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* Energetic ions as a heating mechanism

« Some drawbacks of energetic ions

* Indications of energetic ions impact on the energy confinement
 Towards the study of MeV ions impact on energy confinement
 New results from JET in D-3He plasmas

» Beyond D plasmas: H and He mixtures

* Impactin ITER

* Conclusions
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Magnetically confined fusion energy is in fast evolution 7

=

* Several exciting
milestones achieved:

e DT campaign at JET v

| Mailloux this conference 11.104]

 Construction of JT-60SA |v.

e . Kamada NF(22)]
JT-60SA ITER * Record long pulse in
3 3
135 " {one-third Een s?zen:fan Olympic EAST

swimming pool)

~ 500 MW, * ITER project getting
closer to its completion
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3.5MeV
@ Fusion Reaction

Deuterium (D) Helium (He)

>
2 s

Tritium (T) Neutron (n)

* Fusion produced 3.5MeV alpha particles—> self heating of plasmas through collisions
« Efficiency as heating method demonstrated by externally produced energetic ions

JETEH
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1t method: Neutral Beam Injection (NBI) ©

* |ons are accelerated,
neutralized and injected in the
plasma

* In present day tokamaks
E..,~100keV—-> Main heating
method

* NBlin ITER will inject
E..=1MeV

ITER NBI system

ion
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2"d method: lon Cyclotron Resonance Frequency C

* |CRF: Externally injecting waves at
resonant frequency

L EEA G SN R

L e .
i“ ‘ Fast Magnetosonic £ :g)z;?)?éejgﬁ_i’; gl

/i1 Waves in plasma T le: JET _ | |
L éé"‘ =20 % W = Nwg;t k”v”,l

Doppler effect due
to particle speed

!ﬂ <

lon cyclotron
frequency

q:“- SO n 4

THHRt

\

0. = ZilQelB
o Am,
* k; wave number parallel to B
determined by antenna geometry
» ~MeV ions can be obtained
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« Some drawbacks of energetic ions

JETEH
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Drawback 1: Alpha energy mostly transferred to electrons

/5-'

NBI (JET) NBI (ITER)
L] | J Ll ' Bl L) Ll ! L] L) L] ! L L)

Alphas (ITER)

T« Redistribution of energy to thermal

- particles, E ., :

« E>E_,= Energy transfer mostly to
electrons

* E<E_,= Energy transfer mostly to ions

 Drawback > a particles mostly transfer
energy to electrons in ITER!

Power redistribution fractions
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Drawback 2: Energetic ions can interact with Alfven Waves ©)

Measured fast-ion losses by
Alfvén waves in the AUG tokamak*

#23824

 Energetic ions can interact with electromagnetic

8 Magnetics

nN=5 7 ="

perturbations >
* Alfven waves are driven unstable with dispersion relation s - ==

w =k, .
* Slopes of distribution function determines whether
plasma particles drive or damp waves o

(O~
) '):’,/""ﬁ’f4

nEgp df Egp df)

Yari
rive
® “B“’( w f dP,  f dE

1.05 1.15 1.25 1.35
Time (s)

[M. Garcia-Munoz PRL (10)]
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Drawback 2: Energetic ions can interact with Alfven Waves ©)

"
« Energetic ions can interact with electromagnetic Alfvén waves in the AUG tokamak
perturbations wagnetcs / =
- Alfven waves are driven unstable with dispersion relation s .
® = kv,
* Slopes of distribution function determines whether .

