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Introduction: ‘3-ion’ ICRF schemes

Target plasma: a mix with two (or more) ion species with different o
— |E,| wave field strongly enhanced in the vicinity of mode conversion layer(s)

Strong wave damping can occur in this region by ions
that fulfill the resonance condition @ = o + kv

Resonant ions: small number of ions, which can be either

* minority ions with (Z/A), < (Z/IA); < (Z/A),
— e.g., *He ions in H-D plasmas: V. Kiptily, O-19, this conf.

* minority ions with large v, (NBI ions or fusion products)
— e.g., D-NBIl ions in H-D or D-3He, T-NBI in D-T plasmas: this talk

W, main ions #2 -
w,;: main ions #1-_

,”’//w

Strongly enhanced |E,| |

Demonstrated as an efficient plasma heating technique
on Alcator C-Mod, AUG and JET

Y. Kazakov et al., Nature Physics (2017)
J. Ongena et al., EPJ Web Conf. (2017)
M. Mantsinen et al., EPS-2019 (2019)
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3-ion scheme D-(Dyg,)-H in JET-ILW: discharge overview

Picre / Pnei Picre / P
= 0.71 > < = 0.27
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s SF NewicRw | JET pulse #91256, H-D mixed plasma,
S 4f _nel 2.9T/2MA, L-mode (R, = 3m, a = 1m)
g2 oL BT 4 J. Ongena et al., EPJ Web. Conf. (2017)
Yo '::::::::.,:::::I:C:F:{E:::::::::::::::::::‘:"1::::::'
s 4r 1 * ICRH: fiogr = 25MHz (dipole), 1.3-2.5MW
£ 13t .
2 ol « NBI: E; = 100keV (tang.), 3.5-4.9MW
o « Plasma composition, @11s:
= ny/n, = 86%, np/n, = 8%, Ngg./n, = 0.5%,
£ N\gi/Ne = 3-4% (resonant minority)
2
= Neutron rate, sawtooth period, gamma
Eﬁ reactions, MHD activity: strongly enhanced
S

[ | L1 1l [ | paa by by by s by g by gyl I-
7 8 9 10 1 12 13 14 15 16
Time, t(s)

by ICRH, depending on P,cxe/ Pyg;

Optimal values for Pcre / Pyg, are different for D-D, D-3He and D-T fusion
(reflecting the energy dependence of fusion cross-sections)
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3-ion ICRH+NBI schemes: superposition of two effects \{\‘;_,‘,/u)
N
s o i I NBI|+|C|I:{H I I I I = #91256 (2.9T/2MA): TORIC modeling IE? (a.u.)
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Q’ 15 | E
I I | ] L L .
S 10 |
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E oo |
2 N
(1]
= 05 |
o
3 1.0 F
=
15 F
=
= 20 F
o EENEENETE NN SRR A RENE BN 0
= g 15 20 25 3.0 35 4.0
0-5-||||||||l|||||||||||||||||||||||||||||||||||| — 3
7 8 9 10 11 12 13 14 15 16 =i w = wei(D) + k:“'v“(D)
Time, t(s)

1) Using mixed plasmas: enhanced RF polarization 2) Using beam ions as a ‘third’ species

— Strong E, in the vicinity of the MC layer — Resonate at the MC layer through
— Strong spatial localization of RF heating their Doppler-shifted term
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3-ion ICRH+NBI scheme vs. Doppler-shifted ICRH+NBI scheme /\\Q )

