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as <β> ↑

Experimental aim: prove good fast-ion confinement

● Stellarator-reactor must be designed
to provide confinement of fusion-born α’s

– provide sufficient self-heating of the plasma
– avoid damage to device components

●

HELIAS: α-particles (3.5 MeV)
W7-X: protons (60 keV), 3He (80 keV)

● Fast ion sources for W7-X:

– NBI (55 keV)  (see e.g. D. Gradic, NF2015)
– ICRH 

M. Drevlak, NF2014: 
protons, 60keV, r0/a = 0.06

The main goal of ICRH in W7-X: source of fast ions (~ 50–100 keV),
at very high plasma density ne0 ≈ 2×1020 m-3

(* also good in view of impurity control, HDH-mode)
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Outline

● Short overview of the ICRF system design

● ICRH scenarios for W7-X

● Three-ion (3He)-D-H ICRF heating: 
fast-ion generation at the largest plasma densities on W7-X

● Summary and conclusions
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Collaboration between Trilateral Euregio Cluster (TEC)
and Max-Planck Institut Greifswald

DIFFER - Dutch Institute for 
Fundamental Energy Research

The Netherlands
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The dedicated ICRH antenna for W7-X

● TEC is designing a dedicated ICRH antenna for 
fast-ion generation in W7-X

● A two-strap antenna will be installed 
→ different toroidal antenna phasings can be used

e.g. (0;π/2), (0;π), (0;0), (0;π/4)

● Using the RF equipment and hardware of TEXTOR 
(frequency range, f = 25–38MHz)

● ICRH coupled power: 1–2 MW for 10s 
(with current assumptions for positioning of launcher and density profile in front of the antenna)

● More details: J. Ongena et al., Phys. Plasmas 21, 061514 (2014)
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J. Ongena et al., Phys. Plasmas 21, 061514 (2014)
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● Antenna geometry has been maximized to 
maximize coupled power (see F. Louche
FED2015, e.g. increasing the strap width, 
6.8cm → 9cm)

9cm

82cm

16.8cm

Antenna box:
34cm x 88cm

Optimization of ICRF antenna design
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Antenna surface (3D) is designed 
to mimic LCFS for the standard 
configuration of W7-X

F. Louche et al., FED2015
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● Short overview of the ICRF system design

● ICRH scenarios for W7-X

● Three-ion (3He)-D-H ICRF heating: 
fast-ion generation at the largest plasma densities on W7-X

● Summary and conclusions
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ICRF minority heating: H and 3He resonant ions

H: f ≈ 38 MHz 3He: f ≈ 25.5 MHz

B0 ≈ 2.5T (ECRH 140GHz), TEXTOR RF generators: f = 25–38 MHz

● ICRF minority heating (ω = ωci): a) H ions at f ≈ 38MHz, b) 3He ions at f ≈25MHz

● ICRF second harmonic (ω = 2ωci):  D and 4He ions at f ≈38MHz (ωcH = 2ωcD)
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ICRF scenarios: (H)D and (3He)H heating

Single-pass absorption from 1D-TOMCAT code, ne0 = 2×1020 m-3

A concentration of minority ions (H or 3He) of a few percent is required

(H) in D at 38 MHz (3He) in H at 25 MHz

Ye.O. Kazakov et al., AIP Conf. Proc. 1580, 342-345 (2014)
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Hydrogen minority heating in W7-X (SCENIC, EPFL)

1% of H, ne0 = 8x1019 m-3, T0 = 3 keV, PICRH = 1.5 MW

J. Faustin et al., “Applications of the SCENIC code package to minority ICRH in Wendelstein 7-X 
plasmas”, WPS2 Kick-off meeting, 20 May 2015
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Theory of fast-ion generation with minority ICRF

Good confinement in W7-X requires:
ne0 ~ 2x1020 m-3, T0 ~ 3 keV (<β> ~ 4%)

ICRH goal: Emino ~ 50–100 keV
ICRH acceleration factor: ξmino ~ 20–30

VW7-X = 30 m3, ∆V ~ 5 m3, Xmino ~ 1%    → PRF > 10MW (!) (for full plasma density)

H minority heating – a good option for operation with reduced ne0

(T.H. Stix, NF1975) Energies of fast ions generated with minority ICRF
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High-plasma density: improving wave absorption vs.
complicating fast-ion generation

Solution: Decrease the concentration of resonant ions to 
compensate for the high density plasma

But what scenario to use ?????

