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ICRH heating: experimental setup {(_))

e ICRH: heating with waves in the ion cyclotron frequency range, w.; = (g;/m;)B

e Intuitive idea: launch RF waves at the ion cyclotron frequency or harmonics
w=nw,;+ kv (n=1,2,3,...)

e Wave-particle resonance condition is satisfied locally since B(R) ~ ByRy/R

w = nw,: vertical line in tokamaks

e ICRH can also provide electron heating (mode conversion and ELD/TTMP)
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Electron heating in mixture plasmas with ICRH (@)

Wave propagation: cutoffs and resonances Wave polarization:

_(ee—np)(er — ) E.

€S — 'n|2| E_

2

~/

2

species no. 2 species no. 1

e.g., D e.g., 3He e Two ion species, (Z/A), and (Z/A),:

(ZIA), =112 A~ ~(ZIA);=2/3 an ion-ion hybrid cutoff-resonance pair
| between R;. ; and R, ,

— direct electron heating with ICRH

_ib_n-ion Hybri'_d' pair

€L, = nﬁ , ion-ion hybrid cutoff (L-cutoff)

| €s = nﬁ , ion-ion hybrid resonance
Ric,2

e Mixture plasmas (large minority concentrations)

€S, €Ly €ER are the dielectric tensor components in the notation of Stix
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ICRH in mixture plasmas with MC layer: 7®)
electron heating — ion absorption =2

Typically used as a localized source of direct electron heating, e.g., for transport studies

D-3He plasma in JET: X[3He] = 20%
M.J. Mantsinen et al., Nucl. Fusion (2004)
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Wave absorption by ions still possible:
two-ion plasmas — multi-ion plasmas (2 3, ‘three-ion’ species scenarios)
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Outline )

e ‘Three-ion’ species ICRH scenarios: theoretical concept!23

e Recent experiments on Alcator C-Mod and JET
Scenario 1, D-(3He)-H: minority heating of 3He ions in H-D mixtures*>
Scenario 2, D-(D,z)-H: minority heating of D-NBI ions in H-D mixtures®
e 3He-rich solar flares and three-ion species experiments*

e Applications of new scenarios for JET, W7-X5 and ITER?

e Conclusions
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Effect of wave polarization and plasma composition {

lons rotate co-clockwise with
an ion cyclotron frequency w;

lons: clockwise rotation

//f?}\\)
\;9)
Wave polarization:
E. and E_ field components
F 3 y )
| Eel J|RTM)
P BN 7 P

e Thermal and moderately energetic ions (~ 100 keV): wave absorption is due to
the left-hand polarized RF electric field component E,

WRwe (M=1): Py

e E, and E_ vary locally and are mainly determined by plasma composition
(number of ion species with different Z/A and their relative concentrations)
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lllustration of the importance of wave polarization

Case 1, single-ion plasmas:
fundamental (n = 1) cyclotron heating of H and H-NBI ions in hydrogen plasmas

#91618: 2.7T/1.8MA, f= 42MHz JET-ILW (2016)

0E" T et g o HH . ~ V)
s Plasma composition: X[H] = 100%
= 6
o 4 N
< 2 e Wave accessibility to the plasma core /)
= 5
5 . e Presence of resonant ions, w = w; + kv, :/)
2
ol e Left-hand polarized component, E, =0
s 29 (single-ion plasmas)

; mmm)> | ICRH power: 0.7MW — 2.2MW — 3.2MW — 4.2MW
2 Plasma response: AT, =0, AW, =0
S osf :

0'6 1 | 1 | PR R T

13.0 14.0 15.0 16.0 17.0

Time, t(s)

Outcome: inefficient ICRH heating, w = w, + kv,
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Too (keV) Picry (MW)

W, (MJ)

O= NWRARrUOUO = N WLRAROOM

v" Minority heating is efficient at X

lllustration of the importance of wave polarization

#85691: 2.5T/2.0MA, f = 42MHz

Case 2, two-ion plasmas:
fundamental (n = 1) cyclotron heating of H (minority) ions in deuterium plasmas

JET-ILW (2013)

I I I I

X[H] = ny/n, = 4-5%
”a' ' '10“'12”
Time, t(s)

14

16

18

Plasma composition: X[D] = 95%, X[H] = 5%

=

e Presence of resonant ions, w = w; + kv, t/)

e Wave accessibility to the plasma core

e Left-hand polarized component, E, # 0
(two-ion plasmas)

