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Max-Planck-Institut fur
Background m Plasmaphysik

« Wendelstein 7-X will start experiments in 2015
— optimised for low neoclassical transport

 Turbulence?

 Electrostatic instabilities:
— lon-temperature-gradient (ITG) driven modes
— trapped-electron modes
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Max-PI k-Institut fu
W7-X from above m e e

Plasmaphysik

Bad curvature

g'(r) < 0 everywhere
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_ : Max-Planck-Institut far
Gyrokinetic stellarator codes m Plasmaphysik

« EUTERPE

— global, particle-in-cell, linear in 3D
— see poster TH/P4-49 by A.Mishchenko

« GENE
— radially local (flux-tube or full-surface), continuum, nonlinear

* Both codes: electromagnetic, collisions etc.
— here: collisionless, electrostatic instabilities
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Benchmark m Plasmaphysik

« Linear ITG growth rate with Boltzmann electrons vs ion
temperature gradient in W7-X:

W7-X (B=2% ; T.=1keV ; a/L =0)
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Max-Planck-Institut fur
W7-Xvs LHD m Plasmaphysik

* Global, linear ITG simulations in W7-X (EUTERPE)

W7-X ( B=2% ; T.=1keV )
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W7-Xvs LHD

Max-Planck-Institut fur
Plasmaphysik

* Global, linear ITG simulations in LHD (EUTERPE)
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Nonlinear simulations

Max-Planck-Institut flr
Plasmaphysik

* ITG turbulence with Boltzmann electrons (GENE): rms
potential fluctuations
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ITGs with Boltzmann electrons m

* Nonlinear simulations with Boltzmann electrons (grad T.=0,

p*=1/150):
— heat flux
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Turbulent transport (ITG ae) m Plasmanhysik

« So far, iIn W7-X comparable to that in a typical tokamak, but

“softer”:
— depends on p* 13
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Trapped-electron modes m e

Plasmaphysik

Bad curvature

trapped particles
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Max-PlI k-Institut fo
Trapped-electron modes m e

Plasmaphysik

 Instability requires
WdeWse > 0

where

T .k, dlnn,
e dy
B =Vy x Va

kJ_ = kalﬁ i kaVOé

Wie = Wde = kJ_ * Vde

 In an orbit-confining (omnigenous) stellarator

Wde = Vde - (kaVa + ky V) = kqvge - Va
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Maximum-J configurations mp|asmaphysik

« But the precession frequency can be written

1 oJ
. = — J(E, 1,1, o dl
Vd -Va = o 6¢ s U w /mfv|
SO

k2T, dInng, 0.J

ety dyp O

WxeWde = —

« Stability is thus promoted by “the maximum-J“ condition

0J
— <0

oY

Rosenbluth, Phys. Fluids 1968
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Physical picture m Plasmaphysik

« The guantity,

J(r,E, u) :/mvndl

IS an adiabatic invariant. E = energy.

* Hence, If a low-frequency instability moves a particle radially,

then
0J 0J
AJ = —Ar+ —AF =
J 5 r 4+ O 0
Implying that it costs energy to move a particle radially
outward
AE=_900m n oo 2L oy

- 0J/OE or
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Plasmaphysik

. Max-PlI k-Institut fU
Trapped-particle modes m B S

« Theorem: collisionless trapped-electron and trapped-ion
modes are stable if

oJ
%<0<

d InT,

2
d Inng, 3

for all species a.

* Favourable bounce-averaged curvature.

« In a maximum-J device, the precession drift is reversed
compared with a tokamak

1 0J
Vde - VO = — —

ety O

— no resonance with drift waves.
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ITGs and TEMs with kinetic electrons

Max-Planck-Institut fur
Plasmaphysik
« Simulations with and without kinetic electrons
(grad T_=grad T)):
— growth rate for the most unstable wave number
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* Kinetic electrons are stabilising.

Per Helander

IAEA 2014

16



Max-Planck-Institut fur
Plasmaphysik

ITGs with kinetic electrons m

« Simulations with and without kinetic electrons (grad T_.=0):
— kinetic electrons in a flux tube
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W7'X, HSX and DI”'D m Plasmaphysik

 Another case:

ITGs with kinetic electrons, a/ly=3, a/lL,=1
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Conclusions m Plasmaphysik

ITG and TEM modes exist in stellarators, but display
gualitative differences.
— turbulent fluctuations much less evenly distributed.

