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Unternehmung

Max-Planck-Institut

WENDELSTEIN 7-X Analogy: coal oven - fusion oven fiir Plasmaphysik
Coal oven FUSIon oven
C+0, —» CO, +Heat D+T — |He*+ n+Heat
Energy
. [
Activation Tl./ --------------- i
chergy Energy gain

Reaction time

Sustain m

reaction

Sustain

reaction
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Unternehmung : : Max-Planck-Institut
WENDELSTEIN 7-X Ohmic Heating fiir Plasmaphysik
| Uka-m_a-k L _3/2
toroidal coils + “ohTic” transformer Plasma resisitivity: 1o Tg
()

Dissipated power density: p=n- j2

Plasma stability requires:

a-Bg -
B
Therefore: j<—2
Mo R

Plasma current necessary for confinement ~ Even in tokamak maximum
sufficient for heating? current limited.
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Unternehmung

] ) Max-Planck-Institut
WENDELSTEIN 7-X Ohmic Heating

fir Plasmaphysik

Dominant loss mechanism: bremsstrahlung loss power p,.
pp =3.2-10737.2%.n2 . T, (Wm™,m™ keV]

Ohmic heating power:  Pon = n-j°

2109 1 B

Te 1. 5e [keV,m™, T,m]
ne Z R

Ohmic heating alone: T, only a few keV

— need additional heating power!
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Unternehmung

Max-Planck-Institut

WENDELSTEIN 7-X The need for plasma heating filr Plasmaphysik

In fusion reactor: provide initial heating for ignition 50-100 MW
Influence plasma properties 20 MW

In experiments: sustain plasmas at relevant T <40 MW

simulate a-particle heating
study plasma transport properties

Neutral Beam Injection

lon Cyclotron Resonance Heating
Lower Hybrid Heating

Electron Cyclotron Resonance Heating

o-particle Heating

heating of plasma ions
heating of ions and electrons
heating of electrons, current
heating of electrons

mainly electrons
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Max-Planck-Institut
fir Plasmaphysik

Unternehmun ; .
WENDELSTEIN 7% a-Particle Heating

D-Tfusionreaction: D +T —n(14.1MeV)+ He*(3.5MeV)

IeavesBIasma heats Blasma
If sufficiently long
confined

Heating power density: =0.2-np-ny-(ov)-E
(ov) T,

= peaked heating profile

o-particles need to be well confined through
large plasma currents in tokamaks
optimized stellarator fields

Loss mechanisms:  field ripples
MHD events
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Unternehmung : : : _
WENDELSTEIN 7-X o-particle heating in experiments

Max-Planck-Institut
fur Plasmaphysik

D, T experiments only done on JET and TFTR

JET

]
- (1967)

JET sieady-state

Fusion power (MW)
=

i % (1597)
P / _‘_.%""l.-ﬂ_-"""'n- ""-"v-'-'”r:n'fl"_‘:-w
. stelﬁdggggalea \,I\. E
O 55 %080 A0 i &0
Time (s)
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Unternehmung

WENDELSTEIN 7-X Overview

Max-Planck-Institut
fir Plasmaphysik

Waves dispersion relation
cold plasma
warm plasma

Plasma heating NBI heating
EM wave heating
current drive
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung
WENDELSTEIN 7-X

Plasma Waves
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Unternehmung . : Max-Planck-Institut
WENDELSTEIN 7-X Motivation to study plasma waves fiir Plasmaphysik
diagnostic density
electron (and ion) temperature
small scale structures
magnetic field

heating electron heating

confinement

lon heating

macroscopic current drive

Dirk Hartmann

IPP Summer School, 20 September 2016
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Unternehmung Max-Planck-Institut
WENDELSTEIN 7-X fir Plasmaphysik
k : wave vector
o :angular frequency
fronts of constant Plane waves
phase
® .
Vph = E :phase velocity
KL C C®
N=——= . :refractive index
. . B, Vph
k|
External megnetic field B, o fixed by ,generator*

k response of plasma

goal: derive k=k(w)
equivalent to: solve dispersion relation D(w,k)=0
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Unternehmung

