes, OES, ...
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The role of molecules in recombination processes
Investigations at a linear device

10 Pa Magnetic field : 14 mT
104 Pa >
courtesy:
Cascaded arc TU /e Eindhoven
at TU/e H "@
Ocm 20cm 40 cm
1014 E N 1 1 T 1 ' 1 v 1 N 1 N 1 v E 1014 o T T T T T T T T T T T T T T T T T E
- ©- Experiment; - @- Experiment]
i +.: “ - B- Yacora I - -l- - Yacora
- H D‘ < N J L
G 103 HS \ ,g\\ . __ 1083 ' g ]
[ [ ‘o <\ o™ + @\ I
i NN - H - -0 X
< DRWRENE E 3y Somo AT .|
(@)] 2 }\/ N ~ \ @)} 1 ,’// \\\\
~ v N N AN Lo , b - N 0.
;1012 L H™ O “ \ \D. \\Q. | c 1012 B HZ H P \a -0 o N u \\\\. i
] : vy S oS so-H---p L .oom T~
@ f C A 8T 2 H ™ PR - DE:
- Voo N = . s m] B --.
8 L \ \\ \\:D. \.:::. - % + :”—D‘ \\ .\\ [m]
1011 E- H+ "\‘,D _ - '\E ---0 - - _E —:« :E o _g _“_ t! _ D 1011 | H D: \D \D |
[ (m] \ N N2 N | N
F H X . o-~. . .
. 2 \ \ o ! =}
\\ ‘D \D~ \D. : N | : < .
1010 P TP R TR TP T [ 1010 ! 1 1 1 1 T | 1
1 2 3 4 5 6 7 8 9 10

Principal quantum number Principal quantum number

Contribution of individual channels by CR modelling
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M. Groth et al. Nuclear Fusion, 53 (2023):093016

Application to divertor plasmas
Predictions by modelling using AMJUEL database

EDGE2D-EIRENE profiles

JET L-mode plasma M. Groth et al. 2013 Nucl. Fusion 53
n.sePomP=1.3 10 m3 High-recycling plasma

2.0
1020 1020
1.5' 1.3
1078 1.4 1019
1.0 5 g A &
1018‘5 ;‘ 223 ] 1018&
1.6+
0.5 - 1017 1.7 ne 1017
'E %2 23 24 25 2.6 27 28 29 3.0 3.1 22 23 24 25 26 27 28 29 3.0 3.1
[— 0 0 R [m] 1016 R [m] 1016
N 102
-0.5 : ¢ Ligs -
13] G % 1.3
1.4 \ 1019 -~ '
-1.0 - E TR § s E e ' =
;,-1.5- . 101s§. ;-1.5- 3 107 E
1 5 '1'6- -1.6‘ : X
M ng| o . T,
L ] ) ) r r r r r r r r . . . . . . . .
20 25 3.0 35 22 23 24 25 as[r:ﬁ 28 29 30 31 - 2 Dl DM D ?5\6[:1.3 75 29 2o a1
R [m] 100
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M. Groth et al. Nuclear Fusion, 53 (2023):093016

Application to divertor plasmas
Comparison of different data basis — Yacora-H2(v)

EDGE2D-EIRENE P rofiles Begrmayr et al. 2025 Nucl. Mater. Energy 42

JET L-mode plasma
nnsep,omp:1.3 1019 m-3

Lymanband
NS RN R RN

(=Y
o
TTTT]

Fulcher band

iy

o
l'rl'l"'r
m :

- -y

m |

) )
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: e
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: :

N R i i I P S I T T T T
S I ;
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el = Discrepancies within

—14] < an order of magnitude
-1.0 - élS \ 5
C
15 N 1.6+ b S ¥ o
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Low temperature hydrogen. plasmas
FOR fusion devices
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Low temperature plasmas in fusion devices

T T T T T T T T T T T T | i
lon source for

10r Low temperature — positive ions H*, D*

Boundary layer or
Scrape-off layer — negative ions H™, D ~
051 Il
Il
Il
| Neutral beam injection  Ill
oor ! beamline : : :
| Il
\ Il
-05F I”
LS
' -I Separatrix _
/ / _ Wide parameter range
Bl " . o T,~10eV—> 1leV
Divertor region 1 16 o3
\ ‘Low temperature n.~ 10 > 10*°mr
[ | Lo I R R