Outcome: efficient ICRH heating, w = w_, + kv,

mino = nmino/ne =~ 2—1 Ocyo

v ‘Three-ion’ species scenarios extend the operational range for MH
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e Two ion species: (Z/A), and (Z/A),

e Two ion cyclotron layers:
R = Ric,l (w — wcl)
R = Ri.2 (w=we)
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lon cyclotron heating in two-ion plasmas W_J)

5R2/Ric,2 ~ \/ik”vth,g/w

W = Weo

[ " . - e AT N : ’
‘.
‘
2
I I S S S S S - - -
- e i —r—rr—— - - -
N - - Zir s - -

W = Wc1

5R1/Ric,1 ~ \/Ek”’vth’l/w

e Two ion species: (Z/A), and (Z/A),

e Two ion cyclotron layers:
R = Ric,l (w — wcl)
R = Ric,2 (UJ — ch)

e Every IC layer has a natural width 0 R,
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e lon-ion hybrid (lIH) layer, large E,:
located in between R, , and R, ,

e |IH layer close to cyclotron resonance
if X, is afew % — minority heating

" - -

. - -~ - s - s i "

I I S S S S S - - -
o = . e e mm - - - -y

W = We1

W = We2

* Minority absorption in two-ion plasmas is not efficient
at very low concentrations (%o): no ion-ion hybrid layer
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e At larger X_. ., lack of resonant ions capable
to absorb RF power
w — ™
v = | > vy
ki

e Localized electron heating through mode
conversion dominates

e Still very strong E, in the vicinity of the lIH layer

W = We1

Effective ion absorption still possible!
Two-ion plasmas — multi-ion plasmas
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Mixture plasmas with MC layer: &
from electron heating to ion absorption =

Ric,2 -_I.I_I.-l. pair
| e Direct electron heating — ion absorption scenarios:
extend plasma composition to include additional ion species

e Location of the lIH layer is determined by the
concentrations of ion species (X, X,, ...)

w = Wei + kv

/ \

1) Add third ions with (Z/A), 2) Add third ions with a large Doppler shift:
different than for the two main ions can have (Z/A) as the majority ions

(Z/A)2 < (Z/A)s < (Z/A)
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‘Three-ion’ species ICRH scenarios (option no. 1): (7N
optimal plasma composition \=

v Three-ion species plasmas, (Z/A), < (Z/A), < (ZIA),
(multi-ion plasmas also ok)

v" Proper choice of plasma composition:

L LA (A 1 (Z/A)s— (Z/A);
1 Z(Z/A)y — (Z/A) 2 Z3y(Z/A)y — (Z]/A)y Y. Kazakov et al., NF (2015)]

v Proof_of_p ri nCi ple test. Fraction of RF power absorbed by *He ions

H-D mixture (X[H] 2 70%)
Small amount of 3He (= 1%, see figure)

100

80

1 1 {60

1 b 40

Hydrogen: (Z/A); = 1/1
= Helium-3 (resonant ions): (Z/A); = 2/3
S Deuterium: (Z/A), = 1/2

20

Helium=-3 concentration, X[3He] (%)

modeling

0 aon PO ROERO RO 00l
50 55 60 65 70 75 80 85 90
Hydrogen concentration, X[H] (%)
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Tyo (keV) Picry (MW)

W, (kJ)

Alcator C-Mod and JET: efficient plasma heating observed i )

Alcator C-Mod: (3He)-D and three-ion D-(3He)-H scenarios Three-ion heating pulses on JET: #90753 and #90758
4 l L] L] L] L] I L] L] L] L] I L] L] L] L] l L] L] L] L] l 5 i L] L] L]
- - 4
! ] = 3
2 T [
I *He] ~ 5-7% F c o 2F
1} X[*He] ~ 0.5% 41 o 1
0 L ) g ] 2 2 M 2 0
6 l L] L] L I L L] L] l L] L] L] l L L] L l 5
5 S 4
Q
4 < 3
3 $EE
3 ~ 2 #90753:]X[°He] ~ 0.2-0.4%) X[H] ~ 68-74%
2 1 #90758{ X[°He] ~ 0.1-0.3%) X[H] ~ 80-82%
120 | 2.0 f
S 15F
&0 s
o 10F .
40 Two-ion scenario, (*He)-D = E 3
Three-ion scenario, D-(3He)-H 0.5 - g
0 [ l L L A L l A L ' L I ' L L L l L L L L l 0-0 : L L L L L L L 'l L L L L L L L %
0.6 0.7 0.8 0.9 1.0 6 8 10 12 14 16 18
Time, 1 (S) Time, t(s)