: Max-Planck-Institut
WENDELSTEIN 7-X Wave Equation

fir Plasmaphysik

Maxwell‘s Equations V xE = ‘?;
VxH= aogltzﬂ IKxH=—loggE+]
V.E:p/go iK'E:p/SO
V-B=0 k-B=0

generalized Ohm's law j= j(E,B) jok =0(0,k) Eqk

o . conductivity tensor
2
KX(KXE(Dk)+ (D—Zﬁ ‘Eek =0 K=1+—2>— K : dielectric tensor
IOE(

Disperison relation  det[Nx(Nx1)+K(w,N)]=0
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X resonances and cutoffs

N depends on plasma parameters, therefore N=N(x)

A A N N reflexion
1.N—>0 ,cutoff” tunnelllng
oh>C!
2.N—> o  fesonance” AANAN AAM““ Vgr -> 0

vV V'V VVVUVTTTI[] ™ wave gets stuck®
wave energy
dissipation
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Unternehmung .
WENDELSTEIN 7-X Ohm's law

Max-Planck-Institut
flr Plasmaphysik

Goal: aetermine J=|(E) Small perturbation

cold plasma v _ Gs (E+vxB)
dt  mg
K (Vi ./
LVih g @7Mes
QS k||Vth

Warm plasma. gf +vo,f + 95 (E +vxB) =0

Mg

Further: Relativistic plasmas, nonlinear waves, ...

S

f1 =

i, =Yg v-fi(v)dv
S

Dirk Hartmann IPP Summer School, 20 September 2016
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Unternehmung Max-Planck-Institut

WENDELSTEIN 7-X cold plasma, no magnetic field fiir Plasmaphysik
lons immobile, i.e. frequencies too high: j=—env _i.e2n
 —eE = ;
Me
2 2 2
® ®
K=1+ 2 =1-P (k-Ek—K2E+> [1-—F [E=0
ime 2 C ®
K||[E: Langmuir waves ® = @), No energy propagation!
I o
9 c%k? (Ds
KJ_E EMW&VGS N :—2:1——2
® ®
2 solutions  E, =0 g
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Unternehmung Max-Planck-Institut

WENDELSTEIN 7-X COld plasma with magnetiC fleld B B fiir Plasmaphysik
Rectangular coordinate system, external magnetc tield BO along z-axis

2
Kax Kyy 0 Ko =K ffzz FIEE 2‘2’5
K=Ky Kyy 0 2 wcs
/Kxx _N§ Kxy NxN; \/EX\
2 2 _
Kyx Kyy =Nx =Nz 0 Ey |=0
| NN, 0 K, —N2 NEz,

Dispersion relation: det (...)=0'!
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Unternehmung ] : Max-Planck-Institut
WENDELSTEIN 7-X Cold plasma: parallel propagation fiir Plasmaphysik
N =0
o®
/ 2 “ kIIB
Mce ECR
O O KZZ / .
\ ) / ~Electron
/ Cyclotron Wave
. _ c
2 solutions: / Whistler-Wave
9 . O | /| ICR
Nz12 =Kyx £1Kyy ? //'/ fon-
E _ / / Cyclotron-Wave
Polarization: —* =4+ oL Aliven-Wave Kk
y
cut-off . Resonance

Dirk Hartmann
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Cyclotron Wave

U h - Max-Planck-Institut
WENn[t)eéEZTném%-x WhISﬂeI‘ WaveS f'L]?)IE-’Ias?rrlle(l;phy?ssikI ’
Discovered during WW I
chriping sound
electromagnetic disturbances in the audio frequencies
A ® t ] k|| B
/\/\ /\ /\ A /\ > /L-Wave ECR
U\/\/ V \/ \/DDJ mc‘-/// ...Electron

Whistler-Wave

ICR

lon

d
Group velocity ~ Vgr = d—(I? oc /o
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Unternehmung

wenDELSTEIN 7-x  c0ld plasma - perpendicular propagation
N,=0

Max-Planck-Institut
fir Plasmaphysik

(K K 0 ) ®  X-Mode kLB
XX Xy ) 3 frequency regions
— for plasma heatin
0 0 Ky —N2 T
\ 2z — "X/ UHR
Jo AT UH_,Wave
@ e
2 solutions: , i ® cCRH
: Q)
E||Bg: Ordinary wave N2, =1-—b LH-Wave ® ICRH
®° Oun LHR
E 1By: Extraordinary wave
2 2 2
N2, = ,((0 _‘”001x_ chZ) k

2
(a) —wthwz—mah |
oy, . Lower hybrid frequency — ®yn: Upper hybrid frequency

Dirk Hartmann IPP Summer School, 20 September 2016 19



Unternehmung - - - Max-Planck-Institut
WENDELSTEIN7-X Density diannostic . 5 fir Plasmaphysik
fransmitter VAVt |
receiver
O—< >
N\ /
Cutoff of

----- Ne™Ne it Ordinary wave

<—d—

y4

ARV

/ V V V

N2< 0

in phase!