Challenge of ICRF in W7-X: produce 50-100keV ions 
in very high density plasmas
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Challenge of ICRF in W7-X: produce 50-100keV ions 
in very high density plasmas

Answer: a novel ICRH scenario using three ion species

ICRF heating of 3He ions in 30%D – 70%H or
15% 4He – 70% H plasmas with X[3He] < 1%

How does it work?



15

Yevgen Kazakov (LPP-ERM/KMS, Brussels, Belgium) | 14th CWGM (Warsaw, Poland) | 17 June 2015

● Short overview of the ICRF system design

● ICRH scenarios for W7-X

● Three-ion (3He)-D-H ICRF heating: 
fast-ion generation at the largest plasma densities on W7-X

● Summary and conclusions
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Fast wave (excited by ICRF antenna) is elliptically polarized
E+ / E– : left/right-hand polarized component (ions / electrons)

Left-hand polarized component E+ is responsible for (thermal) ion heating

Plasma (mainly) imposes wave polarization

Why not single ion species?

Recall theory: wave dispersion and polarization

(see Stix 1975)

E+ (almost) vanishes at the ion cyclotron resonance, E+ → 0
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● Two ion species: 

● Two-ion minority heating has a limited capability for ion absorption
at very low Xmino (< 1%)

Two-ion species plasmas: Minority heating

D. Start et al., Nucl. Fusion 39 , 321 (1999)

‘Strong’≈ 1/3H(H)-D

‘Weak’≈ 1/73He(3He)-D
How? See [1] » 1Z(Z)-Y-X

‘Medium’≈ 1/5
D
3He

(D)-T
(3He)-H

DampingE+ / E–Minority 
ion

Scenario
Two-ion ICRF minority heating
■ Minority concentrations of ~5% are 
typically used in present-day 
experiments

Three-ion ICRF minority heating
■ Wave polarization and absorption

are fully decoupled
■ X3 = n3/ne ~ 0.1–1% (impurity ions)

[1] Ye.O. Kazakov, D. Van Eester, R. Dumont and J. Ongena, Nucl. Fusion 55 (2015) 032001

(Invited talk at the 21st Topical RF Conference, 27-29 April 2015, Lake Arrowhead, USA)
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Three-ion ICRF heating: a dedicated tool 
for fast-ion generation

W7-X (baseline conditions):

→ Reduce the concentration of resonant ions (to Xmino ~ 0.1–0.5%)!

(3He)-D-H or (3He)-4He-H plasmas 

fast ion generation
Three-ion ICRF heating: efficient 

wave absorption at optimized low Xmino

X[H] ~ 70%, X[D] ~ 30%

X[3He]~0.1%

bulk ions #1

bulk ions #2

resonant ions
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Three-ion ICRF scenarios: fast-ion generation

`

Flat pabs dependence in the range X[3He]= 0.05% – 1%
(very precise 3He control not required)
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Power deposition from TORIC,
X[3He]=0.1%, D:H=29:71

[MW/m3/MWinj]

(JET)

Potential in JET:  X[3He] = 0.2%,  E3He ~ 1 MeV/MWinj.

Potential in W7-X: X[3He] ~ 0.1%, E3He ~ 50-100 keV
(dedicated fast-ion source at the largest ne0 in W7-X)
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Three-ion ICRF heating: ω=2ωci vs. our proposal

V. Vdovin, T. Watari and A. Fukuyama, “An Option of ICRF Ion Heating Scenario 
in Large Helical Device”, NIFS-502 (1997) 

Three ion species: D (majority, ~90%), H (minority, ~10%) + 13C, 21Ne, 7Li, 11B, 40Ar

Fast Wave → IBW    → absorption by impurities
(ICRH antenna)                     (mode conversion) (ω = 2ωc3)

Such an impurity RF heating was also observed on TFR, T-10, T11-M, JET, HT-7, …

LPP-ERM/KMS proposal

Three ion species: H (majority, ~70%), D (minority, ~30%)  +  3He

Fast Wave                     → absorption by 3He impurities
(ICRH antenna)                         (ω = ωc3)

ω = ωc3ω = 2ωc3
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Conclusions

● ICRH will be used in W7-X as a source of fast ions (Efast ~ 50–100 keV)

● A number of ICRF scenarios are available with TEXTOR generators:
– H minority heating in 4He or D plasmas (good option for reduced ne0)
– Three-ion 3He heating in D-H or 4He-H plasmas (for the largest ne0 in W7-X)
– Second harmonic heating of 4He or D ions in H plasmas (e.g., NBI+ICRH)

● Three-ion ICRF: efficient RF power absorption at very small Xmino (< 1%):

