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Main ICRH scenarios for heating D-T mixture plasmas in ITER JE ' Ug )

wci(T)

w =

wm(D)

e ICRH and wave-particle interaction:

w=nw;+ kv (n=1,2,3,...)

e Reference ICRH scheme for ITER D-T plasmas:

second harmonic (n = 2) heating of fuel T ions,
assisted with minority heating (n = 1) of 3He ions (~ 2-3%)

ITER Physics Expert Group on EP, H&CD, Nucl. Fusion (1999);
R. Dumont and D. Zarzoso, Nucl. Fusion (2013)

e Demonstrated in the past D-T experiments on TFTR and JET

D. Start, Plasma Phys. Control. Fusion (1998);
J.R. Wilson, Phys. Rev. Lett. (1995)
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D-T fusion plasmas: a multi-ion species environment JE ' Ug )

[ Energetic alphas] [ ‘He ash ] [ 3He minority for ICRH ]

Fuel D and T ions

Intrinsic impurities: Extrinsic impurities: Fast NBl ions:
‘Be, W Ar, Ne (3*°*Ne and %2Ne), ... D-NBI and T-NBI
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D-T fusion plasmas: a multi-ion species environment JE ' @pg )
—  EX/8-1

[ Energetic alphas] [ ‘He ash ] [ 3He minority for ICRH ]

Fuel D and T ions

These ions can also effectively

/ absorb ICRH power !

Intrinsic impurities: Extrinsic impurities: Fast NBlI ions:
: ‘Be, W Ar, Ne (3*°*Ne and %2Ne), ... D-NBI and T-NBI
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Three-ion ICRH schemes: new efficient scenarios for heating mixture plasmas J E T
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Mixed plasmas: ion-ion hybrid layer between R_, and R_,;
traditionally applied for electron heating via mode conversion

Strongly enhanced E, RF electric field — facilitates wave absorption by ions

Three-ion scenarios: add ‘third’ ion component to absorb ICRH power (n=1) !

Main ions no. 1
Resonant ions (no. 3)
Main ions no. 2

Option 1: ions with (Z/A), as one of the two Option 2: add third ions with (Z/A),

main ions, but with large v different than for the two main ions

(Z/A)2 < (Z/A)3 < (Z/A)

Y. Kazakov, Nucl. Fusion (2015) and Phys. Plasmas (2015);
J. Ongena, EPJ Web. Conf. (2017);
D. Van Eester, Plasma Phys. Control. Fusion (2017)
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Application of three-ion schemes for D-T plasmas in JET and ITER JE ' @pgrade ()
“ EX/8-1

1. Optimize steady-state Q and fusion power in JET DTE2

— accelerate NBIl ions with n =1 ICRH to the energies

at which D-T reactivity is maximized

- -
o (3]

D-T reactivity, ov (x 1072 m3/s)
(3)}

T-NBI, no ICRH: Moderate acceleration of

[ E,,s = 118keV, : T-NBIions with n=1 ICRH:
[ <E;>=~60-70keV : <E_>=180keV

0

100 200 300 400
Energy of tritium ions, E; (keV)

2. Use intrinsic °Be impurities as ICRH minority:
(ZIA); < (ZI1A)gg, < (ZIA)p

— strong bulk ion heating [Y. Kazakov, Phys. Plasmas (2015)]

15 :_'I""I'"'I""I""IJI
: Core RF power absorption by
' 9Be impurities (X[°Be] ~ 0.5-1%)
0.5 F 1l
E ,f i
N [ ]
0.5 | 4
-f
_5

— also seen in TFTR D-T plasmas with 7Li
[J.R. Wilson, Phys. Plasmas (1997)]

Y. Kazakov et al. | IAEA-FEC 2018 | EX/8-1 | 22-27 October 2018



ﬁ,‘ FL ;gn ; K & O3 “ R

’« ’— = ,'.. 2 N §
i Yl —fee=re - . B : ; 1‘.0 | / :
il § | 3 — . 3 . ‘A‘E‘ff s - 4 > ) -
~—l = x| L. Q -y e & S
= .