1.0 1.3 2.0 2.3

) lonising plasma => Recombining plasma
m
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Fusion experiments require powerful heating systems W

Radio Frequency Heating Power installed at ITER

Electron cyclotron resonance heating, 170 GHz
ECRH: 40 MW — 67 MW

lon cyclotron resonance heating, 40 - 55 MHz
ICRH: 10 - 20 MW

............... | Ohmic Heating by the toroidal plasma current — 1 - 2 keV

Neutral Beam Injection Injection of energetic neutral atoms
NBI: 33 MW — 50 MW

Remark: a-particle heating sustains plasma temperature in a fusion reactor
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How NBI heating works

Interaction of a fast neutral beam with the hot fusion plasma

H or D particles density n
intensity |,

Generation of fast ions

Collisions with electrons and ions ‘

= |onization by electrons H}H e” —HF|+2e”

= [onization by ions H} + H® - Hf |+ H" + ¢

n I I 0 + +H 0
Neutral Charge exchange with ions Hf I Ht Hf +H

beam
Py
Beam attenuation Z’
' Q . .
I = Iyexp (_1) £ 11le. > » & Current drive for steady state operation

'. > requires beam energies of 1 MeV for ITER
Absorption length
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Positive and negative ion based systems

NBI systems based on positive ions

negative ions

are routinely in use up to 300 kV
JET, AUG, DIII-D, only at JT-60U,
10 JT-60U, ... JT-60SA, LHD
> Neutralisation efficiency in a gas target
I |
£ H, D
w 06F <
o
9
§ 04F 1
.C_E H.,D,
% 02F |.|"', D*
Z
OO -
10 100 500

Energy (keV/amu)
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1 MeV D

Neg. ions ~ 60 %
but j ~ 200 A/m?

increase of
source size

Pos. ions < 10 %
with j = 2000 A/m?
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NBI systems at ITER and its functions

NBI functions

— Heating —_

Current drive HNB

— Plasma rotation —!

— Diagnostics — DNB

Hemsworth et al. 2017 New J. Phys. 19 025005

HNB Heating beams (Europe, Japan)
33 MW (2 injectors) for 3600 s
1 MeV Deuterium, 870 keV Hydrogen

Singh et al. 2017 New J. Phys. 19 055004

DNB Diagnostic beam (India)
2.2 MW, 100 keV Hydrogen, 3s ON/20s OFF 5Hz for 1000 s

DNB

P. Veltri, 10, NIBS 2022
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Beam line components

Hemsworth et al. 2017 New J. Phys. 19 025005

Active correction

compensation

valve
VVPSS Fast Shutter

PMS

,,,,,

-~ o
e e e M e pe e e

Duct Liner Drift Duct Exit Calorimeter RID Neutraliser |on source
bellow Scraper H™, D

< 26m o

Injection Neutralization
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Concept of ion sources for NBI
Arc sources and RF-driven sources

Arc sources

High-current RF sources
tungsten filaments

= Hot cathodes (2000 — 3000 K) = Inductively driven source
= DC voltage (= 100 V), Arc current (1000 A) = RF power supply (= 100 kW), RF frequency 1 MHz
Filaments require regular maintenance Long lifetim

g s

In routine operation for
positive ions at AUG
since more than 25 years

Nelalalale. » ©
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Requirements to the negative hydrogen (H, D) ion source

> Accelerated current | =40 A (46 A, 60 A DNB)
Extracted ion current density

jox = 286 (329) A/Im?2 T
1280 apertures

Filling pressure < 0.3 Pa (stripping < 30%) A
Co-extracted electrons: j /j., £ 1 :

Y

Beam homogeneity > 90 %,

vV V V V

Beam divergence < 7 mrad

1.5m

Large source area: 1 mx2m
Multi-aperture system: 1280

< >
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Formation of negative hydrogen ions in the plasma volume

e+H,—H,B,C)+e — H,(v)+e +hv
hot electrons Vibrational excitation
cold electrons
e + H2(v) —H +H
Dissociative attachment

