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i NBI-Count. K

TJ-Il Heliac

B(0)< 1.2 T; R=1.5m, a<0.22 m
0.9<1/21<2.2

ECRH (0.3 + 0.3 MW);

NBI ( 0.6 + 0.6 MW) co- and counter injection
MEASUREMENTS: rake Langmuir Probe, dual
HIBP, Mirnov coils, fast bolometers and
Doppler reflectometer
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Motivation

Impurity transport

Plasma fuelling results

Plasma stability studies

Flows and electromagnetic effects

Controlling fast particle confinement: Role of
ECRH and magnetic configuration

Innovative power exhaust scenarios using liquid
metals (not 3D-specific)

Conclusions
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Motivation (@ »‘)

» 3D Geometry relevant for Stellarators and Tokamaks (TBM,
RMP, Islands,...). => Physics and simulation methods

» NC Transport Enhanced and onset of ambipolar Er. =>
Impact on Fuelling and Transport:
» Fuelling -> Pellets
» Impurity Transport.

» Dispersion Relation of waves and instabilities =>
Changes in AEs, GAMs,...
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» Motivation
» Impurity transport
» Plasma fuelling results
» Plasma stability studies
» Flows and electromagnetic effects.
» Controlling fast particle confnement: Role of ECRH and
magnetic configuration
» Innovative power exhaust scenarios using liquid metals
» Conclusions
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Avoiding Impurity Accumulation O

Impurity accumulation is an issue in stellarators (NC effect in ion root)

I 6%'1 Zle T'1(..j

G =-n,L = A+q —L =
y Illgnl\y [TIQ

Nevertheless, experiments w/o accumulation:

MOde HDH in W7_AS and K McCormick et al. PRL 2002

Impurity Hole in LHD. [ M Yoshinuma et al. NF 2009

Look for regimes without impurity accumulation:
- Revisit impurity hole

- 3D NC calculations predict that asymmetries in potential modify the
impurity flux. | 3. M. Garcia-Regafia et al., PPCF 2013
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Moderation of impurity accumulation &,
[ ] [ ] [ ] QE?
In impurity hole plasmas
lon Root impurity Hole Electric field is negative
— but small in Impurity
= > 6 , ..
g 6 2 Hole conditions,
= :,) despite the large
P - grad(Ti).
E =
© o © . o
= o = 1 %' ZeE 7' C
s > G =-nlL cil- 21T pgl 1
=1 118721 T / T ¢

Because of this, the
outward and inward

pinches are almost
) Bam = = = = = = = = = = = = = = = = — . .
= T Sbese. E balanced. Resulting in a
= Fooeapaatot O [\(';L,:\ ; ] ) -
Z 4 Ny = small inward impurity
2 ]2 '\\ flux.
= : = y,
5 B oL 8 /‘,
e e . '\\“ ./ J. L. Velasco et al., NF 2016, In press
-12 ¢ E . . . -12 E. e ®ooe0
0 02 0.4 0.6 08 1 0 0.2 0.4 06 08 1 | Nunami TH/P2-3

r/a r/a

Additional terms could play a relevant role: turbulence, asymmetries,...
Empirical actuators to try to make Er more positive (less negative): ECRH.
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Potential Asymmetries influence 7
Impurity Transport

- Impurities are more sensitive to Er than G =- n}z&% _@ +q
bulk ions (charge state).

- An asymmetric first order potential g
(usually neglected in NC calculations) E
@, is calculated using the EUTERPE = ‘ ‘ ‘ |
= | | | |
code. 10 . .
LHD / B.Ill / C%* | |
— @, has effects on impurity transport: 32 wom ‘ ‘
reduce impurity accumulation in LHD. ~185 o2 o4 / 66 08 Lo
1 LHD ALl .
LHD A.ll n
LHD ALl
LHD B.I
_ _ 0.1 LHD B .
- Calculated asymmetries pronounced in _ WoX S
TJ-1l: CAN BE DETECTED g | WXV o
0.01 |+ W7-X Off-axis °
Tiillown s
J. M. Garcia-Regafa et al., Submitted to PPCF 2016 0.001
: Laboratorio 0.001 0.01 0.1 1
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Asymmetries of potential do exist in TJ-ll
Probe D

Float. potential (V)

T(ECE) = 0.80 keV |

T(ECE):= 0.75 keV

—80f---- - Isat= 2.8 Alem®1- - - - - - - isat-= 2:6 A/gm?
40 : , : :
t=1170.3 ms t=1171.0ms
L 20feer SRR e SRR -
} . .
N S N g
S 20t [y T
2
= -40 , e
o ) .
2 ool .. lin=086510"m2] . n=069.10""m®,
T(ECE)'= 0.51 keV T(ECE)'= 0.36 keV
80 - Isat-= 2.8 Alom®1- - - - -+ - Isat-= 2:7 Alem?
085 09 09 108 09 095 A
p P