T T “ 4 Allelectrons
l
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Warm plasma
Cold plasma theory breaks down where

2
K1 Vin >1 Average gyro radius = Perpendicular wavelength
®c
2
or ®—Nag <1 Wave-particle resonance
K|[Vth

Linearized Vlasov equation:

Oyfy + V- Oy fy + %[\_/x BoJoyfi = —%(E1 +vxBg)d,f,

-> Complicated form of K;

Now: ,,new" set of waves: electrostatic waves for k,=0

Dirk Hartmann IPP Summer School, 20 September 2016 21



Max-Planck-Institut

WEUI\ln[t)eErEZthlglljlill%x Plasma diSperSiQn ;elation fiir Plasmaphysik
For Maxwellian plasma  fy(v)oce™ / 'th
]+
7o m —{n X=§ > Integration path
g, =2 % / \\ / \
n- \/Ek”Vth i , .
m{E}>0 X imgh<0 e X

Values of Z are complex

Thus disperison relation has complex solutions.
Waves are damped near regions where &, =0

»collisional damping*

Landau Damping

Dirk Hartmann IPP Summer School, 20 September 2016 22



Max-Planck-Institut

Unternehmung . :
WENDELSTEIN 7-X Wave damping mechanisms fibr Dlncmanhnil
v: collision frequency )
®<<v:. low temperature plasmas
collisional damping
all particles involved Wave-particle

f(v) resonance

thermalization
fiv)

Dirk Hartmann IPP Summer School, 20 September 2016 23

®>>v. high temperature plasmas (fusion)
»Collisionless* damping
only some particles (ions, electrons)
Involved




wenoeLetenax  Collisionless Wave Damping Mechanisms i Plasmapnysik
Damping on ions: electric EM wave field E,;
Damping on electrons: electric EM wave field E;
magnetic EM wave field B,

Damping efficient only at finite temperature.

Landau Landau Landau Transit time

damping damping cyclotron magnetic

damping pumping
'
Eps E
= B hf 3 5
ki k=0 K K

Dirk Hartmann IPP Summer School, 20 September 2016
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Landau Damping
(Electrostatic) waves, k || E

At t=0 ET/\Q—v , Strong wave-particle

Interaction if: v t=vt

- YDht S ok=ve o=k
Att=T/4 j \/ z
Vi
. ® _ A
Group of resonant particles: V——<——
K" Teoll
On average: slower particles are accelerated
faster particles are decelerated f(v)
RS
i <0 Net loss of wave energy
Ny, No collisions necessary! | \

Dirk Hartmann IPP Summer School, 20 September 2016 v ph 25



Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Landau Cyclotron Damping
Electromagneticwave  E_LK

EX+

left-handed polarized wave

i, TN
/ \_ "

Ey

tip of electric field vector

—V

ph
Strong wave-particle interaction if:  o—k;;-v) =1-Qg wherel=1,2,(3,..)

Strength of the damping: polarization of the wave

slope of the velocity distrbution ot

Nk,

Dirk Hartmann IPP Summer School, 20 September 2016 26



Unterneh : : Max-Planck-Institut
wenpeLstemrx  Model for second harmonic absorption fir Plasmaphysik
. .. OVE
gradient of electric field —/ < #0
ar(l)
Y
e - ~ o v 47—.- ~ o T T~
// A A 4 \ 7 \\ // \\
/ \ / A L SN
X B
\ B ! (X) l
\ /I \ v / ,
\\ . \\ v / V \\ ,
S -_— - \ o _ P 4 N\ - . 7/
t=0 t=T/2 t=T
0) - 2 ¢ QS

Dirk Hartmann

IPP Summer School, 20 September 2016
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Summary Waves