High heating efficiency ... while using a factor of 10 less *He
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AE frequency, fap (kHZ)

T,o (keV)

Alcator C-Mod and JET: energetic ions generated

Reducing minority concentrations from % to %o levels —
increasing absorbed ICRH power per resonant ion

EB™ (keV) ~

mino

—
=

g

0.24 [Te(kev)]3/2Amino<PRF>1VIW/m3
T.H. Stix et al., Nucl. Fusion, 1975

Efficient tool for generating energetic ions in a plasma

Sawteeth stabilization and core localized TAE modes

360 -
— TR : Wmn=5
B30 Ll mn=6
X g i n:8"1 mn=7
£ 30 - 3 Wn=8
> : : = _
c i .
% 330 e : n==6 -
£ | JET: S
L =
< foae = 330 kHz W,
o o S R s |
310 IF R T e 4 - Lo Ty R
g e §
. 3
e g =
E 4
2 L. | | 1 1 1 | (]

15.2 15.4 15.6 15.8 16.0 16.2 16.4

Time, t (s) Time, t (s)

19
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20
JET: unambiguous detection of MeV-range 3He ions

MeV-range 3He ions generated with ICRH — characteristic gamma-ray emission
from nuclear reactions between 3He and intrinsic °Be impurities (~ 0.5%)

SHe +°Be — ""B*+p; 3He+°Be — "C*+n
E, = 4.44MeV | 5.02MeV / 5.5MeV / 5.85MeV / 6.48MeV / 6.91MeV / 7.28MeV / 7.98MeV/ ...

i = ‘ o = : o\ B 4
HEE B ; : 140 4.44MeV o

1 2 0 '_ #90753, Three-ion scenario (t = 8.0-14.0s) ——&—— _'
- #91323, {3 He)-H scenario (t=8.0-15.0s)  =s*=eerrreee L

100 |

80 |

Counts

60 f

Sfle= = 5.85MeV
SR, - 6.91MeV

iy —— 7.28MeV

20 &1

\ GIEF— < 8.56MeV

M Bulk Be PFCs M Be-coated inconel PFCs
Bl Bulk W B W-coated CFC PFCs

e (3He)-H scenario (proton plasma): X[3*He] = 1-2%, P, g, Up
e D-(*He)-H scenario (H-D plasma): X[*He] = 0.2-0.4%, P, = 4.4MW
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Reconstructed gamma-ray emission: (‘,?5}\)
visualization of fast-ion population \=#

#90752 and #90753: the same ICRH and NBI power, X[H] = 70-75% and X[3*He] = 0.2-0.4%

20F | — 140 20F  ——_  #90753" 140
1.0 F 10F
100 g 100
05 [ 05
E f 80 T b 80
N 00 N 00 3
-0.5F 60 050 160
100 {40 100 {a0
_1_5;. ) (BN | P —1.5% . | | | 120
-20F £ 7 i ¢ oo g —20F ;o Foi i i
[INENE RN NN SR R Lo Lovaadaaaa bl e s Faa g Loty agtl L
15 20 25 30 35 4.0 15 20 25 30 35 4.0
R (m) R (m)
ICRH: dipole phasing (4.3MW) ICRH: dipole (2.3MW) and +m/2 phasing (2.1MW)

e Efficiency of fast-ion generation enhanced by using +m/2 phasing of ICRH antennas

e RF-induced pinch effect and lower |k |
M.J. Mantsinen et al., PRL 89, 115004 (2002); J.M. Faustin et al. PPCF 59, 084001 (2017)
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Energetic 3He ions in solar plasmas

| ] i A
3He-Rich Solar Energetic F’artlcle Events {PDF Download Available)
htt[ iy researchjate net!. /25152668! _=olar_Ener... - Tiumaczenie strony

aper (PDF): 3He-Fich Solar Energ&tn, Farticle Events. ... He enrichment was
1ce heating. that could single out the rare isotope ..