Poloidal / toroidal asymmetries decrease

when temperature decreases.
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X
Probe B
Poloidal/ toroidal potential variation in
the order of 10 — 40 V. | M. A. Pedrosa et al., NF 2015
30 ‘ ‘ ‘ ;
Long-range correlation criterion
251 p~0.95+0.02 o N
20 l.“‘ 5 °
vy @
g 15§ o ‘.‘oe) % Ogﬂ%)
mgr 10k ) 'OO é'o?f °°
5k ° :f.o OOP o e
0] :.'.‘ © ‘ ¢P7_¢1‘D1 (Vbias=0)
% | ¢F7'¢P1 (Vpias=-340 V)ﬂ
) 10 20 30 40 50 60
T (eV)
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Empirical actuators: ECRH makes Erless  z

neganve
<n>,=0.9x10"m3" ~~  <n>,=0.8x10"m? ’ <n>,=0.7 x 10" m-3
° ECRH Er IeSS T, (0) = 350 eV T, (0) = 500 eV T, (0) =650 eV
negative.
* The sign of Er S -
. o
depends on density &£ -
and power. |
5 ©
&
« ECRH+NBI plasmas:
higher turbulence £
level than in NBI. &
c O
 Dual HIBP: LRC g S
found (at p=0.6)in £ .
potential but notin ™ o LA \!
DenSlty or BpOl 1005 1007.5 1010 10125 1015 10175 e o 8
fluctuations. g e 5 on o
C. Hidalgo et al. EXC / P7-44 % oo N S ool @nse 8 o ; o
e M OSLM RR T G Tee Te  Te a
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» Motivation
» Impurity transport
» Plasma fuelling experiments and neutral dynamics
» Plasma stability studies
» Flows and electromagnetic effects.
» Controlling fast particle confnement: Role of ECRH and
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magnetic configuration
Innovative power exhaust scenarios using liguid metals

Conclusions
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Fuelling plasma core in 3D devices
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Electron Temperature (keV)
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x 10'® H° in Pellet . .
NBI heating : - Hollow density profiles
100_44_64 appear in 3D devices (also in

c 18 -3 ] -

Target Ne =9.5x10 “m = - tokamaks) when Te high -->

TS before injection : e :
Core Fuelling Difficulties.

7.3

|
w

e
o

"I
\V)

H. Maal3berg et al. PPCF 1999

- Injecting a pellet in TJ-11 NBI
plasmas.

- Follow electron density
profile after injection using the
Thomson Scattering system.

- Set of reproducible

|
o
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| Meetsocenne discharges.
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Normalised Plasma Radius, p
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Fuelling plasma core in 3D devices ©)

Electron Temperature (keV)
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- Hollow density profiles
appear in 3D devices (also in
tokamaks) when Te high -->
Core Fuelling Difficulties.

- Injecting a pellet in TJ-11 NBI
plasmas.

- Follow electron density
profile after injection using the
Thomson Scattering system.
- Set of reproducible
discharges.
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Electron Temperature (keV)
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Fuelling plasma core in 3D devices
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NBI heating - -Core Plasma Fuelling in NBI
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TS before injection ] S
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J. L. Velasco et al., PPCF 2016.

A. Dinklage. EX/P5-1 K.J. McCarhy. EX/P7-47
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01 02 03 04 05 06 07 08

- Pellet Injection as a tool for core fuelling
(NC transport afterwards understood in TJ-II)
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Pellet Injection & Relaxation of
Potential Oscillations

« Experiments beyond core fuelling: Direct observation of
the Relaxation of Zonal Potential Oscillations.

. 02 H L | | | T Wi
01 ;———/M H_ pellet ablation monitor J —\ agnetic axis
0 n : — S—
TJI#39056 | ' ' <
| HIBP Il & .Y\\Qo’? ........ e
-0.3F HIBP 1l @ (filtered) 4 | %o Tectof
. ' = = = Simulation :j““ae\\e’t )
< J AN L,
-0.4 | . 8L Easuh b 7 - @0
e "
-05F - \Last closed
: I | l I I | ¢/, fluxsurfacd
1095.4 1095.5 10956.6 1095.7 1095.8 1095.9
time (ms)

« Damped oscillations of plasma potential well simulated by GK
calculations of ZF relaxation in 3D systems.