Maxwells Equations + linearized equation of motion

Disperison relation k=k(w)  resonances Kk — oo
cutoff k—>0

Wave length larger than particle gyro radius
no wave particle resonance (V,,=v

- v

Cold plasma theory Warm plasma theory

EM waves EM and electrostatic waves

Collisionless damping
(Landau damping)

particle)

Dirk Hartmann IPP Summer School, 20 September 2016 28



Max-Planck-Institut
fir Plasmaphysik

Unternehmung
WENDELSTEIN 7-X

Please, stay tuned.
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung
WENDELSTEIN 7-X

Plasma Heating

Dirk Hartmann IPP Summer School, 20 September 2016 30



Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Neutral Beam Heating - Principle

Injection of a beam of neutral
fuel atoms (H, D, T) at high energies
(E,, > 50 keV)

!

lonization in the plasma

1 HD,T
o

Beam particles confined

!

Collisional slowing down

Dirk Hartmann IPP Summer School, 20 September 2016 31



Unternehmung Max-Planck-Institut

WENDELSTEIN 7-X Generation of a Neutral Fuel Beam fiir Plasmaphysik
EXtraction — Neutralizer Vacuum valve
acceleration grids

Lo

100 kV -3 kV \/ Beam dump

Deflection Beam
magnet duct

Example W7-AS: V=50 kV, [=25 A power deposited in plasma: 0.4 MW

Dirk Hartmann IPP Summer School, 20 September 2016 32




Unternehmung
WENDELSTEIN 7-X

NBI - lon source

Max-Planck-Institut
fir Plasmaphysik

Plasma grid

Nt T emb VR
1-E-44l1

1

Dirk Hartmann

IPP Summer School, 20 September 2016
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X NBI - Neutralizer
Based on balancing:

Charge exchange: D' +D, —» D + D3
T e - —

. . - + —
Re-ionization: D +Dy >D" +D;, +e
—— ——
fast gas fast gag
. . — |00 T T 1] 17T 17T T] T 1 L] T 1T 1T 1T
Efficiency: £ -
* 80 -
:§ 60 ~—
c 40 _
E 03 -
£ 0}
2 o | R N B A L L D1
10 20 30 100 200 500 0G0

Energy (hkeV/deutercn)

Dirk Hartmann IPP Summer School, 20 September 2016 34



Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X NBI injector of ASDEX Upgrade

Dirk Hartmann IPP Summer School, 20 September 2016 35



Unternehmun Max-Planck-Institut
WENDELSTEINg7-X NB' on ASDEX Upgrade fur Plasmaphysik
Ti pump ||
Heann Rop — | e 2 beamlines
e 4 sources per
o s ._ beamline
I \ . D: 93/60 keV
< e H:72/55 keV
] [l _—filin || total NB power
§ T , ]
T | inD:20 MW
197 ] a ]|
4 g“::'xﬁ ;IL . - = i .,,J—ll m |
1 & = I [|-
| T |
‘ % | % |
| ; 1 Il m
! = E_L____L
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Unterneh : : : Max-Planck-Institut
WENDEL STEIN 7-X NBI - lonization in the plaos“ma fir Plasmaphysik
H . YT T T T
lon collision: Heast +H H o +H+e™ L
':'; 10° L T ..~ Charge exchange(oy ) A
Electron collision:  H. . +e™ — H;;ast +2e" 8 F lactron :
$ Proton
o “jonisation (0; )
5 |6|6.."'
Example:
beam intensity:  1(X) =l -exp{—x/A}
-7 .
10
_ I i0 100 100
EbO_ 70 keV HC energy (kev)
—20,..2
Ot =>197m 1 04m
n=5.10""m=3 NG ot

In large reactor plasmas: beam cannot reach core!

Dirk Hartmann IPP Summer School, 20 September 2016 37



Unternehmung Max-Planck-Institut

WENDELSTEIN 7-X Slowing down fiir Plasmaphysik
E.: critical energy: E. =14.8- 2 /3 -To[keV]
I
A VJ_ V
1.E>E.;  Slowing down on electrons o VY
oo
no scatter
A Vi
2.E,<E..  Slowing down on ions zb V|
scattering of beams ®
O
Fraction of initial beam energy going to ions.
O >
e A 10

Dirk Hartmann IPP Summer School, 20 September 2016 '—bO’ I_C 38



Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X NBI - Injection Angle
Horizontal cross-section of a tokamak:

Tangential injection
(counter)

Radial injection

Radial injection:

B

eparticle loss

<

Standard ports A
shine-through / \\
0

~
\
L

Dirk Hartmann IPP Summer School, 20 September 2016 39




Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X NBI - Injection Angle

e N —

| Projected
Worse heating particle
efficiency drifts

At low magnetic fields heating efficiency depends on NBI direction.

