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TOKAMAK EDGE
TURBULENCE

Outline

1. introduction

2. equations and model

3. example: Hasegawa-Wakatani system
4. genefal aspécts of turbulence

5. drive mechanisms

6. complete example from our research
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Introduction

Transport in fusion devices

e magnetic fusion devices: plasma is confined by magnetic fields and
currents flowing in the plasma

Vp=jxB.

pressure gradient balanced by Lorentz’s force, no force down the
pressure gradient
= volume element stays on surface with constant pressure

e however: there is transport along the pressure gradient

— collisions: particles from adjacent volume elements are

exchanged
too small to explain experimentally observed transport rates

— turbulence: the plasma is not in static quiescent equilibrium:;
small scale fluctuations lead to mixing
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schematic plot of a tokamak

schematic plot of a tokamak
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e toroidal plasma current generates poloidal magnetic field

¢ magnetic fields lines stay on pressure surfaces
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Turbulent transport

How can fiuctuations lead to transport?

e particles move on circles in plane perpendicular to the magnetic
field (Lorentz’'s force), move freely along the magnetic field

e in equilibrium magnetic field lines stay on surface with constant

pressure
Vp=jxB

¢ magnetic turbulence: small fluctuating component of B parallel to
the pressure gradient: particles can flow from one pressure surface
to another

e electrostatic turbulence: in the presence of an electric field,
particles drift in the plane perpendicular to the magnetic field.
Particles can move from one pressure surface to another, magnetic
topology is not affected

Motion of charged particles
in constant magnetic field

equation of motion

mi—:zq(va)—{—F

e Nno constraint due to magnetic field in direction along B

e in plane perpendicular to B:

— F =0: force v x B always perpendicular to v; circular orbit

® ®
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— F # 0: split v int0 V4rifs + Vgyro

dt
0

= q(Vgyro X B)
Q(vdrift X B) + F

first equation: circular orbit in moving frame

second equation:
FxB

qB?
drift motion perpendicular to B and perpendicular to F

® ® ®

Vdrift =

® g ®

Electrostatic transport

e no static electric field in homogeneous magnetic field (remark:
weak electric field in a torus)

e no net velocity along pressure gradient, since VxE =0

e need correlated fluctuations of potential and density 7




Where do fluctuations come from 7

equilibrium is unstable

electrons and ions move into different directions: charge separation,
electric fields

instability saturates at finite amplitude due to nonlinear effects

stationary turbulence

Model and Equations
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Equations

e description must distinguish between ions and electrons to allow for
charge separation: single fluid MHD not sufficient = easiest
extension: two fluid description

e why is two fluid description reasonable 7
ion-ion and electron-electron energy exchange due to collisions
much more efficient than between species with different mass =
thermal equilibrium within one species is reached much faster than
within total system
each species can be in thermal equilibrium with well defined
temperature, but electron and ion temperature may be different

e Braginskii two fluid equations:

— for each species (ions and electrons): continuity equation,
momentum balance equation, energy balance equation (describes
evolution of temparature)

— can be derived from kinetic description with phase space distribution
function f(x,v) by taking moments in velocity space:

n(x,t) = / Fx,v)dv -

V(x,t)
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T(x,t) = lfﬂ(v—vfdv

— here: introduce main aspects in a more intuitive way




e isothermal limit: ion and electron temperature are constants (on
each pressure surface) = two equations for each species

e continuity equation (conservation of total particle number):

%—?-i—v-nv:o
e momentum conservation
dv
mnazqn[E+va]—\_/’p+R
d d
£—§+V'V

(compare Euler/ Navier-Stokes equations in hydromechanics)

dynamics along the magnetic field

¢ neglect electron mass

d
Ev” = —enV|¢—Vp;i+ Rie

0 = +enV”¢ - V”pe + Re;

m;n;

e R.;, R,.. collisional momentum exchange
conservation of total momentum requires R.; = —Ri.
friction must be proportional to velocity difference vy; — v = jj/en:

Re; = —Ri. = nenjj, Spitzer resistivity n) ~ Te"3/2
d’Ul

mini—gil = ~Vy(pi + pe) paraliel equation of motion

1
man = —Ve+ avnpe generalized Ohm’s law
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simplified dynamics perpendicular to B

equations still contain the fast gyro motion; restrict now to time scales

that are slow compared to the gyro motion

to lowest order: neglect inertia term d/dt

0=gn[E+voxB]-Vp

this yields
Vg =VE + V4
ExB
Vg = ;2 E x B-arift
Vg = BxV.ip diamagnetic drift
qnB?

note: E x B-drift depends neither on mass nor on charge, identical for
ions and electrons = no charge separation; diamagnetic drift has

opposite sign for ions and electrons

physical meaning of diamagnetic drift

e particles move on circular orbits

e in system with homogeneous density and temperature different

contributions average to zero; no net fluid velocity

e in system with density (pressure) gradient net contribution remains
in the direction perpendicular to the density (pressure) gradient

1 ® -
fiamagnetic
: \_




polartization drift
first order correction from equation of motion

mn%=qn[€+VXB]~—Vp

since d/dt < 1 approximate v on the ieft hand side by the lowest order
solution vo = vg + vy

dv

mn_;if =gqn[E+ (vo+v1) xB] - Vp
with
O0=gn[E+vyxB]-Vp
we obtain
1 d 1 d 1 eB
o = = --———--—b = — —_— —_— ) _ —
Vpol = V1 we dt * Vo weB dt (Vl¢+ qnvlp) We m

polarization drift only for ions important, since gyro frequency wee 3> wWei

physical meaning of polarization drift

e motion in constant electric field (E x B-drift): particle is
accelerated, if v paraltel E; decelerated, if v antiparallel E

® ® ®
E E
Vv
®@p - ® oo %

¢ slowly increasing electric field: acceleration and deceleration phases
become increasingly strong, drift in the direction of the electric field
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E increases linearly with time
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drift reduced equations

insert drift velocities into continuity equations

e iONs

Bn,-
+ V- ni(Vvg + Vai + Vpor +v)) =0
e electrons
Oone i
+V. ’ne(vE + Vge + v||13) = O, enevu,e = eV “'*_]ﬂ

e electrostatic potential

Vi = —(n; — ne)efeo

Debye-shielding — how large is n;, —n. ?

e Poisson equation (fourier transformed)

_e(ne — i) _ _p2g = - Ene =)

2.
Vies= €o €0

e electron density in thermal equilibrium

ed e e — 1 eoTe \*.
Ne =noeXD{i’} ="no (1+‘i‘> =n0+k—zx-2-— Adebye = (noez)

debye
Ne — N '
< - = szzebye <1

Ne — Mo

e on large scales 1/k >> Agerye the difference between electron and ion
density is negligible (quasi-neutrality)

ne=n1

this implies not, that there is no electric field




final equations

e clectron continuity equation

]
6—? +Von(vE +Vae) + Vony - Vyjp/e =0

e subtract ion and electron continuity equation:
determines electrostatic potential ¢, since n, = n;

V- MV pot + V- n{vg; — Vde) + V”j”/e =0

e parallel motion and parallel Ohm’s law

22— 9 oy + o) = Vb4 —V
min—" = —Vy(pi + Pe) M= —Ve+ V|| Pe

d . e . .
7 = o +vg -V total time derivative including convection

final equations in
homogeneous magnetic field

e in homogeneous magnetic field
V-nwg =vg -Vn+nV . vg
V.ovp = —v b‘quS— Lp V x V¢ =0
YE= B - B -
1 .
V-onvyg=—V -bxVp=0
qgB

e equations
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discussion of the equations

simplest case (Hasegawa-Wakatani):
homogeneous magnetic field, T, > T; ~ 0, neglect parallel ion motion,
linearize except for vg - V convection

n d 1 dn 1

Boo @it = gVidn g =gV

e different motion of ions and electrons (polarization drift «& parallel
current): charge separation, electric field, E x B-drift

e parallel current: fluctuating magnetic field

e E x B-drift is dominant velocity component, d/dt =8/0t +vg -V
yields convective nonlinearity as in hydromechanics = turbulence