« Osclillations in the freq. of ZFs.
E —E’%’:’ N Laboratorio

Nacional
de Fusion

A. Alonso et al. Submitted, 2016
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» Motivation
» Impurity transport
» Plasma fuelling experiments and neutral dynamics
» Plasma stability studies
» Flows and electromagnetic effects.
» Controlling fast particle confinement: Role of ECRH and
magnetic configuration
» Innovative power exhaust scenarios using liquid metals
» Conclusions
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Stable plasmas Iin Mercier-unstable )
configurations &=

« Mercier Criterion in TJ-Il: stable plasmas need positive magnetic well.
Magnetlc Well Proflles

25— PRI Qaﬁf ; el N 21. URRAAE S AR Al L L . _ _
| 1004470, Wit 73 T e e e . - Mercier criterion
o 100_44_77, W=1.1:A: +/ : * nlax10m : . . .
§ | oy Wease: < [ |'1 appliedin 3D devices
< 15[+ 99 44 90, W=0.87% g L 12 F » - . -
B mimwern | # E [ 1 1 Instability.
= =4=100_41_109, W=0% §§- 8 87 3 Fs b .
£ s e PR 2ty ]+ | - Stable plasmasin
= P T - e ’ - .
o ;"' ------ o + + b T -
| g S e —— . b 1 Mercier-unstable
. B i ] configurations in TJ-II.
5 0 N T P S PRSP P
B ' ' ' ' Poes 00 s e Es A. M. de Aguil tal. NF 2015
0 02 04 0.6 08 1 . . ae gU| era et al.
Normalized radius P Well (%)
L -0.27 : i ; LHD: S. Sakakibara et al. PPCF 2008
[ I T T T T c /'
et 1 e S ozs r—
6 | e ] = e _ :
v f = 3 P | No change in the
[ 09 44 | . | s | .
| —e— 100 43 9 o 0% plasma size (no effect
i L Fy .
S 60 | S .03 of the rational).
, 3 )
Y 031 o
[ a e ..// oy .
155 | © 030 % - A stabilization
| | | | | GJ /’ - .
0 02 04 06 08 1 g 033 _ | L mechanism must exist
Reff 032 03 028 (self-organization
Calculated LCFS postion process).
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Candidate to GAMs destabilised in TJ-II: A2
driven by fast electrons or fast ions =

===100eV
—550eV
{
{

150 P

-
E 100 | '”’ - .
= -7 o LFO
S s0pet ]

GAMs can couple with turbulence.

Simulations: GAMs strongly damped at different temps.
in TJ-II.

Need an external drive to exist.

E. Sanchez et al., PPCF, 2013

1 # 30588
a) gl _ oaw 'I|l(:'100ev -
i ki 'da'(k'JJ'W Acoustic Mode (Possible GAM)
0.5t e destabilised by fast electrons.

H (au)ne(10 m?Y)

ECR (500 kW)

& Close to rational surfaces. Non-
linear interaction with islands.

Y COMPETITIMDAD

HXR (a. u.) ECE(0) (keV)

Toroidal structure (n=1), different

12 from tokamaks.

Sun Baojun et al. EPL, 2016

Also observed: GAM
destabilised by fast ions

D

o

F. Castejon et al. PPCF, 2016

0 1100 1120 1140 1160 1180 1200
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» Motivation
» Impurity transport
» Plasma fuelling experiments and neutral dynamics
» Plasma stability studies
» Flows and electromagnetic effects.
» Controlling fast particle confnement: Role of ECRH and

magnetic configuration
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Innovative power exhaust scenarios using liguid metals

A\

Conclusions
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>
>

by rationals. B. Van Milligen et al, Submitted,
F. Lastlejon | su Geometry, transport and stabi L6pez- Bruna et al. PPCF,2013, Page 20

OH driven current. Configuration scan:
introduce the 3/2 rational in the plasma core
in a single shot.

Doppler reflectometer measurements: the
flow changes twice direction when crosses
the rational.

Increase in the perpendicular flow fluctuations
(f< 50 kHz).

Synchronous: reduction in the density
fluctuation level,

Relation of Transport Barriers and rationals.
L-H Transition fostered
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Motivation

Impurity transport

Plasma fuelling experiments and neutral dynamics
Innovative power exhaust scenarios using liguid metals
Plasma stability studies

Flows and electromagnetic effects.

vV V V V VYV VY VY

Controlling fast particle confinement: Role of ECRH and
magnetic configuration

A\

Innovative power exhaust scenarios using liguid metals

A\

Conclusions
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Altven Eigenmodes degrade Fast lon
Confinement. Mitigated by ECRH

10 -
. . ECH 1
+1 Mirnov Coll Spectra ECH 2
[NBI1 |
L1o'- # 33239 “MIRNOV
[ g r
§1o”»
3
§10“-
8

0 200 400 600 800 1000 1200
f (kHz)

J. Fontdecaba et al, In preparation

. CNPA spectral flux *

10!