Dirk Hartmann IPP Summer School, 20 September 2016 40



Unterneh Max-Planck-Institut
WENDELSTEIN 7-X NBI - Example from W7-AS i Plasmaphysik

W7AS Shot 37781 (1996.12.9 12:23)

-1 Total Energy

R

{: ﬁ//f \H’/\

" {Line—intec lect-on Dznsity

B Neutmlfﬁegmm%.mkﬂmﬂ—\ :

8 1. P | f

=>12: P'| Co-Injection Counter-Injection

:r: r v h v | A
) 260 402 800 80¢

t [me]
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Unternehmung : - Max-Planck-Institut
WENDELSTEIN 7-X EM wave heating - principle fiir Plasmaphysik
Resonance

Excitation of plasma wave (frequency )
near plasma edge

U

wave transports power into plasma
center

J

absorption near resonance, €.g. ® = Q.
l.e. conversion of wave energy into kinetic
energy of resonant particles

U

Resonant particles thermalize.

Z0Nne

Dirk Hartmann IPP Summer School, 20 September 2016 42



Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Frequencies with good absorption

Landau Cyclotron Resonance
generally  k -vith/QS <<1
Then good absorption where @ =1-Qg

Electrons: 28 GHz / B[T] Electron Cyclotron Resonance Heating ECRH
Hydrogen: 15MHz /B [T] lon Cyclotron Resonance Heating ICRH

Landau Resonance

/K| =V, 13GHz- [ Te[keV]/Ay [cm]
Lower Hybrid Heating LH

Landau Resonance and Magn. Pumping also contribute to ICRH

Dirk Hartmann IPP Summer School, 20 September 2016 43



Max-Planck-Institut

Unternehmung
fir Plasmaphysik

WENDELSTEIN 7-X lon Cyclotron Resonance Heating

Dispersion relation has two solutions:
fast wave E LB, lower density limit approx. 2 x 10¥°m3
slow wave E |l B, upper density limit approx. 1 x 10°m3

ﬂ,” ~50-100cm, ﬁJ_ <10cm

A

density Excite fast wave at plasma edge,
needs to tunnel cutoff region.

Problem:

near w=C; wave Is right-handed

polarized, but ions need left-handed
/ ' r polarization!

Plasma cross-section

v

Cutoff-region

Dirk Hartmann IPP Summer School, 20 September 2016 44



torus axis

Unternehmung
\WWENDFI QTFIN 7.¥

e
S |

o)
O

Max-Planck-Institut

o Minority Heating fir Plasmaphysik
minonty
resonance Plasma with mixture of Hand D

with n,, << ng
antenna

n,— polarization
propagation
n,— absorption

Production of tail in H velocity
distribution function.

cutoff region

Good single pass absorption.

>

Dirk Hartmann
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-40 =20 O

x (cm)

2040 _
[TORIC, M. Brambilla]

wEnoeLeTenex  ICRH Wave Propagation (H-minority) i Piaamopysik
ASDEX Upgrade: Alcator C-Mod:
R N L DL B DB: 51101015027 e silo
1o | B el %’F"?ﬁfﬂo | E'\ese-hanal®
) & 3
- i
40
E 20
\: 0t !
—20
—40
60 _
- - e
~100 x

Thu May 25 12:35:40 2011

[AORSA/CQL3D, E. F. Jaeger,
calculations by N. Tsujii]

Dirk Hartmann
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X ICRH - Wave excitation

Fast wave WIEAS Antnna i

Strap
antenna

Faraday
screen

Slow wave

Dirk Hartmann IPP Summer School, 20 September 2016 47



Unternehmun Max-Planck-Institut
WENDELSTEIN 7-X ICRH - Wave Power Transport, ., l% i Plasmaphysi