¢ key ingredient for every model of plasma turbulence

connection to 2D hydromechanics
equation for ¢ in the limit V| =

doy, d _ 9
ZVi6=0, = texVe-V

incompressible (V -v = 0) 2D hydromechanics:

d dp d &
—pv-——O, E—O: '&E_at_t_v V

after some calculation: v=1¢; x V¢
d o d 0
Zi-EVqu_O, E—Et"-’re“Xqu'v

dynamics in plane perpendicular to the magnetic field very similar
to two dimensional hydromechanic
expect similar behaviour = turbulence




Example:
Hasegawa-Wakatani system

example: Hasegawa-Wakatani system

homogeneous magnetic field along z, cold ions, constant electron
temperature, background density ng with gradient along x

d 7 10038
CECRRE VA SO S s

chigt— —-E-EE Oz
d'ﬁ 1 . . Te ~
2 TVE Vo= =Vig, may = Vet e Vyn

for numerical simulations add dissipation at short scales, for example
~ V8 ¢, similar for n

B® ®

L

S

Vg

=const.
g"o
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linear properties: drift waves
e calculate linear frequencies: ansatz exp{iwt}

e restrict to limit n < 1: parallel Ohm's [aw yields
n _ep
Ly CT.

adiabatic limit, physical meaning: electrons thermalize along the
fields lines, follow linearized Boltzmann distribution:

. ey _ 2
g + 7N =T (1+TE) —noexp{Te}

e insert into vorticity equation:

iwkl ¢ _,0 1 Ong tkyd

chi wTe ng 3:1: B

e dispersion relation

w = Wee
T 1+ k2 p2
with the drift frequency
= ote Ry 11 0m0
re Ml ed Ln ’ Ln - Tio Ozx

and the gyro-radius of an ion at electron thermal energy

e at long wave length: w ~ ky
wave with constant phase velocity, drift-wave; drift-waves are
present in most systems used for studying plasma turbulence and
transport; widely used name: drift-wave turbulence )

3




numerical simulation: algorithm
how can we solve the equations numerically?

e take Fourier transform of the equations in all three space

dimensions: 96 5
9 n
S = le =
fe and f, contain spatial derivatives of n and ¢, but no time
derivatives; in fourier space spatial derivatives are substituted by

3/0zx — ik, etc.

e substitute time derivative by finite difference, exampie:
_@_1_ _ n(t + At) ~n(t)
ot At
e with n(t) and ¢(t) given we can compute n and ¢ at the advanced

time t + At; repeated application of this algorithm yields complete
time evolution

e start from some low amplitude noise and look what happens ...

numerical simulation

energy density flux

200[
:505- h
1005— .
sob ]

L " " -50L L " "
o} 100 200 300 400 0 160 200 300 400
t . t

e define turbulent energy to measure fiuctuation ievel

e linear phase at the beginning: fluctuation level is small, nonlinear
correction is negligible; fluctuation tevel grows exponentially
following linear instability (complete linear analysis shows linear
instability due to finite )

e nonlinear saturation; in general stationary turbulence, here:
evolution into state with strong sheared flow
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turbulent energy