2
4

8
8

e Ol . AE Mitigation by ECRH
dCé\InI;ﬁJlux proportional to fast ion . Depending on ECRH power

: : » Plasma profiles or
« AEs degrade fast ion confinement. b

\

\

\

4

\ &
=z

4

J

N

]
e
\

3\

log, pinormalized |FFT(MIRSC)|

» Modifying the damping by electron trapping
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Controlling AEs by Modifying magnetic N

W_J)
. : =2
configuration . =
— J — ~ AEs and Magnetic Well
Chirping w/o ECRH in given S ]
rotational transform windows - i
3 —W=-0.53%
#29834 MP r— ig .
el F. Castejon et al.,
%m{ “M'\fw-,m\ PPCF, 2016
Z IM.,.,_
10° : b""“'*\m
]

#29839 MP 4 60 80 100 120 140 160 180
WU YT YAy Frequency (kHz)

« The mode frequency decreases with Magnetic Well
(Understood by STELLGAP calculations)

 AE appears at inner radii.

18 1% 1 1es e e 17 Magnetic Islands Change the Spectrum
Configuration dynamic scan (increasing || Gap: MIAES S. Baojun et al. NF, 2015

rotational transform and reverse;

We get chirping modes w/o ECRH at
given values of the rotational transform.
A. Melnikov, et al., Nucl. Fusion 2016

n1/m1 N/M n2/m2
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magnetic configuration
Innovative power exhaust scenarios using liguid metals

Conclusions
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Innovative PFC and power exhaust: Liquid AN

metal aIons (LiSn) =
< Strong PWI in TJ-II.

« Experiments on TJ-1l using liquid metals with a CPS.
» LiSn alloys tested: liquid limiter.

 Results:

» Insertion of a LiSn sample w/o significant perturbation of the plasma
parameters.

» Clean plasmas: relevant in 3D devices to avoid impurity accumulation.
» Small H retention ( ~ 0.01% H/(Sn+Li) at T< 450° C),

 These results provide good perspectives for the use of liquid

LiSn alloys as a PFC in a Reactor (also stellarator reactor).
F. L. Tabarés et al. PSI, 2016

2

l Langmuir Probes Zeff

N

18

—41562
—41569

16 | =——41573

14 |

12 |

Thermocouples

1 1 1 1 1 1 1
1080 1100 1120 1140 1160 1180 1200 1220
_ : Laboratorio Power Cables time (ms)
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» Motivation
» Impurity transport
» Plasma fuelling experiments and neutral dynamics
» Innovative power exhaust scenarios using liquid metals
» Plasma stability studies
» Flows and electromagnetic effects.
» Controlling fast particle confinement: Role of ECRH and
magnetic configuration.
» Conclusions.
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Conclusions ®)

« 3D Physics Relevant for tokamaks and Stellarators: NC transport
and Er (Bulk Plasma & Impurities); Waves and Instabillities.

« Avoiding Impurity Accumulation: Understanding Impurity Hole.

« Potential Asymmetries have influence on impurity transport:
Potential Asymmetries detected in TJ-II.

« Fuelling: Pellet injection as a tool for core fuelling, despite outside
ablation (NC-effect in TJ-II).

« Stability:
» Stable plasmas found in Mercier unstable configurations.
» Candidates to GAMs found in TJ-1l despite the expected large damping.
Drivers: Fast ions and fast electrons.
 Effect of 3/2 rational on plasma flow and reduction of fi..

« Fast Particle Physics: Controlling AEs using ECRH and magnetic
configuration (rotational transform, magnetic well and magnetic
Islands).

* Innovative PFC power exhaust: LiSn alloys relevant for a reactor.
(Not 3D-specific)

Laboratorio
E 5%-\. S RIS, Ciemat ‘ Nacional F. Castejon | 3D Geometry, transport and stability | 26" IAEA-FEC, Kyoto | 18 October 2016 | Page 27
a a B oo de Fusion



72\

CIEMAT Contributions to IAEA-FEC 2016 i

 F. Castejon et al. OV/5-1. “3D effects on transport and plasma control in the TJ-1l stellarator”
« T. Estrada et al. EXC/P7-45. “Plasma Flow, Turbulence and Magnetic Islands in TJ-II”

« C. Hidalgo et al. EXC / P7-44. “On the influence of ECRH on neoclassical and anomalous
mechanisms using a dual Heavy lon Beam Probe diagnostic in the TJ-Il stellarator”