P — . 1y ¢ & = < ‘ : "o
Demonstration of optlon 1: EsTd_ N
acceleratlng D-NBI ions to higher energies in H- D plasmas on JET N \

b
-
|
4
A

oy
)
{
s - !
i 3
3 B
., i

"’é :
N\
9y
=
=4
|
e ting
.
v
i




\ 8
ASDEX —
- L] - - L] n /f:\\
Efficient central plasma heating with D-(D,g,)-H three-ion scenario J E ' @pgrade )

Acceleration of D-NBI ions (Eyg, = 100keV) to MeV-range energies with n =1 ICRH in H-D mix
[J. Ongena, EPJ Web. Conf. (2017)]

#91256 #91256
2.0 B B L B B iy _ s e e e T
I ] S 4
15 F o 1 = g ; Piot = Pygi * Picry = 6MW
Tr sl Nt 13 S
- S MClayer, { n 0
05 L R AT IR | $ Increase in T (0) and sawtooth stabilization
[ ] =2
£ : ] 1
R’ 0.0 — ,,,,,,, ] o 4
[ S 3
-0.5 | . § 2 Neutron rate x15
5 5 .
-1'0 L E 0_""|""|""|""|""|""|""|""|'_
45k ] g 20f S el {  y-rays from D + °Be reactions (E, > 0.5MeV)
: 2.9T/2MA ] 8 10of [V. Kiptily, Plasma Phys. Control. Fusion (2006)]
X1 LTI B B R P . ]
15 2.0 25 3.0 35 4.0 e e w1 12 13 1 1

Time, t(s)

R (m)

X[H] = 85%, X[D] = 15%
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Presence of E > 1MeV ions confirmed:

TOFOR neutron measurements and TRANSP modeling

D+D — 3He (0.82MeV) + n (2.45MeV)

#91256: neutron spectrum, t = 9-11.5s
100 :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:

beooe n

{ TOFOR data
7 TRANSP-TOFOR

E, = 5MeV

o T

Counts / bin

E, = 3.5MeV

| E, = 2.5MeV l M
L

40 45 50 55 60 65 70 75 80 85 90
Neutron time-of-flight, t;of (ns)

TOFOR diagnostic: C. Hellesen, Nucl. Fus. (2010)
TRANSP analysis: K. Kirov and Y. Baranov (CCFE)

Core-peaked fast-ion density
with NBI+ICRH

x10™
11.0
80l 10.8
= 0.6
)
N 0
0.4
—80 L t 0.2
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Choice of NBI sources important
to optimize ICRH+NBI synergy

#91255

D-NBI

8 9 10 11 12 13 14 15 16

Time, t(s)

TRANSP: most of energetic ions are passing ions (v,/v = 0.3-0.5)

Actuators to adapt scenario for DT:

increasing P,g,, off-axis ICRH deposition and choice of NBl sources
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Demonstrtio f option 2:
using third ion species with (Z/A), < (ZIA); < (Z/A), for ICRH heating
of mixture plasmas
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Proof-of-principle experiments on JET and Alcator C-Mod:

ATOM INTERFEROMETRY

‘ b " Ye.O. Kazakov, J. Ongena, J.C. Wright, S.J. Wikitch et al.,
~ SOFT-MATTER PHYSICS
ol Nature Physics 13, 973-978 (2017)

QUANTUM MAGNETISM
Plaquette phase revealed
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Demonstrtion f option 2:

using third ion species with (Z/A), < (Z/A); < (Z/A), for ICRH heating [N
of mixture plasmas |
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D-(3He)-H ICRH scheme: demonstrated on three tokamaks worldwide J E T @pgrade (@)

e Efficient heating of H-D plasmas with *He demonstrated on Alcator C-Mod, AUG and JET
e JET: 3He concentrations as low as ~0.1-0.2% were successfully applied

W, (MJ)

JET Alcator C-Mod AUG
#907_56 (3.2T_/2MA) i . AUG, #34695 (3T/0.8MA)
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D-(3He)-H scheme: efficient technique for heating mixture plasmas

JET observations:

e Efficient plasma heating for 65% < X[H] < 82% and 0.1% < X[3He] < 1.5%

e Centrally peaked temperature profiles
e Heating performance AW,/ AP\, = 0.16-0.18MJ/MW
e For similar operational conditions (/,, B, n):

~10-20% lower than for (H)-D scenario
~60-80% higher than for (3He)-H scenario

e Transport effects associated with fast 3He population ?