The equations

no d 2 _dﬁ - 18¢8n0
Buw,; dtv"‘Ld)m dt +vE-Vny, VE-VRO_—.E.ggﬂé}_
dit 1 | -

at +vg-Vng = —VHJ;; ) mai = —-v“¢+ “E-V”'n,

€ €np

imply the evolution of the turbulent energy

1d 9 e} 2 A\?2 Plwe i O ed M .o

— —— v —_— JEE— d‘/ - .-.f...-_—.....-.—.—.-.-.._.........__. RN L '/

2dt,/v{p3 A (no) /V{ L. nodyT.  Tumg’l }d
N N - \-w—-/

o

turbulen‘:c energy drive dissipation

e drive due to background gradient

e ohmic dissipation

e dominant damping due to additional viscous terms at small scales

nonlinear saturation

how does nonlinear saturation work 7

e linear instability drives turbulence: potential energy is extracted
from the density gradient, converted into fluctuation energy (kinetic
energy of flows and potential energy)

¢ measure rate, with which energy is dumped into fluctuations:
remains large even after saturation, when the energy content does
not grow further

¢ there must be a strong mechanism, which damps the
fluctuations; there is dissipation at small scales, however energy is
injected at large scales

e how does energy transport from large to small scales occur ?
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General aspects
of turbulence

general aspects of turbulence
2D incompressible hydrodynamics with viscosity

d
ZVig=vVie

energy balance (periodic boundary conditions)

/VdV {q&%Vi }: —fvdV {vm%vm} +fvdv {¢zx V.$-VVig} =

1d

_ -9 2
=~3% |4 (10

since ¢z x V¢ -VV2 =V -(¢z x V¢V3ie)

[ av {svte} = [ av {(v19)'}




2dt

e Kinetic energy [(V¢)?

dissipation at small scales (where V2

e without drive: decaying turbulence, Kinetic energy decreases

continously

e stationary turbulence: need energy source; in plasma turbulence this
is usually provided by an instability mechanism at large scales

e energy is transported nonlinearly to small scales; convection itseif

fazx/(mda)2 —v/ dv (V2 ¢)?

= [v? is conserved except for viscous terms:

is large)

conserves kinetic energy

energy flux in turbulent system

“kinetic
energy
{a. u.)

10

e large scales: drive by instability
e small scales: kinetic energy is transformed into heat (viscosity)

e in between: transfer by direct and inverse cascades, inertial range

— direct cascade: from large scales to small scales (break-up of
large scale structures, e. g. Kelvin-Helmholtz instability)

— inverse cascade: from small scales to large scales (e. g. merging

of vorticies)

107 .

‘2 -~

Iarge '

1eddies, :

¢ ' smali scale
' 1 structures
1

direct
cascade;
1
! mverse
icascade ;

. 1
drive h

range | - inertial range
o 3 &

102 107 1
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coalescence of vortices

D. Porter, P. . Woodward, W. Yang, Q. Mel, Nonlinear Astrophysical Fiuid Dynamics 617, 234 {1990}

Kelvin-Helmholtz instability
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Drive mechanisms

drive mechanisms

e instability mechanism extracts energy from background gradients

and drives turbulence at large scale

e saturation based on nonlinear E x B convection and transfer to small

scales similar in most systems exhibiting (small scale) turbulence

drive mechanism sets characteristic scale length Lg,i». (Wave length
of the unstable mode) and time scale tgrve (growth rate)
aliows rough estimate of turbulent diffusion rates:

D~ Lﬁrive [ﬁ:\

tdrive ]

actual transport rate must be determined by nonlinear simutation !
drive mechanism is most important distinguishing feature for

different types of turbulence (in the small scale regime which
is relevant for transport)




complete set of equations

o on
continuity 5 +V n{VE + Vai + Vpol + Vil )=
vorticity V- nvpe + gVnJ'u +V n{vg —vge) =0
ion temperature -‘Oind—r‘ll _pn 0
P 2 dt ‘dt

electron temperature

3 dT, dn 0.71

o~ Tesgy = ViRV Te — =TV = 0

d
parallel motion min—vji = = V) (p: + pe)
generalized Ohm's law (i = parallel component of vector potential)
. oY 0.71
mip=—Vye+ 5 + —Vnpe +—VT.
B , . :
Vpol = x = (Vg + va;i) generalized polarization drift

resistive g-mode

e general force F (gravitation) leads to drift

FxB
qB?