Driver Expansion

OO0 O Magnetic Filter  Chamber
A A ,cold“ :

electrons

efast—i_HZ\ I
I

e’fast+H; > H;+e’ I H_
J I

H+H +e—— H-

|
Txlev ——> e

Concept of a
tandem source

Plasma Generation
»hot“ electrons

T, ~5eV
ONONO)
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Needs electrons and H, particles (pressure)

Issues for ion sources
= High co-extracted electron current

= Low ion current at low pressure ( < 1 Pa)
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Formation of negative hydrogen ions at the surface

Volume process dissociative attachment
e +Hy(v) > H +H

Surface conversion

H, H,* + surface e — H"

10 x higher |-

~ 100 x lower j /] 4-

at low pressure, 0.3 Pa

Q

low work function

Destruction: volume processes
+e > H+2e
H+H"->H +H

Electron stripping
Mutual neutralisation

H+H ->H,+e Associative detachment
—>H +H+ e  (non-associative)
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H H*  H

, effective at

I low work function

Xsubstr

bulk
XCs

Work function y [eV]

Xmin
= 0.5-0.7 ML -
0 emin 1

Covering fraction 6 [ML]
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The RF-driven ion source

ICP @
f=1MHz
Pre <100 kW
p=0.3Pa

RF Generator

Q_

Plasma generation
lonising plasma

= |onisation: o ~ 0.1
= Dissociation: H/H, = 0.2

= T,~10eV, n,~5x10¥ m-3

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | URSEL FANTZ | MAY 7, 2026

matching
circuit

Extraction system

filter }

Plasma '§ Grounded grid

H- grid  Extraction grid

S Oor
_7 D—

H™ generation
Recombining plasma

- H/n,~ 0.1-5
= Cs*/n,~0.01-0.1
grad-B drifts « T,~2eV, n,~6x101% m3
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Plasma parameters by OES, Langmuir probes, ...

lonising and recombining plasma regions & ion-ion plasma
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Electron temperature [eV]

10

oo

(o3}

N

N

T T T

. v
Perm. magnet frame/

OES
i

T

gas H, Fulcher 630 K
Tuib H, Fulcher ~ 3000 K
Ty H, ," order 2203 eli/&
"/ Mhy  H H, ryerer 0.3£0.1
2 n(H") CRDS 1017 m-3
C
L n(Cs) TDLAS 1015 m3
C
s S ~70%
ke n(Cs)
n(Cs) TDLAS  5x10% m-?
vacuum

1)
5l =3 kA ®) %
— |
e :
8 531 drlvelrLOSé
100 200 300 400
Distance from PG [mm]
T T T T T IIII T F T T T T T T IIII T ] 1019
i i 0.3 Pa, 70 kW ]
EE-E-- 8- --H [ ] ]
Driver .
4L . 11018
A Expansion { [ .
Al oo Expansion 1
\ 'S Tre---0 @ .
A . 1F 710
A Grid t A ‘A ﬁ'_'; A~ LoD A
N S ! Grid 4
A A L
open symbols: Langmuir probe
| B B | I/I/ 1 | I I B | I/I/ 1 1016
0 1 2 3 Perm. O 1 2 3 Perm.

PG current [kA] M9 PG current [kA] M9
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Briefi et al. 2018 AIP Conf. Proc. 2052
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Transition to an H}/H™ plasma during the Cs conditioning

Heinemann et al. 2017 New J. Phys. 19

. 160 e
Langmuir probe At O
measurements T & levaporation S\
<, 120 . o ."4:" N _
2 °
@ 1007—~ ) 4 ¢ c
o L. ! % ¢~ {20 S
2 8ot e o S
c I ® ® !
g I ! 0.\ o*ﬁ S
5 60l ! . % 5
© - I ” 110 Q
Volume process gl ; M‘.‘Je Jn
4 T T T T T T T
o Langmuir probe ! \
- - N N 1 ' | " O
N #102595 ¥ 102600 102620 102640 102660 102680
< “f yd Shot number <
E 4| ] Electrons £
c - ; : . c
] (R 1as dominant negative species S
O -1t . O
L -
3k ]
R 0 60

Voltage [V]
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A O N R O B N W A