\ Energetic *He ions ioroducd

—

Source: Wikipedia

in H- D fu3|on plasmas

19-22 Oct 2002 high 3He
abundance seen over several days

G.M. Mason,
SSR (2007)

PARTICLE INTENSITY (em™s” sr! (MeV/nucleon) )

205 210 215
DAY OF OCTOBER 2002



23
SHe-rich solar flares )

> A class of solar flares with anomalously high 3He/*He ratio in the MeV-energy range
D. Reames, Space Sci. Rev. 90, 413-491 (1999); G.M. Mason, Space Sci. Rev. 130, 231-242 (2007)

> Typical ratio 3He/*He ~ 1/2500 — 3He/*He ~ 1 in 3He-rich solar flares

10° e : : :
: i Mechanism for observed 3He enrichment (?)
Example: ]
| 3He/*He>1 | | =m Production by nuclear reactions ruled out
10%| (no increase in D and T)

m Selective interaction of 3He with plasma waves
(unique charge-to-mass ratio)

Counts per bin

— electrostatic waves: H-*He-3He plasma (Fisk, 1978)
second-stage acceleration process required

— electromagnetic waves: H-*He plasma

2 3 4 5 ) .
Mass (AMU) (Roth-Temerin, 1997)

— electromagnetic waves: H-*He-*He plasma

M. M R (2007
G.M. Mason, SSR (2007) (Kazakov et al., 2017)
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3He-rich solar flares and A
1 H - W_)
“He-(°He)-H three-ion species scenario N4

Input: experimental data for 24 3He-rich Output: the largest number of energetic *He
events (S. Ramadurai et al., 1984) ions observed at X[H] = 70-80%

H-*He plasma: consistent with
our theory and JET observations

)
I E i
& - H 2 02
mI + §f ® ® ®
107 | fﬁ f ® f E
t : 107
} 1 JET: three-ion experiments
10_2 T BT s 10-4 P S T P P PR P TS P
103 1072 1071 10° 60 65 70 75 80 85 90 95 100
4He/H Estimated hydrogen concentration, X[H] (%)

. . : H plasma: explained earlier,
Energetic *He ions in H-D and H-*He plasmas Roth-Temerin (1997)

(Z/A)p = (Z/A) e = 112
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Extension of ‘three-ion’ species ICRH scenarios: (‘,?5»)
use NBIl ions as a resonant absorber in mixture plasmas =
Strong E,

W = W + k?”’UﬁfaSt)

1IH pair

e NBI system provides ions resonating in the vicinity of
the MC layer, where the E, field is strong

1+ ((Z/A)l — 1) Z2X2]

Ryic = Ric2 X
: (Z/A),

St
s
2

e NBI: seed of fast ions with a velocity distribution

ranging from v;; to v, .., (large Doppler-shift)
Ric,2

Rt = Rico + 5R(fast); s Rfast) — ntorvl(lfast)/w

e Resonant wave-particle interaction:

Z/A) — (Z/A
vl(lfast) _ w(Z/A)1 — (Z/A) 7y X5 < v|(|NBI)
ki” (Z/A)2 ,max

k|| — ntor/Ric,2
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Extension of ‘three-ion’ species ICRH scenarios: (‘,?5}\)
use NBIl ions as a resonant absorber in mixture plasmas =

e Fast NBI ions resonating at the MC layer:

IIH pair

|,max

— ICRF phasing (k) and freq. (w)
Plasma composition NBI energy and geometry (v,)

Q’ 5 - —
IR

Ric,2

Type of plasma mixture
(H-D, D-T, D-*He, etc.)

Conditions of the JET experiments:
H-D plasma mixture, E, \, = 100keV, v,/v = 0.62, f = 25MHz, dipole phasing — §R™") =~ 35 — 40 cm

p~ RN /Ry =~ 0.11
X0 ~p/(1 — p) = 13%
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Neutronrate T (keV) P,ux. (MW)

W, (MJ)

0.0 L——

N - T L T J - S — s

D-(Dyg/)-H heating scenario:
effect of the plasma composition

#91255, X[D] = 10-15% #91206, X[D] = 30%

Paux. (MW)

- N W RO = N W

- N W RO = N W

Too (keV)

Neutron rate

W, (MJ)

ICRH + NBI synergy at work

8 10 12 14 16 18
Time, t(s) Time, I (s)

(NBI)

||;max

v|(|fast) S vﬁl:;B;}z v|(|fast) > v

No synergy observed
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ICRF heating of D-NBI ions (n = 1) in H-rich plasmas