Vdrift =

different for electrons and ions!

e if drift-velocity is along density gradient:
region with high ion density is shifted into region with low
electron density (or vice versa)
charge separation = electric field = E x B-drift

F parallel density gradient: stable equilibrium

F anti-parallel density gradient: unstable equilibrium




2 9 0 _ 1 _ .

-_— - —— .

aihmmas amd L28AL.4 -~ ko= s =4 LR

and Adiaa

l_l..‘ “Llj‘[.-.. aihmam 2

La:hmms

resistive g-mode

equilibrium
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resistive g-mode

stable equilibrium: perturbation is damped

vn




resistive g-mode

unstable eqguilibrium: perturbation grows

vn

resistive ballooning mode

in realistic system resistive g-mode is negligible, because gravitation
is too weak

however: very similar mechanism in a torus; gravitational force is
substituted by grad-B drift, effective gravity is antiparallel to VB

unstable at outside of the tofus, stable at inside of the torus: mode
must be localized at outside of the torus

E x B convection of density gradient is mechanism to tap source of
energy

why is resistivity required ?

fqva-rwqub%g:O

no drive if & = ¢ (adiabatic limit) = resistivity is essential




grad-B drift
e spatially varying magnetic field: gyro-radius changes during orbit

e drift depends on gyro-radius and velocity of the particlie: grad-B

e o s hmm a aad AL L L

4
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drift depends linearly on kinetic energy ~ temperature
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electron
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ballooning instability

grad B

grad B

grad-B drift: ions move upwards, electrons move downwards

M. N. Rosenbluth, C. L. Longmire, Annals of Physics 1, 120 (195T7)




ballooning instability

basic equations

o d 2 2Te on 1 .
B 5t 407 cBRoy o' =0
on Mo 8(15
5t " BL.By 0

curvature drive evaluated at outside of the torus

parallel spread connects favourable and unfavourable curvature
location

parallel spread negligible (short wavelength limit):

2 \/? T,

ideal ballooning growth rate

toroidal n, mode

resistive ballooning mode taps density gradient: only possible, if
7t # ¢ in resistive plasma; impossible in hot core ptasma, where
resistivity is very smalt (m ~ 7o */%)

grad-B drift is proportional to the temperature: charge separation
due to temperature gradient = resistive g instability works aiso for
temperature gradient

instability taps ion temperature gradient, does not depend on n # ¢

mode localized at the outside of the torus,; localization along the
field line determined by ion sound propgation speed

carefull analysis shows: stability depends on
1dn 1dT;

ndr T, dr "

widely believed to be responsible for transport in plasma core
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grad B

grad-B drift:
® ions move upwards,
electrons move downwards
®
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grad B

e resistive ballooning mode: high/low density
electrons and ions move into opposite direction; ions from low
density area and electrons from high density area appear at the
same place and vice versa = charge

e 7; mode: high/low temperature
particles with high temperature are displaced faster than particles
with low temperature; creates regions with increased ion density
and reduced electron density (and vice versa) = charge

toroidal n; mode

e basic equations

T 6 ~i 2 3~,; 1 .
0 —Vﬁ_ (¢+ P )+ P —-'-V”J”:O

Buw,; Ot eng eBROy e
on 1_ . Opi , pio 09 _
o " evmn=0 St Er oy T

o low resistivity (adiabatic electrons):

€T
T.