=2
3-ion ICRH+NBI Doppler-shifted
scheme ICRH+NBI scheme
Doppler-shifted beam absorption, w = w,; + kv, Yes Yes
Enhanced |E,| at the MC layer (mixed plasmas) Yes No
3
b o e . #94249 (3.45TI2.5MA; f= 20MHz)
s °r s S g8 1
S 4 4 f’:,\w— ol 5
3 o 5 ol |
a L Q
0 0 e
3F 3F° ]
2 a2 s L ;
- : - ; TN AN vty ]
= 1F = 1 ﬂprad/PICRH ~ 115% . .-‘-""’.;' .
6 6
s 3 S 57
£ 4 g af
3 3 3 3}
2 2
2 4 _I T T T T T T ] 2 4
[+ 15 © d
E 3 : x10 " n/s ] E 3 -
-2 2+ s o 2 .
é :)_ ..... L 1 | ] é ;_ .,..I,..,I....I....l...,l.'":":.lj...lu“._
6 7 8 9 10 11 7 8 9 10 11 12 13 14 15
Time, £ (s) Time, t(s)
JET-ILW:  D-(Dyg)-*He 3-ion scheme, JET-C: A. Krasilnikov et al., PPCF (2009)
very efficient plasma heating JET-ILW:  strong increase of impurity levels and P, 4
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Cross-section, ¢ (m2)
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Strong increase in neutron rate with 3-ion ICRH+NBI schemes

=

#91256, D-(Dyp,)-H 3-ion scheme
g i Neutron rate vs. P,cpe/ Pyg
n.é 2 - PNBI PICRF PICRF/PNBI Rnt
o 9 35MW - — 2.4x10' n/s
s 4 (- - ======- ~
s St 35MW  25MW 1 0.71 3.5%104nis |
= L I
3 1] 49MW  13MW | 0.27 1.3x10%n/s !
Z o I — ]

7 8 9 10 11 12 13 14 15 16
Time, t(s)

Optimal fast-ion energies are different
for D-D, D-3He and D-T fusion

« 3-ion ICRH+NBI schemes: possibility to tailor fast-ion energies

— P,cre / Png determines RF power per resonant ion;
confirmed by PION modeling [M. Mantsinen et al., EPS-2019]

— Additional actuators: n,, location of RF power deposition, ...

» Lower fast-ion energies beneficial for D-T plasmas

1000

10.321' e —  Lower Picge / Pyg)» higher n,, moving MC layer off-axis, ...

Deuteron energy, Ep, (keV)
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Example of controlling fast-ion energies and neutron rate (‘,?s\}\) 8
with 3-ion ICRH+NBI schemes =2

#94700 #94703

p— :_I I LI I LI I LI I LI I LI I LI e :_I I | 1 1 |

S 20 : S 20 :

= 15 F = 15 F

<10 & D-NBI X 10 £

8 5E Ao T s 5F

n- 0 E l,'l L1 1 l 1 11 | T | n. 0 EJ [ | | L1 1

2 8 _I I T 1 11 I T I 1T 1 I T 1T 1 2 8 _I I 1 L] I I l T I 1 T I I 1 T I I 1 1 1 1 l l_

© L x 10" n/s - © L <10 n/s -

c 6 ] c 6 §

g 4 - Very energetic D ions ] g 4 =

3 o[ 3 o | _

[<}) i Q B Significantly less energetic D ions i

Z 0 |"r“"|""'|""l""|—"|—-|— 1 L1 11 I L1 11 | L1 11 1 Z 0 1 L1 1 L1 1 1 L1 1 1 ? L1 1 1

6 7 8 9 10 11 7 8 9 10 11

Time, £ (s) Time, 1(s)

#94700 (left): very energetic D ions (MeV-range) #94703 (right): significantly less energetic D ions

« Examples from recent 3-ion studies in D-3He plasmas at JET, D-(D\g,)-*He scheme

« Lower fast-ion energies (~100-200keV) beneficial for D-T plasmas
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High-energy D ions: TOFOR measurements (@)
\=Z
D+D — 3He (0.82MeV) + n (2.45MeV) Minimum Ep required to give rise

to a given time-of-flight in TOFOR

Neutron spectrum in #91256 [J. Eriksson et al., PPCF (2018)]

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

E, = 4.2MeV

= Iﬁfﬁﬂ{%
10 f;:‘::l:"ng NH

|'r0|=on data —— |7

Counts / bin

Ep ~ 0.4MeV

E, = 2.5MeV

3
2
>
(rem
(o]
L)
o
[
(14
(@)
L
o
-

Energeti
neutrons

04 |
40 45 50 55 60 65 70 75 80 85 90 40 45 50 55 60 65
Neutron time-of-flight, t;of (ns) tror (nS)