D-(Dyg))-H scenario, H-D plasma with X[H] = 85-90% and X[D] = 10-15%

Acceleration of D-NBI ions to MeV-range energies and increase in neutron rate observed

#91256 g 2

20_""I""I""I""|""|_ E N

T : = 4 [ D-NBI(Ep = 100keV)

15 F | XIDI=30% - % 2 :
I 3 o’ F
[ ] 0

1.0 | 1 4
A . S [
: i £ 3

£ [ ] 1
;‘ 0.0 — _ % 4

' ] c :

0.5 | - S 2
r . 3 1

-1 _0 :— W = wep + klvl —_ = 0 T T T T T T T T T
- ! 300 |- .
B - (/)] B —

ast E -g 200 | E, = 3.37TMeV ]
5 N 2.9T/2MA ] 8 100 |

20 b b b 1 e 1 &= 0-‘ —_— i i3 3

1.5 20 25 3.0 35 4.0 8 10 12 14 16
R (m) Time, t(S)

A ten-fold increase in neutron rate with 2.5MW of ICRH
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Presence of energetic D ions and TOFOR observations f:,}\))
60 7
D + D — 3He (0.82MeV) + n (2.45MeV) E, = 2.9MeV X
tTOF(ns)
TOFOR: time-of-flight neutron spectrometer tor | 65ns 60ns 55ns 50ns
C. Hellesen et al., NF 50, 032001 (2010) E. | 2.5MeV | 2.9MeV | 3.5MeV | 4.2MeV

D-NBI (3.5MW) + ICRH (2.5MW)

102 = #91256, )
- t=9.0-11.5s

T 1 T 11

l

10

counts / bin

T T TTTTT

—NBlI only

b e b e by e b by
50 89 60 65 70 i

b (ns)

D ions with energies up to ~2MeV
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Cross-section, o (barn)

31

Highlights for future studies )

D-T plasma: D+T — 4He (3.5 MeV) + n (14.1 MeV)
D-3He plasma: D +3He — “He (3.6 MeV) + p (14.7 MeV)

D-(Dyg;)-*He scenario,
X[D] = 50-60%, X[*He] = 20-25%:
source of (nearly) isotropic alpha particles

E, = 450 keV
10° This technique is also applicable
for future D-T experiments in JET-ILW
1071 e T-(Tyg)-D scenario: ICRH heating
of T-NBIl ions in D-rich plasmas
_2 e T-(Dyg))-D scenario: ICRH heating
10 JEA | I o of D-NBI ions in T-rich plasmas
'0' j ----- D (fast) + He (target)
- VAT AN T [J. Ongena et al., RF Topical Conf. 2017]
10 100 1000

Deuterium energy, Ep (keV)
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Applications of three-ion species scenarios for JET and ITER ()]

T Periodic table
e of the elements
Main ions no. 1 ’T‘ 4B
Resonant ions (no. 3) tg;!- a-ﬁm
ini ooz
Main ions no. 2 %5 ,_Z::,g,,
lon T | °Be, 40Ar, 22Ne, D, 4He, SHe | H
species Li, "B, ... 12C, 16Q, ...
(ZIA), 1/3 = 0.43-0.45 1/2 2/3 1
Scenario Resonantions | ITER phase
4He-(*He)-H 3He non-active
‘Be/*%Ar-(*He)-H “He non-active
T-(°Be)-D ‘Be active

* Also scenarios with NBI ions as a minority in mixture plasmas
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Fast-ion confinement studies in a stellarator Wendelstein 7-X ()

e Demonstrate good confinement of energetic ions at high plasma beta (n,, > 102° m-3)

e Source of fast ions (E; = 50-100 keV) in the plasma core required (ICRH and NBI)

(R

Hydrogen (~70-80%) +
D-like ions ('2C, 190, 4He, D, ...) +

3 ~ - 0o
KHe( 0.1-0.2%) Y

ecipe for W7-X: A

Three-ion species scenario provides a factor of 20 larger number of ions
at E. > 50 keV than MH scenarios