ITG stabilization with (3He)-D ICRH on JET and AUG:
N. Bonanomi, NF (2018); F.N. de Oliveira, EPS-2017 (2017)

Heating performance:

~0.20MJ/MW for (H)-D scenario: E. Lerche, AIP Conf. Proc. (2014)
~0.10MJ/MW for (3He)-H scenario: D. Van Eester, EPJ Web. Conf. (2017)
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Efficient generation of multi-MeV 3He ions

2D y-ray emission (JET)

#90753
2.0:—I | Mg " 140
1.5 120
10F
- 100
0.5 F
B 80
N 0.0;
-0.5} 160
-1-0; 140
~15p {20
—2.0:—I T N _
15 20 25 30 35 40 ° Lost fast ions on JET, p; =10-13cm:

R (m)

Y-ray spectroscopy: M. Nocente, EPS-2018 (2018)
FILD on JET: V. Kiptily, IAEA-EP Tech. Meeting (2017)
FILD on AUG: J. Galdon-Quiroga, M. Garcia-Munoz et al. (Sevilla Univ.)

JET

Confirmed with y-ray and FILD measurements, excitation of TAE and EAE modes, ...

FILD measurements on JET and AUG

E(3He) = 4-6MeV

Gyroradius (cm)

[
o

AUG, #34695:
(Bpyp = 2.3T)

E;(MeV) ~ (

20 40
Pitch Angle (°)

\
ASDEX
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80

Lost fast ions on AUG, p, = 6-9cm:

E(*He) = 1.2-2.8MeV]

Counts (x105)

1.28
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FILD measurements on AUG confirm that 3He is resonant species J E ' @pgrade ()

Reconstructed orbits for H, D and 3He ions

D orbit
15x 1.5 —
_ oy

H orbit
Counts (x105) 1.5- -9
— 1.28

AUG #34695
1.54s

1.0

0.5
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Pitch Angle (°) -1.0

15L....,H12p MeV 150....,.PD625keV 15L....5Hel.{ MeV
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Reducing 3He energies to improve fast-ion confinement in AUG

e #34704: HFS off-axis 3He resonance (Ppo = 0.3), efficient plasma heating

e CXRS measurements: clear energetic *He signal identified, correlated with P,.r,

AUG, #34704 (2.8T/0.8MA)

Paux. (MW)

n(He)/n, (%)

(MJ)

20.2 i
£ [ 4

w,

0.0
0.5 1.0 15 20 25 3.0 3.5 40 45 50 55
Time, t(s)
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CX energy spectra
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Fast-ion distribution from TORIC-SSFPQL
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TORIC-SSFPQL: R. Bilato, M. Brambilla et al., Nucl. Fusion (2011)
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*He I, [10"® Ph/(m? nm sr s)]
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First CXRS measurements of confined energetic He ions in AUG J E , @pgrade (@)

Measured and modeled CX spectra (using TORIC-SSFPQL) quantitatively agree

CX energy spectra: measured Fast-ion distribution from TORIC-SSFPQL CX energy spectra: predicted
2 O AR e e MBaasansanans : 1000 T — T T T

Z #34704, t = 3.6s, | : I'Zﬂ (3;1;)‘ X[*He] = 0.6%
1 5 - PICRH =2.5MW - 100 F , \-\ .

T T

R

10 "“‘ ‘. © —
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- 0 ~0.06] go.s as as |
0.5¢ 00% 0@ ® | *° 559 w .

- ® 5”050 /i

S aags G

ot . . |
0 10 20 30 40 50 0 02 04 06 08 1.0 0 10 20 30 40 50
E along LOS [keV] E along LOS [keV]

°*He |, [10" Ph/(m? nm sr s)]

Further details: A. Kappatou et al., EPS-2018, 02.105 (2018)
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Promising three-ion schemes for ITER ’ E , @pgrade (&)

Option 1: using fast NBl ions

— T-(Dyg)-D scheme for D-T plasmas (with D° NBI)
— “4He-(Hyg,)-H scheme for non-active “He-H plasmas (with H° NBI)

Option 2: using thermal ions with an intermediate (Z/A);

Impurities: D,

:wlﬁézﬂ]

lon species T °Be, 4%Ar, “He, 3He H
’Li, 22Ne, ... 12C 16Q, ...