« TOFOR (time-of-flight neutron spectrometer):

neutrons with f;or = 47-50ns measured —
presence of high-energy D ions with energies up to ~1.5MeV
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TRANSP fast-ion distribution function and TRANSP-TOFOR comparison

/
i\

TRANSP core

fast-ion dIStrlbUt.Ion ok oe #91256: neutron spectrum, t = 9-11.5s
TEEIRSE ISR IR o 100 prerrprrer e T T T T T T T T
10-2 : E, = 4.2MeV TOFOR data E——
- [ Ep = 1.0MeV .]‘.‘ :, TTRANSP-TOFOR ]
dik
— 0.2 [ g { }ﬂ HH{
< 103 ' c FE,-a7mev | Tl }H 1
m - — n
2 o Ep = 1.5MeV }l’ 1 )
é 00 ~ I
o= 42 10 | 1 | H -
E 10* ' 5 : i
= 8 i E,=3.5MeV | | ;
- 6 = -4 [ Ep ~ 0.4MeV Al
E— = +7/4 5
10 g - T;’M E, = 2.5MeV
— 0=+37/4 |
10'6 L 1 1 | L 1 1 | [ 1 1 | 1 L I | 1 1 1 l L 1 1 1 f
0 200 400 600 800 1000 1200 40 45 50 55 60 65 70 75 80 85 90
Deuterium energy, Ep, (keV) Neutron time-of-flight, t;of (ns)

« Left: computed TRANSP velocity distribution function in the core
[K. Kirov et al., 23 RF Topical Conference (2019)]

— acceleration of D ions up to energies ~1.5MeV confirmed
— high-energy tail, E; 2 600keV: T 4= 140keV

« Right: good agreement between measured TOFOR and TRANSP-TOFOR
(forward modeling) neutron spectrum
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Neutral particle analyzer (NPA) measurements (\'\(\,,‘}‘)
\=?
[NPA (KF1)]
— ' ' #91256: @9-11.5s
}, 10'° IR L L L B
/ 4 \ M '-:-\ . $ . NPA data g
[ [ NS ) Fit: T,(D) = 180KEV s
I O\ O "
Yl 1L - =
B A il %
i H E
| \S =
2 108 k - N\ ol
- . N Top(D) = 300keV
2 T.«(D) = 100keV ™.
107 A PR B P

0 200 400 600 800 1000
Deuterium energy, Ep (keV)

 NPA measures fast D with energies up to ~1MeV

« NPA tail part (Ep > 0.5MeV) matches a Maxwellian with T (D) = 180keV
cf. T.x(TRANSP) = 140keV
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Neutronrate Ty (keV)  Pgyy. (MW)

ycounts

High-energy D ions (> 0.5MeV): gamma-ray spectroscopy \

2.5MW ICRH + 3.5MW NBI 1.3MW ICRH + 4.9MW NEI

D + 9Be nuclear reactions lead to gamma-ray
emission when Ej > 0.5MeV

[V. Kiptily et al., PPCF (2006)]

O = N W = N W o= MNwWwAaWU
T T T T T T

9Be(D,p))'°Be’ reaction |

E,=3.37MeV | - Number of fast D ions with
energies > 0.5MeV

N, T TTTLL 11= T e = 0 P
7 8 9 10 11 12 13 14 15
Time, t(s)
* Picry! Png = 0.71 — high y-count rate
NBI-only (E; = 100keV) — nearly zero y-count rate

« Possibility to tailor fast-ion energies and optimize fusion rate with P,cge/ Pyg,
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Z(m)

« JET neutron cameras: 19 lines of sight (10 horizontal and 9 vertical)

Neutron camera data: core localization of energetic D ions

20 F

1.5

1.0

#91256; KN3 neutron cameras

0.0
-0.5
-1.0
-1.5

-2.0

[ #11 #12 #13 #14 #15 #16 #17 |

1.5 2.0 25 3.0 3.5 4.0

R (m)

Neutron flux (x 10" m2 s™)

0

@9.8-10.0s
1T 1 T T T T 1

""'1":| L1 1
12345678 910
Horizontal channels

=
)

@9.8-10.0s

B | 1 ] | 1 | | _

L 14 l 1

: l #15 ]

i i
-.....;".. 1 I | I "", ..... ,..---'