H:D ~ 70:30 or H:4He ~ 70:15 plasmas

(3He)-D-H heating

Future experiments on three-ion ICRF heating:

► ASDEX-Upgrade (10 shots, ~ May 2016)

► JET (selected as a backup experiment for 2015-2016 campaign)

► Alcator C-Mod (preparatory work with C-Mod Team is ongoing)

► Any further collaboration is welcome (LHD, EAST, …)
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Backup slides
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A real 3D antenna geometry

Antenna surface mimicking LCFS for 
the standard configuration of W7-X

Left edge rotated toroidally
around W7-X central vertical axis
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ICRH in Wendelstein 7-X

TEXTOR RF generators: f = 25–38 MHz (B0 ~ 2.5T, ECRH 140GHz)

– ICRF minority heating (ω=ωci) : a) H ions at f ≈ 38MHz, b) 3He ions at f ≈25MHz

– ICRF second harmonic (ω=2ωci):  D and 4He ions at f ≈38MHz

fmax = 38 MHz fmin = 25 MHz

(a) (b)
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Three-ion species plasmas: (Z)-Y-X scheme

D-H plasma

An enhanced E+ near the L-cutoff in two-ion species plasmas. 
None of the minority/majority species is able to profit from that.

R
Wave polarization:

● IIH resonance                 :
linear polarization  E+ = E–

● L-cutoff                  : 
E– vanishes! E+ carries almost
100% of the FW power
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(3He)-D-H plasma
R

Three-ion species plasmas: (Z)-Y-X scheme

An enhanced E+ near the L-cutoff in two-ion species plasmas. 
None of the minority/majority species is able to profit from that.

Add the third ion species (3He) at a small concentration to absorb the power.

Wave polarization:

● IIH resonance                 :
linear polarization  E+ = E–

● L-cutoff                  : 
E– vanishes! E+ carries almost
100% of the FW power
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► Main goal of the W7-X: prove fast ions are confined (good core confinement for <β> ≈ 4%)

► Main function of ICRH in W7-X: generate 50–100 keV ions (mimic alphas in HELIAS)

► Baseline W7-X parameters: very high plasma densities, ne0 ~ 2x1020 m-3 & T0 ~ 3 keV, B0 ~ 2.5T

Stellarator W7-X (first plasma 2015) LPP-ERM/KMS: ICRF antenna design

ICRH in Wendelstein 7-X

J. Ongena et al., PoP (2014)



28

Yevgen Kazakov (LPP-ERM/KMS, Brussels, Belgium) | 14th CWGM (Warsaw, Poland) | 17 June 2015

ICRH in Wendelstein 7-X

TEXTOR RF generators (PICRH = 1–2 MW): f = 25–38 MHz (B0 ~ 2.5T)

ICRH minority heating: a) H ions at f ≈38MHz, b) 3He ions at f ≈25MHz

f = 38 MHz f = 25 MHz

(a) (b)
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Three-ion ICRF heating: a dedicated tool 
for fast-ion generation

W7-X (baseline conditions):

→ Reduce the concentration of resonant ions (to Xmino < 0.1%)!

(3He)-D-H plasma

X[3He] ~ 5-6%

X[3He] ~ 3%

fast ion generation

No enhancement!

Three-ion ICRF heating: efficient wave absorption at extremely low Xmino
(presence of three ion species is necessary, but not sufficient!)

(3He)-D-T plasmapabs (%) pabs (%)
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● Two ion species: 

(majority ions → polarization, minority ions → absorption)

● Two-ion minority heating has a limited capability for ion absorption
at very low Xmino (< 1%): fast-wave is mostly right-hand polarized

Two-ion species plasmas: Minority heating

D. Start et al., Nucl. Fusion 39 , 321 (1999)

‘Strong’≈ 1/3H(H)-D

‘Weak’≈ 1/73He(3He)-D
How? See soon » 1Z(Z)-Y-X

‘Medium’≈ 1/5
D
3He

(D)-T
(3He)-H

DampingE+ / E–Minority 
ion

Scenario
Two-ion minority heating (N=1)
■ Minority concentrations of ~5% are 
typically used in present-day 
experiments

Three-ion ICRF heating (N=1)
■ X3 = n3/ne < 1% (impurity ions)
■ Much larger energy per resonant ion
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(3He)-D-H plasma
R

Three-ion species plasmas: (Z)-Y-X scheme

An enhanced E+ near the L-cutoff in two-ion species plasmas. 
None of the minority/majority species is able to profit from that.

Add the third ion species (3He) at a small concentration to absorb the power.