Trans-
@ mission | Matching ‘
line network
generator antenna

50Q Coaxial transmission lines
20cm O, low loss

Matching network
antenna resistance # 50Q
dependent on plasma

Dirk Hartmann IPP Summer School, 20 September 2016 48



Unternehmung
WENDELSTEIN 7-X

Max-Planck-Institut
fir Plasmaphysik

ICRF Technology - Generator

4 amplifier chain
final stage:
tetrode with
2MW /10 sec

tunable between
30 and 110 MHz

efficiency 60%

2 MW

— : -

end stage

g ' -

504

tetrode

Dirk Hartmann
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Max-Planck-Institut
fur Plasmaphysik

Unternehmung

WENDELSTEIN 7-X ICRH antenna for ITER

2 ICRH antennas are in the planning, Matching system:
20 MW each, 40-55 MHz kbl

Four 14"-5002 Transmission Lines Transition

to RF building \

GALLERY

PORT CELL
4 pre-matching
Transmission Line section

T-junction

— Bioshield

Antenna: g By

* Quter structure

RF Grounding System * Rear flange Stub contrdl BOR
Four Port Junctions Stub
(4PJ)
2I-rn stroke : :
Front Housing Module & Line Stretcher =

Capacitor housing, o :
control and cooling  Decoupling CRYOSTAT e

Diagnostics circuit SPACE PLUG

(Reflectometer)

Straps

= Antenna Rear Transition Frame 24 Current-phased Straps1
Rear Shield Modle complicated matching
due to cross-coupling

Dirk Hartmann IPP Summer School, 20 September 2016 50
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Unternehmung Max-Planck-Institut

WENDELSTEIN 7-X Lower Hybrid Heating fiir Plasmaphysik
2 solutions of dispersion relation: slow wave (exhibits lower hybrid res.)
fast wave

minimum density required for propagation into plasma (10'm=)
minimum launch k, required for propagation into center. . Lower

| .
Ky Ky Hybrid
resonance

. SW
_ U~ el D

Py —
k, too low, power stays kjsufficiently high,
near plasma edge slow wave travels into plasma,

alheAarntian A+ 1L L1 A If\efelge
IPP Summer School, 20 Septemtg‘lz!)RUI IJUU” datLitul v
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X LH - Wave Propagation

Coupling code PICCOLO-2D [M. Preynas et al.]

For & > k.« Vg, Vpp independent of &,
=> all launched power flows into same direction.

Typically power is absorbed off-axis before reaching LH resonance

Depends on n, and B

Dirk Hartmann IPP Summer School, 20 September 2016 52



Unternehmung

WENDELSTEIN 7-X LH - Wave Excitation

Max-Planck-Institut

R fur Plasmaphysik

Slow wave

Multiple

wave Ewg /

guides E,
BO

Fast wave

ASDEX

Dirk Hartmann

IPP Summer School, 20 September 2016
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Wave power transport

Klystron  waveguide gri

:

Dirk Hartmann IPP Summer School, 20 September 2016 54



Unternehmung Max-Planck-Institut

WENDELSTEIN 7-X Klystron fiir Plasmaphysik
ASDEX
3.7 GHz
Beam 500 kW, 3 sec
dump
+ beam direction
output
Input
anode
cathode

Dirk Hartmann IPP Summer School, 20 September 2016 55



Max-Planck-Institut

Unternehmung
fir Plasmaphysik

weneLsTEN -x Electron Cyclotron Resonance Heating

Dispersion relation :two solutions for perpendicular propagation:

ordinary (O)-mode E || B,
extraordinary (X)-mode ELB,
A=2mm

No low density cut-off, but high density cutoff.

lons can be assumed stationary, but relativistic electron mass has to
be included.

Various absorption mechanisms:
X2 heating

02 heating

OXB heating...
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

wenbeLsten -x  Example: ECRH X2 heating on W7-AS

7k 7ot Enzrgy | /——-+-—r’ ‘i\ |

S~ |

1[]1Er|'|'3- Line—integrated Electron Density

.
L]

5.5 keV:

L] e

1.3 MW Gyratron Power
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Unternehmung Max-Planck-Institut

WENDELSTEIN 7-X ECRH - Wave excitation fiir Plasmaphysik
- 2
O-mode 2_2 c?
=f3e 2
E Bt 1

em
_/Z/-//) - /[ g Smooth connection

to vacuum EM waves.