11 1213 14 1516 17 18 19
Vertical channels

— visualize the spatial localization of fast-ion population

« Strong localization of neutron emission in the plasma core (channels #4, #5, #14, #15)
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Reconstructed neutron emission profile and N P

. \“\__/}))
TORIC-computed location of the MC layer \=?
#91256 (2.9T/2MA): TORIC modeling IE, | (a.u.)
e L S
20 | —H 10
- ML - @50.95s . . 0= ay(H)
1.5 | M °
: 1H s
1.0 |- MC layer =
0.9 v —
- C rr / 1k4 7
0.5 | =
sz : 111 ©
= £ u 2l
E, = 00 L 1l 5
0.5 | 4t a
09 | 1.0 :_ _ 3
; 1M 2
I 15 F =
1.8 8 E E 1
1.67 3.03 -2.0 |- =
R[m] -I L4 1 I L1 1 lIIIl '] I L 1 llll:l 1 III- n
1.5 20 25 30 35 4.0

R (m)
RF power absorption and fast-ion generation are strongly localized at the MC layer
The high-efficiency of the 3-ion ICRH+NBI schemes is due to the superposition of two effects

i) enhanced RF field polarization;
ii) Doppler-shifted absorption for beam ions
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Frequency (kHz) Frequency (kHz)

Master position (m)

360 |
340 |

320

300 (HE

400
300 -
200 |

100 =
4.0

3.6

38

5

L

ST: q=1at

Radial localization of MHD modes

R=3.2m

Interferometer I

Reflectometer I.0.s.

Reflectometer
\ \, X « Core interferometer: AE modes
N X\ at f= 100-150kHz and f= 300-360kHz
, k' ) EI Reflectrometer:
Lk _ B AEs are core-localized, R < 3.2m
10.5 11.0 1.5 (also confirmed by SXR)
Time, t(s)

 Consistent results between neutron camera data,
MHD mode analysis and ICRH modeling
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Efficient generation of energetic passing D ions (7S

with 3-ion ICRH+NBI scheme

0= Op |E.|* (TORIC)
()l i; /! 1 I L L L I LI -I
5 800keV, A=0.4
04
B L
N 0.2 E, = 800keV, A = 0.1:
resonance condition
0.0 - not fulfilled
0.2 | -
04 Lob

24 26 28 3.0
R (m)

3.2 34

Several contributing effects:

1.0

v”/v
o

S
o

Pitch, A

S
o

1
—h

3]

o

R=3.1m
L [NBIion

I L] L] L] I 1 L] L]
Quasilinear evolution of ]
ICRH-heated ions [1,2] -

DN

D
‘o
t
iy
L

ey
aa,
.....
.......
........
-----------
'

................

‘-—-—

0 200

400 600 800

Deuterium energy, Ep (keV)

|

NBI (100keV, A= 0.62): E, ~ 60keV, E| ~ 40keV

ICRH + NBI:

E, > E”; A~0.3—-04

]

Resonant NBI ions (passing) start with rather large E, = 40keV

MC layer is a combined spatial and velocity space filter for resonant ions
— resonant ions should pass through the MC layer and fulfill w = w, + kv,

—

low-A orbits do not fulfill the resonance condition

Very core-localized RF power deposition: non-standard orbit topology
— modified trapped/passing boundary and stagnation orbits

Rather broad k-spectrum from ICRH and quasi-linear evolution of ICRH-heated ions (0 E;  E))

[1] L.-G. Eriksson et al., PoP (1999); [2] T. Hellsten et al., NF (2004)
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3-ion schemes on JET: mimicking the conditions of ITER

3.8T/2.5MA: #94701 (3-ion ICRH+NBI) vs. #94704 (NBl-only) o essssssssssesa

S 15 L e D-3He plasmas Pot Ry (10" nis) i W, (MJ)
= ; i
= 10¢ #94701 14.2MW 7.8 P 3.7
) (3-ion ICRH) :
0t #94704 14.3MW 1.0 P 2.6
s 8F (NBl-only; :
e OFf @8.5-9.5s)
S Jf  fMevramgeions] § OIS
3 2f
- 0 C
a ITER:
g 3 « Dominant electron heating
o 2 : _
S 1 « Alpha particles can significantly reduce
= A T T N T ITG turbulence and heat transport
6 7 8 9 10 " [J. Garcia et al., Phys. Plasmas (2018)]
Time, t(s)