Wave polarization:

● IIH resonance                 :
linear polarization  E+ = E–

● L-cutoff                  : 
E– vanishes! E+ carries almost
100% of the FW power

Optimal plasma composition: X[H]≈70%, X[D]≈30% (X[4He]≈15%) and X[3He]~0.1%
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(3He)-D-H scenario: optimal D:H ratio

First-order approximation:

Numerical result (TOMCAT):

‘1’ – hydrogen (1/1);  ‘2’ – deuterium (1/2);  ‘3’ – helium-3 (2/3)

(H:D ~ 2:1)

X[H] = 70.5% ± 4%

Efficient DPA absorption, p3He > 50% (X[3He]=0.15%) 
at X[H]=70.5 ± 4%

0.15%

Ye.O. Kazakov et al., NF 55, 032001 (2015) 
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And even more …

Three-ion ICRF scenarios: much better absorption at lower k||
(better coupling and good absorption)

Three-ion (3He)-D-H heating,
X[3He]=0.1%, X[H]=70%

Two-ion minority heating,
(H)-D, X[H]=5%
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Three-ion ICRF scheme in W7-X:  pabs vs. k||

Strong absorption even for waves with very low k|| → Various phasings with the 
improved antenna-plasma coupling can be tested (e.g., (0;0), (0;π/4))

(0;0)

(0;π)

(0;3π/4)

(0;2π/3)

(0;π/4)

(0;π/2)
(0;-π/2)

Ptot,ANTITER (MW) 

Ptot,TOPICA (MW) 
Phasing

0.871.121.281.591.922.03

0.620.830.971.351.912.10
0-180°0-135°0-120°0-90°0-45°0-0
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As 3He tail develops, the RF power absorption stays strong

Ye.O. Kazakov et al., NF 55, 032001 (2015) 
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W7-X vs. HELIAS

M. Drevlak, Nucl. Fusion 52, 073002 (2014)

● HELIAS: BHELIAS = 5T, aHELIAS = 3.8aW7-X, E[4He] = 3.5MeV

● W7-X: BW7-X = 2.5T

→ protons, E[p] ≈ 60 keV

→ helium-3, E[3He] ≈ 80 keV

Generation of fast ions with energies of 
50-100keV seems to be possible in W7-X 
operating at the full plasma density, even 
with 1MW ICRF power coupled.

4.3 – 6.1

2.6 – 4.3

0.9 – 2.6
0.2 – 0.9
0 – 0.2

Energy, α
(MeV)

0 – 5
5 – 20

100 – 140

60 – 100

20 – 60

Energy, 3He
(keV)
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Three-ion ICRF scheme in W7-X:  pabs vs. k||

Strong absorption even for waves with very low k|| → Various phasings with the 
improved antenna-plasma coupling can be tested (e.g., (0;0), (0;π/4))

(0;0)

(0;π)

(0;3π/4)

(0;2π/3)

(0;π/4)

(0;π/2)
(0;-π/2)

Ptot,ANTITER (MW) 

Ptot,TOPICA (MW) 
Phasing

0.871.121.281.591.922.03

0.620.830.971.351.912.10
0-180°0-135°0-120°0-90°0-45°0-0
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And even more …

Three-ion ICRF scenarios: much better absorption at lower k||
(better coupling and good absorption)

Three-ion (3He)-D-H heating,
X[3He]=0.1%, X[H]=70%

Two-ion minority heating,
(H)-D, X[H]=5%
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As 3He tail develops, the RF power absorption stays strong

Ye.O. Kazakov et al., NF 55, 032001 (2015) 
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Experimental evidence of three-ion ICRF scheme: 
(7Li)-D-T heating in TFTR (1996)

J.R. Wilson et al., Phys. Plasmas 5, 1721-1726 (1998):

■ In TFTR, three-ion ICRF heating was eliminated by using isotopically enriched 
6Li pellets for conditioning and standard MC heating was recovered.

■ The impact of this ‘undesired’ impurity absorption can be reverted and such ICRF
scenarios have a great potential for fast ion generation and bulk plasma heating

Ion heating dominates!!!
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Power absorption: thermal vs. high-energy 3He distrib.

T3He = 4keV T3He = 1MeV

p3He = 96% p3He = 80%

PRF, 3He = 1.5 MW/m3/MWinj. PRF, 3He = 0.5 MW/m3/MWinj.
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NBI at W7-X:

D. Gradic et al., Nucl. Fusion 55 033002 (2015) 
U = 55 kV, E0 : E0/2 : E0/3 = 51:30:19
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