40

plasma particles drive or damp waves

#23824 €))
n:S_ P - ”

Fast-ion losses

Yarive < B _nEgp df o BEP df ) s \?4/
w P\ @ f dP, f dE ot

« Drawback = Alfven waves responsible for energetic
lons transport, losses and confinement degradation

1.05 1.15 1.25 1.35
Time (s)

[M. Garcia-Munoz PRL (10)]
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* Indications of energetic ions impact on the energy confinement
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High impact of NBI energetic ions on plasma energy confinement O

=

JET

ITER Physics
Basis: W,,~P=0-1

N
"

thermal stored energy (MJ)

[T. Luce NF (18)] [C. Challis NF (15)]

=
3]

1 WILW high triangularity
@®ILW low triangularity

0-0 ............... 0
0 2 4 6 8 0 2 4 6 8 10 12 14 16 18 20

Piot (MW) total heating power (MW)

* NBI power scans performed in JET and DIII-D
 Thermal energy increases faster than expected

» NBI power induces reduction of energy loses by heat transport?
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High Impact of NBI energetic ions on plasma energy confinement ©

a)

$0.15 BN% —rot| | * High NBI power plasmas at low-medium
E P density characterized by high:

% 0.1f ---ne | | * Pressure and pressure gradient

c,;: o - Beta

5. 0.05, + Energetic ion density fraction

H » Thermal confinement

- 0O 1

[J. Garcia NF 2015]
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High Impact of NBI energetic ions on plasma energy confinement (®)

N

a)

$0.15 BN% —rot| | * High NBI power plasmas at low-medium

E P density characterized by high:

% 0.1f ---ne | | * Pressure and pressure gradient

m:f: o - Beta

5. 0.05, + Energetic ion density fraction

%  Thermal confinement

% 0;5 t« Strong experimental and theoretical activity:

cranine 7] neoneromineis) o Electromagnetic and/or energetic ions

[M. Romanelli PPCF (10)] [J. Garcia POP (18)]

D.Testa NF (12)] A di Siena NF (19)] effects can strongly reduce heat transport
[J. Citrin PRL (13)] [C. Holland NF (21)] .

[J. Citrin PPCF (14)] [A. di Siena PRL (21)] drlven by tu rbUIence

[J. Garcia NF (15)] [S. Mazzi Nat. Phys. (22)]

[H. Doerk PPCF (16)]
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Relevance to ITER requires higher energy ions

Energetic

Case Study p—- T/T, npr/Ne [%]  Try/Te
JET High beta— [J. Citrin PPCF(15),J. Garcia
NF(2015)] D 1.6 12 7.3
ITER High beta— [J. Garcia PoP(18)] ‘He 1 0.9 41.3

« Stabilizing energetic ion effect — BUT way less energetic particles than DT fusion born
alpha particles [J. Citrin PRL(13), J. Garcia NF(15), N. Bonanomi NF(18), A. Di Siena NF(19)]

JETEH
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Relevance to ITER requires higher energy ions ©

Energetic
Case Study on Sgecie TT,  np/ne [%]
JET High beta— [J. Citrin PPCF(15),J. Garcia
NF(2015)] D 1.6 12 7.3
ITER High beta— [J. Garcia PoP(18)] ‘He 1 0.9 41.3

« Stabilizing energetic ion effect — BUT way less energetic particles than DT fusion born
alpha particles [J. Citrin PRL(13), J. Garcia NF(15), N. Bonanomi NF(18), A. Di Siena NF(19)]
* Transport/Turbulence reactor relevant studies should include:
» MeV ions in the energy range of a particles
« Alfvén waves destabilization as expected in ITER [S. Pinches this conference 13.005]
* Ti~Te
* Low rotation
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Plasmas: inherent complex multi-scale system (®)

€))

—

* New results obtained in JET by
Length [m]

: /‘\ combining:

vMHD/ () 1. AW destabilized by
T [eq“i”ﬁ”m AW [ Ui accelerating ions up to ~E,

i 2. Improved multiscale
103 (. Turbulence _ _
ARG understanding by using
10° 4~
e 10 J 103 ‘100 3. Improved diagnostics
|

| =» Time [sec]
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* Towards the study of MeV ions on the energy confinement
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New experiments: novel three-ion ICRF schemes @

\=

)
W)

=
o

lw=ws+kwis] o Three-ion ICRF: efficient heating in mixture
plasmas with ‘third’ ion component to absorb power

X1 e Main ions no. 1
-] B 'E' Resonant ions (no. 3)
sl 2 w il Main ions no. 2
el 8 /]E:
SR B §
S 2o - Efficient way to generate MeV ions!