(Z/A), 1/3 | ~0.43-0.45 1/2 2/3 1

L o
R

Na

Sodiom
2.9

]

M. Schneider, EPJ Web. Conf. (2017); Y. Kazakov, Phys. Plasmas (2015);
Y. Kazakov, P5.1047, EPS-2018; R. Bilato, P1.1070, EPS-2018 Y. Kazakov et al. | IAEA-FEC 2018 | EX/8-1 | 22-27 October 2018



Promising three-ion schemes for ITER
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Impurities:
lon species @ 4OAr, 4He, 3He
’Li, 22Ne, ... | 12C, 160, ... Core-localized °Be absorption
(Z/A). 1/3 | ~0.43-0.45 1/2 2/3 (at f= 38MHz)

e T-(°Be)-D scheme: using °Be impurities
as an ICRH minority for heating D-T plasmas

o
(¥

0.18 |
0.16 |
0.14 |
0.12 |
0.1 |
0.08 |
0.06 |
0.04 [
0.02 |

*E /NG ON | Pans(®Be) > 80%

Absorbed power, p, (MW/mSIMWini_)

M. Schneider, EPJ Web. Conf. (2017); Y. Kazakov, Phys. Plasmas (2015); i (m)
Y. Kazakov, P5.1047, EPS-2018; R. Bilato, P1.1070, EPS-2018 Y. Kazakov et al. | IAEA-FEC 2018 | EX/8-1 | 22-27 October 2018
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Promising three-ion schemes for ITER J E , @pgrade (@

EX/8-1
Impurities: D,
lon species T °Be, 4°Ar, @
Li, 22Ne, ... 12C 16Q, .,
(Z/A). 1/3 | ~0.43-0.45 1/2 2/3 1

e Scenarios for non-active plasmas in ITER

“He-(*He)-H scheme: especially off-axis *He heating in H-*He plasmas for H-mode studies at B, = 3-3.3T

— reduced L-H threshold (by ~30%) in hydrogen plasmas with 10-15% of “He observed on JET (J. Hillesheim, EX/4-1)
— possibility already accounted for in ITER Research Plan within the Staged Approach (2018)
— encouraging first results with off-axis 3He ICRH in H-D plasmas on AUG; more studies foreseen

M. Schneider, EPJ Web. Conf. (2017); Y. Kazakov, Phys. Plasmas (2015);
Y. Kazakov, P5.1047, EPS-2018; R. Bilato, P1.1070, EPS-2018 Y. Kazakov et al. | IAEA-FEC 2018 | EX/8-1 | 22-27 October 2018



Promising three-ion schemes for ITER

Impurities:

D,

lon species T Be, 40Ar, 3He @
Li, 22Ne, ... 12C, 16Q, ...
(Z/A)i 1/3 ~0.43-0.45 1/2 2/3 1

‘Be/Ar-(*He)-H scheme: using impurities (°Be and Ar) to heat “He ions!

e Scenarios for non-active plasmas in ITER

\
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@pgrade /1?’5\\\
&

TORIC: fraction of RF power absorbed by4He ions

R. Bilato, P1.1070, EPS-2018

M. Schneider, EPJ Web. Conf. (2017); Y. Kazakov, Phys. Plasmas (2015);
Y. Kazakov, P5.1047, EPS-2018;
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Summary: three-ion schemes for ITER ’E , @pgrade (@)
N
“ EX/8-1

Option 1: using fast NBl ions

— T-(Dygj)-D scheme for D-T plasmas (with D° NBI)

— “4He-(H\g,)-H scheme for non-active “He-H plasmas (with H° NBI)
Option 2: using thermal ions with an intermediate (Z/A),

— T-(°Be)-D scheme for D-T plasmas
— “4He-(*He)-H scheme for non-active H-*He plasmas

—  9Bel/Ar-(*He)-H scheme for non-active H plasmas with a small amount of °Be and/or Ar impurities

M. Schneider, EPJ Web. Conf. (2017); Y. Kazakov, Phys. Plasmas (2015);
Y. Kazakov, P5.1047, EPS-2018; R. Bilato, P1.1070, EPS-2018 Y. Kazakov et al. | IAEA-FEC 2018 | EX/8-1 | 22-27 October 2018
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and highly efficient ion cyclotron resonance heating scenario for plasma
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heating and generation of energetic ions in magnetic fusion devices."