3-ion ICRH schemes on JET:
plasmas with core electron heating, including a small population of MeV-range ions

» Mimick the conditions representative for ITER plasmas

» Contribute to the understanding the impact of fast ions on plasma transport,
in particular, the impact of alphas in ITER
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Relevance of the schemes for JET D-T operation
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« The technique offers a flexibility with electron / bulk ion heating

« Bulk ion heating schemes
— applicable for D-T = 50%-50%
use heavy species (°Be, %°Ne, Ar impurities) and/or off-axis T-NBI heating

N
— Ti-heating with reduced fast-ion generation
— contribute to the experiment to demonstrate alpha particle heating in DTE2

« 3-ion scheme with T-NBI as a minority R S S L
. & 15[
— D-T with X[D] = 70-80% N ;
— accelerate T-NBI ions to the X 10 _
optimal energies ~150-350keV &
— fast-ion energy actuators: E :NBI . :
Pere | Pyg, D:T ratio, ng, Bo, ... 8 °F 7_.'°"V” ;
E : | | | | :
00 100 200 300 400

Energy of tritium ions, E; (keV)
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Summary and conclusions

3-ion D-(D,g)-H and D-(D\g,)-*He schemes on JET

Efficient controlled acceleration of D-NBI ions
with ICRH in mixed plasmas demonstrated

Actuators: Picge/ Pygps Nep» lOCation of the MC layer, ...

Good example demonstrating the strength and
variety of fast-ion diagnostics at JET-ILW:

neutron cameras, TOFOR, NPA, y-ray spectroscopy,
MHD analysis, ...

Numerical ICRH modeling (PION, TRANSP) is in good
agreement with fast-ion measurements (#91256)

[M. Mantsinen et al., EPS-2019 (2019);
K. Kirov et al., 23" RF Topical Conf. (2019)]

This scheme is capable to generate fast passing ions:

beneficial for plasma heating in small tokamaks
and stellarators

3-ion ICRH schemes are relevant for future JET
and ITER operations
[Y. Kazakov et al., EPS-2018 (2018)]

Paux. (MW)

Neutron rate

T,o (keV)

Paux. (MW)

Neutron rate

Too (keV)

—

NOROONO N A OOOON_OO®®O

- N W O =2 NMNOWPRRO M & O
T T T

R 21
(®)
=2
#91256: D-(Dyp)-H 3-ion scheme H-D plasma
20 RE AR RERES EEREN REEET Raies LR Rt es LELES E
. D-NBI | || || H
oo by s by o by s by by v o byw s by a by a a1y
7 8 9 10 11 12 13 14 15 16

Time, t(s)

D-He plasma

#94701: D-(Dyg))->He 3-ion scheme
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Cross-section, o (m2)

‘3-ion’ ICRF scheme in D-3He mixed plasmas: one-page summary

#94701: D-(DNE|)-3He 3-ion scheme
T[T T T T

-

[ ~ D-NBI
- | XCH

Paux. (Mw)
N RO

elprc

-130%

110%

Neutron rate
N 2O 0O

Too (keV)
NWBRONO

W, (MJ)

- N W s
TTTTIT T T TTT

D-3He
D-D (total)

-t

<
N
=]

-t

e
N
©

1.0 15

2.0
Deuterium energy, Ep (MeV)

3 components for the 3-ion D-(Dyg)-*He ICRH scheme
— thermal D and ®He (~20-25%)
— fast D-NBI ions as a minority

20%

Efficient plasma heating and fast-ion generation

Fast D ions with energies up to ~3MeV generated

5 different MeV-range populations in the plasma,
including 3.6MeV alpha particles

— H, D, T, 3He and “He

Esn:;g;t;c Energy Fast-ion source
H 3.02MeV, 14.7MeV  Fusion product (D-D, D-*He)
D up to ~3MeV 3-ion ICRH+NBI scheme
T 1.01MeV Fusion product (D-D)
SHe 0.82MeV Fusion product (D-D)
“He 3.6MeV Fusion product (D-*He)