4 Waves are launched with
X-mode movable mirrors

Polarization adjustable
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7 Oteering mirror launching system of W7-X W
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X ECRH launcher

7 gyrotrons installed

4 optical launches with steerable mirrors installed

Optical transmission installed and adjusted

7 gryotrons with a total power of about 5 MW ready for operation

.
_—H"
e

Dirk Hartmann IPP Summer School, 20 September 2016 60



Unternehmung

wenpeLsten7.x  ECRH - Wave Excitation and Transport

mirrors,
can change
polarization

Dirk Hartmann IPP Summer School, 20 September 2016

Max-Planck-Institut
fur Plasmaphysik

movable
mirror




Unternehmung
WENDELSTEIN 7-X ECRH - Gyrotrons

Window collector
Al,O,
orC ST Conversion
to Gaussian
RF-window beam
_T ha i fiekd coils
‘ g/ gnetic: fiekd coi
X <. resonator
B field
superconducting annular
coils | T electron beam
I 5]
I L X
I:I_I_I;:I\ Electron qun

Presently development of 1 MW cw gyrotrons

IPP Summer School, 20 September 2016
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Unternehmung

WENDELSTEIN 7-X

Max-Planck-Institut
fir Plasmaphysik

Non-inductive current drive

Asymmetric velocity distribution can be a side effect of plasma heating.

lons

electrons I= %qs”st”f(V”)dv

o~

) ~
Needed for : Steady-state tokamak
current profile control in tokamaks
bootstrap current compensation in stellarators
. ' €-Ngj -V 1
Efficiency:  Theory: mh = ; = el oC

2
(nen'meVu/Z)'Vcon V|-V coll

ne[10%°m™3 | Rm]-[A] _

Experiment: ng, = p[W] Nth

Dirk Hartmann
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Current drive with EM waves

Parallel momentum injection: required total electron momentum 2.10~% kg-m/s
V” = O)/k” << Véh

- large fraction of trapped electrons
~3/2
" Veoll < Te

. th
V” = O)/k” >> Ve

- small change of electron momentum

120

Ilbulkll "ta”"
100 currento current
drive drive

80 |

p /| (scaled)
o)}
o

-1.5 -1 -0.5 0 0.5 1
th
Iog(v/ve)
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Unternehmung . . Max-Planck-Institut
WENDELSTEIN 7-X Current drive with ECRH fiir Plasmaphysik

Asymmetric collision frequencies

Current drive simply by changing the launch angle.
Faster electrons collide less often.
Trapped electrons reduce efficiency.
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e Current Drive with Neutral Beam it Plasmaphysik
Horizontal cross-section of a tokamak:
Tangential injection
(counter)

Circulating ions carry current

partially compensated by: concurrent electron drift
trapping
dependence on collision frequency

Best efficiency if Eng| =~ 40- Te[keV]- Ajp;

Negative NBI necessary
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Unternehmung Max-Planck-Institut

WENDELSTEIN 7-X Current drive efficiencies fir Plasmaphysik
Efficiency
LHCD 0.35-04
ICCD 0.1 x Te [ 10 keV]
ECCD <0.1 X Te[ 10 keV]
NICD 2 X Te[ 10 keV]
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Max-Planck-Institut

Unternehmung
fir Plasmaphysik

WENDELSTEIN 7-X Heating systems for OP2

ECRH:
10 x 1 MW cw 140 GHz Gyrotr

icrH (or2)| |CRH
v/ 2X2MW10sec 2538 MHZ

ICRH (OP2)
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Unternehmung . Max-Planck-Institut
WENDELSTEIN 7-X Summary Heating fiir Plasmaphysik
Heating scheme |advantages disadvantages
Ohmic efficient Cannot reach ignition
Not in stellarators
NBI reliable close to torus
negative ions necessary
LH Efficient current drive | Antenna close to plasma
Off-axis
ECRH Reliable Electron heating
flexible (density limit)
ICRH lon-heating Antenna close to plasma
Central heating Antenna coupling
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Unternehmun : Max-Planck-Institut
WENDELSTEIN 7-X LH technology: Wave generation and fiir Plasmaphysik
transport _
klystron  waveguide grill