 D. Lépez-Bruna et al. EX/P7-48. “Confinement modes and magnetic-island driven modes in the
TJ-II stellarator”

« K.J. McCarhy et al. EX/P7-47. “Plasma Core Fuelling by Cryogenic Pellet Injection in the TJ-II
Stellarator”

« E.delalLuna etal. EX/P6-11. “Recent results of High-Triangularity H-mode studies in JET-ILW”

« |. Palermo et al. FNS/P5-1. “Optimization process for the design of the DCLL blanket for the
European DEMOnstration fusion reactor according to its nuclear performances”

« H. Cabal et al. SEE/P7-4. “Exploration of of Fusion Power penetration under different Scenarios
using EFDA Times Energy Optimization model”
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Chirping & Fast lon Confinement @

 Fastlon
confinement is not
degraded in the
presence of
chirping.
- Akey pointis to
understand chirping. L S

Freq. (kHz)
[h)
(=)
o=
W,
Iag, o (MPST)

\ t=1115 ms

t=1130 ms
t=1160 ms

neutral flux (a.u.)

i
0 5 10 15 20 25 30 35
Energy (keV)

J. Fontdecaba et al, In preparation
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SOL affected by plasma edge conditions ©)

« SOL properties and, hence, fuelling are not local.
« Experiments show that they are affected by edge conditions.

: : 15 . .
Inwards/Edge Eg:‘:rr Outwards/SOL I 3cm - 2ECRH
+ 1ECRH
40" A NBI
- 0r Electron root
2
o
401
-807 Electron root lon root
n +06
-120 ° . . .
. (cm) 0 0.5 1 1.5 2 2.5

Line averaged density n_ (1019m'3)

« Potential in the SOL _
depends on plasma « SOLdensity depends on

potential. asma characteristisl.

Wu Ting et al. Submitted to Nuclear Fusion.
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Advanced Diagnostics: Dual HIBP &
HIBP 1 Magnetlc conflguratlon HIBP 2
100-44-64 .
Epeam = 125 keV )
Epeam =132 keV .
Injector s Injector
\ H S
21 sitm s _-~Limiter C
. Chamber < peflecting A
Deflecting 01 LEL : 02
plates . X
Primary f o1 Primary 00
beam oa] =
e 0.2
- o« 03 02 -0'.1 00 01 . 08
Radial arrangmcnt of the - ¥ % 02 i 00 o
2-slit measurement points . -" Radial arrangment of the 5-slit
5 measurement points(analyzer #1)
HIBP 1

Secondary

Detector beam-line

.+ Detector line
° (analyzer #1)

with secondary

Pellet Injector

& .:4.v,—\~rré
3 \Drobe B
23.5

secondcarzr beam-lines 5-slltlenergy (a)
eam Cs #1 and #2 analyzers

line  Secondary 2-slit energy
beam Cs** analyzer ©

« Duplicated diagnostics: new physics.

« Dual HIBP: Collaboration with KHFTI & Kurchatov.
* Duplicated probes.

« Pellet Injector and Liquid Metal Limiter.

. Future dupllcate Doppler reflectometry in W7-X.
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TJ-1l Pellet Injector ©

Fast ;
. 71 Pellet | Pellet_
Injection Line Injector
TOP rarget J T
. plate Turbo- | Cryocooler
4 Pnuematic for tests molecular X
Valves b Cold Head

Jr,]'ﬁh_ —/5°

PP i for pellet
Guide Tubes Pneumnatic ‘ pell
uwave | Valves : ormation
SIDE Cavity Light
0 ' Gates

amam e
=

N
B
rql T
I
1
e
(0s]
o }
=
Sy | %
gl

Propellant
25 litre 25 litre vaives
Surge Surge Vacuum
i 3 2.7 m Tank Tank Pump Port
% & g 4 0O O
30 0Oz
54 mm

Hydrogen pellets (deuterium also possible).
Four lines-of-flight separated by 54 mm.

4 pellet sizes available [3x10%8 H° (1), 8x10%8 H° (2), 1.5x10%° H° (3) & 3 x10*°
H° (4)] with +/- 30% variation in mass.

Lightgate and Microwave Cavity provide timing (-> velocity) and mass signals.
Injection velocities (800 to 1200 m/s) - propellant gas system.
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Effect of turbulence on neutrals: AN

neutrals blobs &

1,

= ¢ n, ny k,(n, 1,) = nﬂ k. + Ak, n, nyg +(Angn; k.

Two-dimensional imaging of edge n,
with the He-ratio technique, t = 15 ps

Y COMPETITIMDAD
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