'an @ psr( Further details: J. Ongena et al., APS-2018 (09 Nov. 2018; 09:30am)
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Summary and conclusions @)

O Main ions no. 1
-5 Resonant ions (no. 3)

9% Main ions no. 2

Three-ion ICRH schemes: a new set of minority scenarios (n = 1)
for efficient heating of mixture plasmas, w = w; + kv,

— possibility to tailor achieved fast-ion energies

Option 1: use fast NBl ions with large v to resonate at the IIH layer

— moderate acceleration of T-NBI or D-NBI ions with ICRH to maximize the Q-value and P;, in D-T plasmas
— large number of energetic passing ions

Option 2: use thermal ions with an intermediate charge-to-mass ratio as resonant species, (Z/A), < (ZIA); < (Z/A),
—  heating intrinsic °Be impurities in D-T plasmas
— ICRH schemes for non-active plasmas in ITER

Efficient technique for generating energetic ions needed for fast-ion studies
— Application for W7-X: J. Faustin, PPCF 59, 084001 (2017)

Three-ion schemes extend the flexibility of using ICRH in fusion research
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Selection of main three-ion ICRH scenarios

\
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Resonant | Main plasma Scenario Short scenario description
ions ions
4He-H “He-(Hyg,)-H Heating and fast-ion studies in non-active plasmas
H° NBI D-H D-(Hyg)-H Heating and fast-ion studies in D-H plasmas
T-H T-(Hyg)-H Heating and fast-ion studies in T-H plasmas
Option 1: H-D D-(Dyg)-H Heating and fast-ion studies: demonstrated on JET
using fast NBI ions D? NBI D-*He D-(Dyg)-*He Soun_'ce: of isotropic fEJsion alphas in D-*He plasmas
T-D T-(Dyg)-D Maximize Q and Py in JET
D-T T-(Tyg))-D Maximize Q and Py, in JET
TO NBI T-*He T-(Tyg)-*He Mimick T-NBI acceleration in non-active JET plasmas
H-T T-(Tye)-H Heating and fast-ion studies in H-T plasmas
2 H-D D-(*He)-H Heating and fast-ion studies: JET, Alcator C-Mod, AUG
Option 2: He H-4He “He-(*He)-H Heating and fast-ion studies in non-active plasmas
using thermal ions with H-T T-(3He)-H Heating and fast-ion studies in H-T plasmas
an intermediate (Z/A), IBe D-T T-(°Be)-D Bulk ion heating in D-T plasmas on JET and ITER
4He H-°Be/Ar °Be/Ar-(*He)-H Non-active scenario for ITER and JET
H-T T-(*He)-H Fast “He studies in H-T plasmas
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Doppler-shifted H-NBI absorption in H plasmas on JET-ILW JET

Too (keV) Picry (MW)  Pyg (MW)

W, (MJ)

w
oo

== N
o O

OO = =k O
OO NRROOO

#9161

8: 2.7T/1.8MA, f=42MHz

= NDNWHhOIONDN SO OO

13.0

14.0

15.0
Time, t(s)

16.0

In single-ion plasmas, the left-hand polarized RF electric field component, E,

nearly vanishes at w = w,

\
ASDEX =
@pgrade i\

JET-ILW #91618, P, \g = 9IMW:
ICRH power: 0.7MW — 2.2MW — 3.2MW — 4.2MW

Plasma response: AT, =0, AW, =0

Doppler-shifted D-NBI absorption in D plasmas on JET-C:
neutron rate x1.5

A. Krasilnikov, Plasma Phys. Control. Fusion (2009)
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D-T reactivity, ov (x 1022 m%/s)

T-(Tyg)-D three-ion scenario for DTE2 studies:

accelerating T-NBIl ions with n = 1 ICRH for maximizing the Q-value and P;

RF electric field |E,|

—y
(3)]

-y
o

Moderate acceleration of
T-NBI ions with n =1 ICRH:
<E;> = 180keV

.