A |

3
=1
=
=
=
=3
==
=
=
7

il
TN e 1 M NN e e

THAILES
TH 2103C

-

Tore Supra
[thalesgroup.com] ASDEX
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X OXB-mode Heating on W7-AS
W7AS Shot 517135 (2001 516 12:29)

diamagn. Energy [kJ]

15
al

10
M

21

otal MBI Power [Mw]

E.-
Total EBH !
' Power [MW]

20K ' 400 ' B
time [ms]
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Unternehmung
WENDELSTEIN 7-X

ECRH - OXB heating

Max-Planck-Institut
fur Plasmappgdtia

X2-mode

O-mode cutoff

X-mode cutoff

Mode conversion process
under certain launch angles
and for minimum density.

O mode converts into X mode
at X-mode cutoff.

X-mode converts into
electrostatic electron (Bernstein)
wave.

Bernstein wave absorbed by
electron Landau damping.

No upper density limit.

Dirk Hartmann
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X ECRH system

Transmission efficiency of 95% at IMW cw

Quasi-Optical transmission line

ECRH

N PR
T
- -

Front steering mirrors Multi-beam mirrors
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torus axis

Unternehmung
WENDELSTEIN 7-X

Max-Planck-Institut
fir Plasmaphysik

ICRH - Second Harmonic Heating

2nd harmonic

resonance Single species plasma

ntenng 1N 12rge plasmas focussing
/ of wave power

absorption dependent on n (p;k)?
high density needed
high ion temperature needed

development of tail in velocity
distribution function

cutoff region

Dirk Hartmann
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Unternehmung

WENDELSTEN 7-x . Example: 2"4 harmonic hydrogen heating W

[kJ]

[keV] [keV]

[Mw]
0000000000000 O™

[10°m™]

OONDALOOWONON D OOOCONPDPDOOOOCON & OGN MO

Max-Planck-Institut
fir Plasmaphysik

:11(\
\JI\JU

Line—avgd. Density

|

Electron femperature
Soft-X

|

0 0.2 0.6

Time Psec]

W36 Energy B=1. 25T
0
t ~/ j 0__ Hquxat45

. NBlony
0 e NBI +ICRH
%
107 \.}/I .
10°] —?
10° |
ot

O 0 10 195

£ | keV]
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Max-Planck-Institut
fir Plasmaphysik

WENDELSTEN 7 ECRH for ITER

24 gyrotrons, 56 outputs, total 20 MW @ 170 GHz to plasma

One of gyrotron prototypes: -
b Upper Launchers: szt i~

[iter.org]
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Possible LH launcher for ITER

No LH is planned for initial phase of ITER,
later upgrade under discussion with 20 MW @ 5GHz

Possible passive-active multijunction (PAM) antenna:

PAM

T

active passive

LH system: efficient for current drive
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e ECRH - O1 mode heating i Plasmapnysk
Reflection at cut-off region . .
Dispersion
electron cyclotron
resonance (DZ — k2C2 +mg
wave guide
/ Density gradient leads
_+__ »= todiffraction away from
_47% plasma center.

torus axis

mirror

cutoff region
A

ne O-mode
cutoff
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Max-Planck-Institut
fir Plasmaphysik

Unterneh :
WENDELSTEIN 7-X ECRH - X1 mode heating

Resonance inaccessible from
electron cyclotron  upper hybrid toff lOW fleld _Slde because no
resonance resonance 5 propagation between cutoff and
"\'\ upper hybrid resonance.

wave guide

{ J\J‘Jq X2 accessible from LFS
e

l.e. second harmonic heating

torus axis

|
|
|
mirror I
|
|
|
|
|

»

cutoff region 4

ne
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X NBI - Extraction and steering

3-lens system
potential lines

I_
I_

100 kv -3kV  0OkV

(-

Typically 800 extraction Grid system ASDEX Upgrade.
holes per source.
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Max-Planck-Institut
fir Plasmaphysik

Unternehmung

WENDELSTEIN 7-X Transit Time Magnetic Pumping

Magnetic moment approximately conserved:

Epz 0 If (dB/B)/Q<< 1
dt dt
R~
M
B+B,;

Force on magnetic moment;: F=-uVB

Similar to Landau damping with substitution: p — g
VB—->E
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