[J.M. Faustin et al., PPCF 59, 084001 (2017); SCENIC modeling]
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Use intrinsic °Be impurities in our favour! W_J)

o (Z/IA); < (ZIA)gg, < (ZIA),: efficient ICRH absorption by °Be impurities (~ 0.5-1%)

e 9Be provides dominant heating of bulk D and T ions

4 -m Localized °Be absorption
3 3 -I/
2 ~ T/ |
S 018 :
o = [ ; 9 o
i E E el | Pans(®Be) > 80%
~ E i |
ok a S 014
N E 0.12 -
S 008}
-2 g [
S 006
8 004f
-3 e Q i ;
-g 0_02 — B R
C . < [ ' ;
Q) ¥ P P PR PR 0 »
4 5 6 7 8
R (m)
[1] Y. Kazakov et al., Phys. Plasmas 22 (2015) 082511 - K - To(71 i) :
[2] J.R. Wilson et al., Phys. Plasmas 5 (1998) 17211726 | opserved in TFTR D-T plasmas: T-("Li)-D scenario
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Conclusions §_J1)

Three-ion species scenarios: a new set of ICRH scenarios for efficient
heating of mixture plasmas, w = w + kv,

— resonant ions satisfy (Z/A), < (Z/A); < (Z/IA),
— resonant ions have (Z/A) as one of the main ions, but a large Doppler-shift (v,)

Successfully demonstrated on Alcator C-Mod and JET tokamaks (2016):

— H-D plasma mixture (H-D = 75%-25%) + 3He
— H-D plasma mixture (H-D = 85%-15%) + D-NBI

Efficient generation of energetic 3He and D ions confirmed
— sawtooth stabilization, y-ray emission, excitation of TAE modes, neutrons, ...

Various applications for JET, W7-X, ITER, DEMO
— extends the flexibility of ICRH for fusion research studies

Developed technique can also be applied to explain observations of
energetic ions in space plasmas, in particular, 3He-rich solar flares
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Thank you for your attention !
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Backup slides
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: : : : (77N
Doppler-shifted cyclotron heating of NBI ions in JET-ILW plasmas  {(_i
X[H] = 100% Mixture: X[H] = 85%, X[D] = 15%
#91618: 2.7T/1.8MA, f= 42MHz #91256: 2.85T/2MA, f= 25MHz
10_—"'I""|""I""I'"'l""I""!""[""T"—_
E 8 1 E E
€ 6 ! ¢ E
5 4 : E &
& 2y ! ] Y
0 L
s | s
s s
X X
& &
Q Q
S : S
£ ! £
l-% i l-%
5 14f i ' : 5 1af :
= 12F - ! ! 7 = - ) ]
- 10F [ - o = 10f . :
= osf i w=wmn+kyp = 0ap . w=wep + kv
130 135 140 145 150 155 160 165 17.0 70 75 80 85 90 95 100 105 110 115
Time, £(s) Time, £ (s)
2 Case 1: single-ion plasma — E, small
2 W — We; .
Pps X Nyesiion |E+|"exp | — (_—) — poor ICRF heating
V2kjr; Case 2: mixture plasma — IIH layer

— large E, — effective ICRF heating
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Temporal evolution of the neutron rate

Too (keV) Paux. (MW)

Neutron rate

N

o = N W &~ =

A O = N W b

7.0

D-(Dyg)-H ICRH+NBI heating scenario in JET-ILW: (7
enhanced neutron rate

#91256

\

(//f‘—"
{
=

Time-dependent TRANSP modeling

e.g., R. Budny et al., NF (2009)

D-NBI

Neutron rate (x 10™ nis)

x 10" n/s

| S S T T '

8.0

10.0 11.0

9.0
Time, t(s)

£
LA

1 | 1 L 1 1 1 1 I | 1 1 1 1

Measured yield
TRANSP: total

TRANSP: beam-target ssrrressssss
TRANSP: beam-beam

9.5 10.0
Time, t(s)

10.5 11.0

t=10.5s: X[Dyg] = 4%, X[H] = 85%,

H/(H+D),q,, = 0.89-0.91
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XCHel (%) W,(MJ)  T(keV) Py (MW)

H/(H+D)egge

- N Wk OO=MNOWRAO

JET: efficient plasma heating observed,
both at X[°*He] ~ 0.1-0.2% and at ~1%

#90756: 3.2T/2MA, f = 32.2-33.0MHz

3He concentration:

Increasing X[?He]

#90752 (dipole ICRF phasing)
R B R s Tl

T
T Picr i
4 " - -
2 3f .
Q_% 2 o
‘l - -
5 - -
4 o
" X[*He] = 0.2-0.3% M"*-
1 H/(H+D) = 0.83-0.74 .
PR T (N TR TN SR (N T SN SN SN TUN TR SH S T

o

10 12

Time, £(s)