Wendelstein 7-X Is, to some approximation, a maximum-J
device.

— most orbits have favourable bounce-averaged curvature

Strongly stablilising for trapped-particle instabilities.

ITG modes also benefit from stabilising action of the (kinetic)
electrons.

Less turbulent transport than in tokamaks?
— too early to say
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Plasmaphysik

Extra Material
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Gyrokinetic calculation of TEMs m Plasmaphysik

* Linear, flux-tube, electrostatic GENE simulations in DIII-D
and W7-X

— no ion temperature gradient
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Proll, Xanthopoulos and Helander, submitted to PoP

Per Helander IAEA 2014 21



Max-Planck-Institut fur

ITGs with kinetic electrons m

Plasmaphysik
« Simulations with and without kinetic electrons (grad T_.=0):
— growth rate for the most unstable wave number
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* Kinetic electrons are stabilising.

Proll, Xanthopoulos and Helander, submitted to PoP
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Another argument for stable TEMs m Plasmaphysik

* In a maximum-J device, the precession drift is reversed
compared with a tokamak, since

1 0J
ety OY
— no resonance between precessing electrons and drift waves

-Va =

/fi-

J’N(J,J{

Bin
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Energy balance m Plasmaphysik

* Linear, collisionless, electrostatic gyrokinetics.
— energy balance:

vZna f (1-T )|¢>|2d3r—ZPa, Lo(b) = e~"Io(b), b= (k1pa)?

/ fur (V) 4 va) - Vg dPrdo

« Substitute the solution of the gyrokinetic equation for fast-
moving partices
— at marginal stability

2
P=TC / S T e — i [ B
S 1o My U> _§ _ dInT,
*a o Td e 27T, 2/’ o dlnn,

wdaw <0=PFP, <0
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Outline of calculation mmasmaphysik

« Conventinal drift-wave ordering

k||'UTi <L w K k||’UTe

« Expanding in the inverse aspect ratio

— few trapped particles,
W~ Wy > Wy

gives electron drift-wave frequency
w s FO"’nz(Fl —Fo)
Wie ’T(l = Fo) + 1

* In next order, instability from wave-particle resonance only
if wwg. >0
— impossible unless [m > 1.64]

Helander et al, PPCF 2012
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Max-Planck-Institut flr
Energy balance m Plasmaphysik

« Linear, collisionless, electrostatic gyrokinetics in ballooning
space:

eq

T Jo(k1v1/Q0) (w—wiy) fao
naeg _ . 3
Z Ta gb—z@:ea/gajodv

S My 02 _§ _ dInT,
e L 2T, 2/’ o dlnn,

| V| Ga + (W — wda)ga =

« Multiply by J,¢* and integrate over phase space.

* Energy balance:

2
e [CA-ToloP = SR To) = e ho®), b= (kupa)’

T,

P, = ea,/fal(VH + Vd) - Vo d>rd>v
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Energy balance, cont‘d m ax-Planck-Institut fur

Plasmaphysik

* For fast-moving particles
(w<kpr) = ga=gao+gart

eqJod w — wl

*a
dad — i faO

, €q N e —
1|V | 9a1 = (w — WZG)T— (Joﬁb = ﬁjoqﬁ) Jao

« the energy transfer at marginal stability becomes

7T€2 L
P, = ° / §(w — Taa)Bda(wr, — ©Gaa)|Jod|? fao d>rd>v

 Stabilising action if bounce-averaged curvature is favourable:

Waawl, <0= P, <0
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Algebra m Plasmaphysik
« Conventinal drift-wave ordering
w—wl edyd

kjors K w L kjvre = gi = Jio, ge = —
w—wg 1

w—wz;eg

feO

W — wde Te

« Expanding in the inverse aspect ratio
— few trapped particles,

W~ Wy > Wy

gives electron drift-wave frequency

w Lo+t n:(I't — o)
Wee T(l—ro)—|—1

* In next order, instability from resonant denominator only
If wiwwge >0

— impossible unless 7; > 1.64
Helander et al, PPCF 2012
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Trapped-electron modes m e

Plasmaphysik

« TEMSs result from overlap between
— bad curvature and
— trapping regions

©B
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Trapped-electron modes m e

Plasmaphysik
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Trapped-electron modes m e

Plasmaphysik
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Trapped-electron modes m e

Plasmaphysik
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Trapped-electron modes Plasmaphysik
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