Negative ions
as dominant neg. species

Surface process
[ Langmuir probe Symm_letnc
L #102670 curve|
20 o0 20 40 60
Voltage [V]
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The European step ladder approach
Modular concept of the RF-driven H~, D~ ion sources

9
N

~,

: vaporation _ 3 e ¥ en O ANB, DNE
bf Cs NBTF:
SPIDER, MITICA

BATMAN Upgrade

@ IPP
R 800 kW RF power
Lt coupled by 8 drivers
40 A to illuminate
Prototype Source area 1280 apertqres
source of 1 x 2 m2 arranged in
16 beamlet groups
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ELISE — A half size ITER source

Extraction from a Large lon Source Experiment

lon source with dome RF drivers in the dome
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Negative hydrogen ion sources —
utilizing low temperature plasmas in ITER’s neutral beam systems

High power plasma sources Fusion plasma
for negative hydrogen ions (H ", D7) D+T—>%He+n+17.6 MeV
T<10eV T>10 keV

r rea: 1mx2m ;
Source area Acceleration to

1 MeV

17 MW
40 MW /yto the torus
generated
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Hydrogen isotopes
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Towards deuterium

Atomic model Molecules
. 1.8 [ H2 D2
dissociativ 16l v .
recombination al .
+ = = H 3 v=2 = =3 =
o H 5 dISSOC_Ia'lI\f c12] - v N0
v’ | recombination 1 recombinatio ot .
H+\ -~ H + 5 1.0 i V=2 N=0
n 3 Q 08 | -1 . N=9
/' p |_|CJ . V=] e N=0
B N=7
. H T - T 0.6 - =1 N=0
‘/ direct dissociativ I ' v N=9
excitation H- excitation 0.4 | :
mutual / 0.2 v=0 N Vo) s N=0
neutralization 0ol

Available for D,

= Transition probabilities A,

and opacity effects = Dissociative attachment (Laporta)

= |onisation Gryzinski method and MCCC

In planning: Yacora-D2(v) with MCCC data
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Benchmark at linear devices

- - 1.4x10'8 T — 7
IS a nhecessity — ' Hydrogen |
‘S 1.2x10%° .
c 3 ]
N 1.0x10%® \v:l\ D v=3 =
Fulcher spectrum from MAGNUM-PSI E o -
=< 8.0x10 .
O DIFFER Y |
> 6.0x10%7 .
£ I
o 4.0x10%7 .
I= s ]
i 2.0x10%’ .
1.8 H2 D2 I L
i N=7 0.0 A "LL‘“['
Ler : N=9 600 605 610 615 620 625 630 635 640 645
: Wavelength [nm
1.4 F 1.0x10% T T T 1[ '] A —
[ V2 e N=0 v=3 N=0 1
— 12+ N=9 — .
N=7
3 | . E  g.ox10 | | Deuterium |
5[ v=2 & v=0) v=1 v=2 v=3
Q — ~ N=9 c
c 08+ v=1l == N0 = 6.0)(1016 - a
L - N=7 : =
06 v=1 N=0 o
- N=0 2 4.0x10'° - T
0.4 . D
I v=0 =——— \ =0 . qc)
0.2 Vo) e N=0 E 2 0x10%® | i
ool
0.0 LL it ““| M ‘|.||l1 .Ihl’, I ) \ Ll e A me. . . .

600 605 610 615 620 625 630 635 640 645
Wavelength [nm]
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Low temperature plasmas
Properties, diagnostics & their relevance in fusion

Temperature / eV

10 ¢
MNon-equilibrium plasma T, of non-equilibrium plasma Te ~ 10 eV r— beIOW 1 eV
. and microplasma s
T G n,~ 105 m3 =—=> 1022 m3

1L T . Thermal plasma | L L
e lonising == recombining
10 Pa Magnetlcfleld 14 mT Dlvertor plasmas

0.1 E T4 of non-equilibrium plasma |~
L and microplasma L
: Electrons, heavy particles i

0.01 o B[ hermal driven

m | sl L
102 10" 10° 10" 10?7 10° 10* 10° 0cm 20 cm 40 cm
Pressure / Pa

Linear plasma devices

H™ source [

area:
0.52 x 0.26 m2

Plasmas for technology applications
ICP, ECR, DBD, MW torch, Surfaguide, ...

2.5
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