14

- ~ 0.1-0.2% only up to ~1.0-1.5%
: | L | | | | |
e T T T T T T T T ¢ 3He concentrations as low as 0.1-0.2%
E N e g === KT5P were successfully used for plasma heating
E T E e A factor of 20-30 reduction in X[3He]

| 1 i 1 1 1 1 | |

7 8 9 10 11 12 13 14

Time, i (s)
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T, (keV)

JET: minority heating of 3He ions in H-D mixtures ((?5}\)
more efficient than in H plasmas =2
JET-ILW experiments 2016
g [ T Ty T T T Increase of plasma stored energy
: PN #91323, i
[ (*He)-H scenario, ] per[ MW of ICB':' power -
- PICRH - 76MW, - 1.2 '_— (b) I ! J o AVIV fﬁpu;nu i . -
3 B PH-NBI = 32MW = (MJ;’MW) 0.16
i i 1.0 4 ) 1M 0.14
: “5? :_ ],."pspn>50‘}}o\\ _: L] 0.12
: 2 osf | ™R Vi ]| AN’ scenario
£ [ B, o\i ™. i{t{0.08
#91304, % oaf | Bo Th & 1H 0.06
1 ~ D-(*He)-H scenario, F D'%thﬁf s %1-., 1 o
P,cry = 4.4MW, no NBI ool i - Oades ,).b;a; 1 ©
i :F'EPA>5O"'J| 1 W ] 0.02
0-...1...|...|...|...|l..|.l. 0.0 Ltiiertrimming, L D P 0.00
22 24 26 28 3.0 32 34 36 3.8 60 65 70 75 80 8 90

Major radius, R (m) XHlcore = 0.9 x H/(H+D) (%)

e JET: effective plasma heating as a result of slowing down of energetic 3He ions
(good fast-ion confinement)

e JET: ~50% higher performance of 3He minority heating in H-D = 80%-20% mixture
if compared to heating H plasmas

e Extension for ITER: use H-*He plasmas (H + 10% of “He) + a tiny amount of 3He
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Frequency (kHz)

T, (keV)

3He ICRH experiments in H-D plasmas: {(?s})
observation of TAE and EAE modes =
T —— B s
fae=320kHz | E f_ne = 560kHz | V. Kiptily et al., ;
n=17,6,5 ; . 1 n =1, 43, £5 IAEA-EP (2017)
] 0 _ .
! s I E
: . %
?,-. A 5 .
= 570 ¢ \x |
5 ':5{ 3
e 560 |2
550 . : :f
540 |t R e RO o v R = N R TR L
4 _ NG TN A I ZA . A A P T A S TR F A T A (. A A S _
> . 1
§, 3 W
= oaf -
:I....I....l....I....I....I....I...-' 1:||||IllllllllllllllIllll:
9.0 9.5 10.0 105 11.0 115 12.0 12.5 10.55 10.60 10.65 10.70 10.75 10.80

Time, t(s)

#90758, Pcry = 4.4MW, Py g = 3.2MW, TAE modes
X[H] = 80%, X[*He] = 0.1-0.2%

Time, £(s)

#91304, Pcry = 4.5MW, no NBI, EAE modes
X[H] = 70-75%, X[*He] = 1%
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GENESIS-SCENIC synthetic gamma-ray diagnostics 2

Core 3He distribution

Cosf,

1000 2000
Energy [ke'V]
7.28 and
e
4 L E=T.28 MeV
= 210™L 5
]
1510
E
i)
£ 110
51|:||1_'|_

4. Nocente PhD Thesis 2012

T T T T T
3000 4000 5000

o | R BRI SR P | B N | | sd
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Energy [keV]

43

Fast *He profile
- 10 1 3xin®
s 1,2x10"
48210 g,6x10"
5axi0"
2 2w10"” z a1
—— =
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Rt [cm]
7.98 MeV y-ray peak shapes
AR T
E 1.3_'5 E =7.98 Ma'
5107 L
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[:‘ " | L 1
7700 7a00 7ep0 soco sioo o0 soo M. Nocente et al.,
Energy [keV] IAEA-EP (2017)

Imansity [a.u.]

e ICRH modeling: SCENIC code (J.M. Faustin, H. Patten et al.)
e Gamma modeling: GENESIS code (M. Nocente et al.)
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