[Y. Kazakov, NF (15), POP (15), Nat. Phys. (17)]
[J. Ongena, EPJ Web. Conf. (17)]
[D. Van Eester, PPCF (17)]
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Towards multiscale HPC: GENE code (®)

Global Gyrokinetic Simulation of

Turbulence in

ASDEX Upgrade

(GENE

gene.rzg.mpg.de

[F. Jenko POP 00]

JETEH

* GENE code—> Solves
gyrokinetic equation . caret e 1o

 Fluctuations of electrostatic
and electromagnetic
potentials

 Heat transport radial loses
driven by turbulence can be
analyzed
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Outline

 New results from JET in D-3He plasmas

JETEH
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Alfven waves destabilized in JET with ICRF (®)

#95679

600

500

Frequency (kHz)
°

200

100

6 7 8 9 10 11
Time, #(s)

[M. Nocente NF(20)][Y. Kazakov PoP(21)][M. Dreval NF(22)]

JETEH

New experiments performed at JET in
D-(D,,)-*He plasmas
Heating mechanisms: NBl and ICRF

Alfven waves in the range of 100-
600kHz

Fluctuations not detected in only NBI
phase
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MeV ions detected in the presence of ICRF &

N
=
Time-of-flight neutron spectrometer

3
POTITIRTRTRETEE D-(D,,)-"He
_(a) Pulse #94701:

» In new D-3He experiments:
| By~ 5.3 MeV {Hfm

o) '
B o | i * |CRF energetic ions measured up to
NN NEPY mfw 2.1MeV.

;
 NBI only energetic ions reach
0.10MeV.

" ieame* ~MeVions are well confined at JET
| ] S astoroidal current is 2-3MA

Counts / bin

E,~29MeV |
Ep ~ 0.1 MeV *‘
\

\\

s
o
T r -
. \
-«
—

\‘\\ T

1 - 11l1l 1 1 1 1
40 45 50 60 65

Neutron time-of-flight t1op [ns]

[S. Mazzi Nat. Phys. (22)] [S. Mazzi this conference 15.102]

JETEH
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Strong decrease of density fluctuations in the presence of MeVions )

Reflectometry measurements D-(D,,;)-*He

JET #95669 R=33m

3 R ——  Plasma density fluctuations
NEL+ LGRS MV s ih AT spectrum=> turbulence intensity

141

= » Compared to NBI, fluctuations
= reduction in the presence of MeV ions
B Ll
ET « Unexpectedly, Alfven waves and
47} - reduced turbulence coexist
-18 : : ‘ !
0 200 400 600 800 1000

Frequency f [kHz|

[S. Mazzi Nat. Phys.(22)] [S. Mazzi this conference 15.102]
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JETEH

Multiscale origin of thermal heat transport reduction Q)

0.75- 7 N
0.50- ,/ ol
S
;‘/f =~
0.25- / ~ .
. ¢ o
0.00- PR
—0.251 { a & .
0.50 s
—VJ. ’ AR S
AL e
—0.75+ Y
2.5 3.0 3.5
RIm]

_
(17N

No energetic

D-(D,,,;)-*He
ions

 Multiscale gyrokinetic simulations
performed

[S. Mazzi Nat. Phys.(22)][S. Mazzi this conference 15.102]
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Multiscale origin of thermal heat transport reduction (®