T (1.01MeV) + p (3.02MeV)

D+D = she (0.82MeV) + n (2.45MeV)

D +3He — *He (3.6MeV) + p (14.7MeV)
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Core ICRF heating: peaked T, profiles observed

/
\

#91256 #91256
s Tt T RAREEEEE R R i T L S
I t=508s N
[ t=50.9s - —s— NBI
i t=51.0s [ ——e——  NBIICRH 1
A47 HRTS fit | I : ]
C‘? B f’ 3_ | _
E f" ; B : .
3 b fpme ] i !
e | :ﬂiﬁ%hag? = 2 [ | i
X ol ] ! |
S 2 1] i
S 0 1L i _
1} : . | |
0'...|.,.1...ll,..l...l...l...l‘."_,;;_ 0—...|...|,..:|...|...|...|...
24 26 28 3.0 3.2 34 3.6 8 4.0 24 26 28 30 32 34 36 38
Major radius, R (m) Major radius, R (m)

« L-mode plasmas (2.9T/2MA), n (0) = 4x10" m-3, H-D = 85%:15%
« Centrally peaked T, profiles

NBI-only: T.(0) = 2.4keV
NBI+ICRH: T.(0) = 4.0keV
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Neutron rate P,y (MW)

Counts / bin

- -t N

Example of controlling fast-ion energies and neutron rate
with 3-ion ICRH+NBI schemes \=?

Picre | Pygi =1 P Picre | Pyg = 0.2 & higher n,,

#94700

:_I I LI I LI I rrri I LI I LI I LI e :_I I 1 1 1 ] _:
: S 20¢ é
S E = 1BE E
a3 10 :
3 ® SF =
0 -: I 0 0 - JI I 1 L) 1 1 I T I : : : : : : 1 I 1 1 1 1 I I -
8 [ x 10" n/s g E 8 [ %10 n/s d
6 ] c 6 §
4 ~ Very energetic D ions 7] g 4 n ]
2 | - 3 2F Al el N

L - N ignificantly less energetic D ions _
0 1 |/r""|"""|""'l"+—r—v- 1 I L1 1 1 I L1 1 1 I L1 1 1 I L z 0 1 1 1 1 1 [] 1 L 1 1 1 1 L 1 1 1

6 7 8 9 10 11 7 8 9 10 11
Time, t(s)
10 ;
Neutron spectrum from TOFOR (@9-11s):

10° E

‘ #94700: very high neutron rate and energetic D ions
10°; #94703: reduced fast-D energies (beneficial for D-T)

due to lower Pyqge / Pyg @nd higher n,

]O(I
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Orbits of energetic D ions vs. A
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A = 0.13: stagnation orbit

3.5

ASCOT orbits (®)

Z(m)

#91256: ASCOT orbits

LR IR LU I I I
20 [
: An orbit of an ion that passes through
15 | the MC layer and fulfils w = w; + kv,
1.0 |
0.5 F
0.0 |
-0.5 : Resonant ion: passing ion trajectory
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Evolution of (E,;dE)) during ICRH 1)
A=v /v, p=mv}/(2B), E=mv’/2 Normalized magnetic moment: A = uBy/E
Trajectories in phase space during ICRH (cf., Eq. (8) in [2]): SA/6FE = (Ayes — A)/E
Aves = nwei(0) Here, w,(0) is the cyclotron frequency at the magnetic axis
w

Conditions for JET pulse #91256: Engr = 100keV, A = v /v = 0.62, originally passing NBI ions

o Nnwe;(0) ~ 1 ~ 0.87 log10(fpo (E, £)), R=301, Z=31
w 1+ X[D] 500 airapped _passhd . g%
A — Ares (SEJ_ > 5E|| 400 |
E A _ V"lv _.A ........ Ares E” EJ_ H 1 g ::
100keV 062 1063 087: 40keV ~ 60keV g N
500keV 044 :0.82 0.87: 100keV 400keV % 200[ 4 -

IMeV 041 085 0.87: 170keV 830keV

5.0
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