400

[ T-NBI, no ICRH:
- Epyg = 118keV,
[ <E;> = 60-70keV :

(3]

- s I L L L L I L L 'l 'l
100 200 300
Energy of tritium ions, E; (keV)

o

700

600

50

400

300

200

100

0

ASI\DEX = 25
@pgrade /I/;"?\\
)
=7
EX/8-1
RF power absorption (2D) RF power absorption (1D)
S L I I I ,:.0.09 VUL
1.5 | T - 3-5 H A 1 - A NN NS/ (5. WORORE  S— —
: i : = Dominant '
Absorption by [ | ] b T P absorption of
fast T-NBl ions \i§ | 1N % 0.06 [ ICRH power -
— T Td ' : < 005 by fa_st T-NBI
E oF R = ions
N [ ] s 0.04
i 18 = -
05 F ¢ R 0.03 [t XN
g : o [
1 F = 8 0.02
. : o E
15 | : § 0.01 =
U T P FETT T 0.00 - : :
2 25 3 35 4 0 0.2 0.4 0.6 0.8 1
R (m) Radial coordinate, p (= r/a)

e TORIC modeling: D-T plasma with X[D] = 75%, X[°Be] = 1% and fast T-NBI ions
e Most of ICRH power absorbed by T-NBI ions in the vicinity of the IIH layer
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AUG discharges: extra information

T (keV)

AUG, #34697

A
|

- NBl-only

0-..

——— T;: NBl-only (t=1.3s)
—e——i Tl NBI + ICRH (t= 1.88)
T.: NBI + ICRH (1= 1.8s)

NBI + ICRH

0.0

0.2 04 06 038 1.0

Radial coordinate, py

T (keV)

|
Paux. (MW)

1 I NBl-only

0:.. ] 1 ] 1 ] L ]

AUG, #34695
T T T I L] T T I T L] T I T L] T I T T T
5 —w—— T;: NBl-only (t=1.3s)
4 __ ——~e—— T;:NBI+ICRH (t=3.3s)
- ——a—— T,:NBI+ICRH (t=3.3s)
3 —

T (keV)

Winha (MJ)

00 02 04 06 08
Radial coordinate, p,,

Strongly peaked T;, T, and v, profiles at X[He] = 1.5-2%,
similar to observations with (3He)-D scenario,

M.J. Mantsinen, AIP Conf. Proc. 1689, 030005 (2015)

ICRF fast-ion and heating physics or effect caused
by changes in the plasma transport ?

1.0

FILD (a.u.)

\
ASDEX =
@pg rade (‘If‘j\)
\=

NBI

ok

3He puff (a.u.)
| e

e #34695: on-axis 3He resonance, lower X[He] = 1%

Time, t(s)

e Sawtooth stabilization and reduced fast-ion losses after He puff
o T,0.2) = T,(0)=3keV, W,,=200kd — 300kJ
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Core-localized fast ions from TRANSP for D-(Dyg,)-H three-ion scheme on JET J E ' {_J)
— EX/8-1
x102
1011'"!"'!"'!"'!"'!"'!"'
11.0 : : Plasma core: R = 3.0m
LFS: R=3.32m —_— 120 }+
30 -4 0.8 R
s 60
€ 5 €
) = S
N 0 N 0
107..... _60l
—80 0O 200 400 600 800 1000 1200 1400
Deuterium energy, E (keV)
200 250 300 350 200 240 280 320 360
R (cm) R (cm)
' . TRANSP modeling of baseline discharge #92436
TRANSP analysis: K. Kirov and Y. Baranov (CCFE) (K. Kirov, submitted to Plasma Phys. Control. Fusion):
core-localized distribution of fast D ions in the vicinity elongated distribution of fast ions along the IC resonance of H ions

of the ion-ion hybrid layer
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