AN

: = = e With MEV D'(Dnbl)'3He
0.751 y _;_\‘\\‘ energetic ions
050 M\ * Multiscale gyrokinetic simulations
. / /" S\ \‘ performed
E I { 0 | \\;\\\ 10 R MeV ions energy Iis channelled to zonal
10 i Y
N 0.00 \\\ \ A\ ) ?‘l ,4,: | flows [P H Diamond PPCF 05]
—0BNNN A7/ |« Radial energy loses are highly reduced
B\t o 1/ ..
-0.507 \ — /// 7,  Beneficial effects from Alfven waves!
N e — ’,/;
-0.751 O~

2.5 3.0 3.5
RIm]
[A. Di Siena NF(19)] [S. Mazzi Nat. Phys.(22)] [S. Mazzi this conference 15.102]
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» Beyond D plasmas: H and He mixtures

JETEH
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Beyond tokamak plasmas in D: H plasmas

/
(/

Similarly to tokamak plasmas,
presence in the solar atmosphere of
 Alfvén waves [S. Tomczyk Science (07)]

« |C frequency EM waves [v. Kazakov Nat.
Phys. (17)]

e Turbulence
« MHD

 Unlike in tokamaks, H and He isotopes
are dominant

* Recently, such mixtures have been
studied in tokamaks
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Frequency (kHz)

JETEH

_
SO\

Alfven waves destabilized in H plasmas ©
" "+ 3ions ICRF scheme -
| L ~MeV ions generated
5. . = * Alfven waves destabilized
3+ Complex interplay
250 -~ between MHD and Alfven
2 waves
225] |
. T [Y. Kazakov this conference P2a.118]
10 12 14 16
Time (s)
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lon temperature increases in the presence of electron heating @

5 )
Eﬁk ® /. ohmic
2 e 71; ohmic
4 - %g':% * Te Prorp=TMW| 7
%* ¥ T; Piorp=TMW
%
37 | }%@e
5|
=3 .
[ PN ' * Fy
M i **%
® o %%, " %ﬂ%a?_
d e oo
@ e
%ﬁia
0 I I I
0 0.2 0.4 0.6 0.8
p

JETEH

=

\=¥

* 95% of electron heating with
ICRF

* Electron temperature increases
but...

* ... Tl increases along the whole
ICRF power scan!
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lon thermal heat transport reduced in the presence of MeV ions (@

=

3.5 - - . . .

[ | * Core heat transport

e | | characteristics:
7 2| | e Y, decrease with ICRF
Eis | A""f:g?f,t,“"ty | ey, increase with ICRF

1} |+ Similar results to D-3He plasmas

0.5F | [S. Mazzi this conference 15.102]

i [ ]
O !
2 3 4 5 6 7
Prer \MW)
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lon heat transport behavior different in ECRF power scans

\
\
)

/5-'

4{ AU - - | o Results in Asdex-U with Electron
dof - - | CyClotron Resonance Frequency
3 2 (ECRF)
= Vo8 8 * Ti,max=1.5keV regardless the
1- :1“3% OO ECRF input power
0 ® |« Key impact of energetic ions

[M.N.A. Beurskens NF (22)]
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* Impactin ITER

JETEH
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Beneficial impact for ITER

_Ti ITER scaling
—T,_ ITER scaling

- -T, x; reduced as in JET

- -T, x, reduced as in JET

[K Besseghir PPCF (13)]
[J Garcia POP (18)]

JETEH

0 0.2 0.4 0.6 0.8 1

_
(17N

Lol
=

* Integrated modelling performed
for ITER

| Reduction of thermal ion

transport assumed as in JET

1 * Up to 5S0MW more of fusion

power and Ti>Te!
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e Conclusions

JETEH
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Conclusions ©
* Impact on plasmas of MeV alpha particles is an essential topic
 Concern about negative impact of MeV ions on confinement
* New results with MeV ions and Alfven waves at JET:
* [on thermal transport reduction in the presence of Alfven waves
* Proven in multiple species plasmas including H and He mixtures
* Multiscale interplay between turbulence and Alfven waves

* New route for improved confinement in ITER in the presence of
alpha particles
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