) T. . .
miy=-Vy¢+—=Vp=0 = #f=_—9¢
ETp

e dispersion relation

(1 + k:pi) ’72 — iw*ikipg’f — WeilWoury = 0:

BT _2%T
eBL,” "7 eBR




slab n; mode

besides the toroidal 7; mode there is a solution, which does not depend
on VB

e start with locally increased density

e homogeneous system (no pressure/density gradients):
pressure rises = excites sound wave, which carries away
perturbation along field lines = stabie

e inhomogeneous system: density perturbation causes electric
potential and E x B-drift

e radial E x B drift convects low density and temperature plasma into
region of increased density: pressure drops

e non-oscillating, unstable parallel sound wave

e complete analysis shows again dependence on 7);

slab 7, mode

e basic equations
an 0 805
— — Vv =90
5t " BL,oy oV
T, T 04 2
— + =T;oV =0
5 T BLg 8y 3 0V
Bv‘ _ 1
ot L m;
e assume growthrate much smaller than drift wave frequency: neglect
time derivative in continuity equation

VT

1 9¢
BL. By =V
e final equation )
azTi Tz’O 2 2
52 +;i- (Th'_g) v“Tz‘:O

sound wave if n; < 2/3; unstable if n; > 2/3
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nonlinear drift wave instability

e basic equations (Hasegawa-Wakatani)

o d 2 1 2 Te 2 o~
Bw,; dt 1o en, (V”¢ ENQ Tk 0

dﬁ o a¢ 1 2 Te 2~ —
dt * BL, Oy + en| (VHQS enovnn =0

e linearly stable in sheared magnetic field
e algebraic growth of & for modes with V| =0

e nonlinear coupling involves full spectrum

trapped electron mode

e adiabatic limit: no friction, electrons are always in thermal

equilibrium along field lines, 7 ~ ¢ = no net particle transport =
E x B drift cannot extract energy from density gradient -

e trapped electrons: fraction of electrons is trapped in the region of
low magnetic field = cannot follow potential fluctuation, since
motion along the magnetic field is restricted = frapped 7# @

e E x B drift extracts energy from density gradient of trapped particles




particle trapping

o gyro-motion of charged particie causes loop current perpendicular
to the magnetic field = magnetic moment u = potential energy
W =uB

e if the parallel kinetic energy of the particie is lower than
Winaz = pBmaz the particle becomes trapped

e trapping depends on ratio of perpendicular kinetic energy (~ u) and
parallel kinetic energy

magnetic ————— :
field lines

HERRSERIAE
coils

drive mechanisms (summary)
resistive instabilities play a role only at the plasma edge, since ny ~ 7o °/

e instabilities important in the plasma core

— toroidal n; mode
— trapped electron mode

— (slab n; rhode)
e instabilities important at the plasma edge

— resistive ballooning mode
— nonlinear drift wave instability

— toroidal ; mode




- o d -

4

-—d I

ek L AL e . Lo

Amh AR mowen o sk oaa.

houa

L
m osicieds BT

amd Add

i-,'ix

4
BN &2

Max-Planck-Institut “]
fiir Plasmaphysik

T hree dimensional simulations
of Tokamak Edge Turbulence

A. Zeiler, D. Biskamp
Max-Planck-Institut fiir Plasmaphysik,
EURATOM Association, Germany

J. F. Drake, B. N. Rogers
Institute for Plasma Research,
University of Maryland, US/A

OVERVIEW (1)

3D fluid simulations of plasma-edge turbulence and transport

e complete two-fluid Braginskii equations
e drift approximation

e selfconsistent nonadiabatic electron response (resistive plasma)
electrostatic potential and density evolve independently

e selfconsistent electron and ion temperature dynamics

e field line curvature, magnetic shear




OVERVIEW (2)

MAIN PHYSICS EFFECTS

e drift-wave turbulence

e resistive ballooning modes

slab and toroidal n; modes

nonlinear drift-wave instability

e reduced MHD (this talk: electrostatic limit)

electromagnetic effects: B. N. Rogers, J. F. Drake, Phys. Rev. Lett. 79, 229 (1997);
B. D. Scott, Plasma Physics Control. Fusion, to appear

EQUATIONS (1)

¢ two fluid Braginskii equations, remove fast gyro time scale:

0 <
s Wei
ot

e derive drift velocities from momentum equations

ions electrons
E x B-drift 7g g
1B diamagn. drift oy Uge

poiarization drift;
Upol = _w::B% (Vo + =Vpi)
| B ion sound waves ohm’s law
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EQUATIONS (2)

o}
e continuity 3’:’ + V - (g + Ug + Upor + ’U|| ) =20
. 1_ . " -
e vorticity V - ntpe + EVHJH + V- n(Tg — Uge) =0
dT; d
e iOn temperature %n 7t —Tid—:: =0
e electron temperature
3 dT, dn 0.71T, .
st~ Tegy — Vi Vide - Vi =0
e parallel motion m‘ndtv“‘ V(i + pe)
0.71 J .
ma = -Ve+ —Vnpe VT, =510V

INSTABILITY-MECHANISMS

drive mechanisms for turbulence:
e resistive ballooning
e nonlinear drift-wave instability

e toroidal m; mode

which parameters determine the dominant instability 7
e space and time scales

e behaviour of n;-mode in resistive plasma




BALLOONING vs. ;, MODE W

e simplified equations (7 = T;/T.):

—kipﬁv(qﬁ + pi) + tweury (M 4+ pi) + DHeVﬁ(qb —n)=0
YT+ TwWse P + DHGVﬁ (6—n)=0

pi + iwei (1 + mi)d = 2 (vrn + tw.id)
. D“evﬁ small: resistive bailooning
Yy = iwii)k 7 = [wre + wii(l + m)]weurs
. D”e\‘/’ﬁ large (adiabatic electrons): toroidal n; mode

'72 + i'Y[UJ*e - Wcurv(l + 75/3)] - w*iwcurv(ni - 2/3) =0 (k_zl_pg < 1)

BALLOONING vs. ; mode

without soundwave with soundwave
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RESISTIVE BALLOONING (1)

SCALING

e basic equations for resistive ballooning

_k_2Lp§7¢' + Weyry™ + Dllevﬁ ((b - n) =0
AN+ Wweep =0

e large k.: V| negligible, ideal growth rate v = cs/(RLy)/?
time scale: tpar ~ 1/7bal

e smaller k: V| important, weak ballooning
balance leads to perpendicular scale length

1/2 1/4
veg'R s 2R
Lbal = 27TQa ( 2w P ) (L_)
ce n

RESISTIVE BALLOONING (2) W

RESULTS FROM EIGENVALUE CODES

0.4 1.0
0.3} 0.8}
Ytba|0.2 1 Yt bal g.i ]
0.1} 0.2}
0.0 0.0
0 2 4 6

kLbeatl

e dominant parameter ag = Wee/Ybai
e small oy < 0.5: strong ballooning
e large a4 > 1: stabilization by diamagnetic effects

e VT, stabilizes at short scales, destabilizes at long scales




i MODE

RESULTS FROM EIGENVALUE CODES

without sound wave

¢ growth rate independent of plasma re- 0.6 c.=03
sistivity 0.4 E -
Mpal £,=0.05
e p, natural collisionless scale length; 0.2 >
however smallest unstable k. <« 1/p; 0.012%
depending on 7; and L,/R 0 1 ko, 2 3
e parallel sound wave effects weak for with sound wave
typical piasma edge parameters g:i, n.=3
) . v, 0.3F
e mode with peak growth rate localized 2l o)
at top/bottom of the torus, not at the 0.1
outside 0'00 T 2 3

NONLINEAR INSTABILITY

basic equations: resistive drift-wave system (Hasegawa-Wakatani)

d
Evi¢+vﬁ(¢>—n)=o
dn & -
-&?+5§-+Vﬁ(¢—n)=0

e linearly stable in sheared magnetic field

e nonlinear simulations and analytic calculations demonstrate exis-
tence of nonlinear drive mechanism, self sustained turbulence

e basic feature: algebraic growth of density perturbation n for
modes with small V, nonlinear coupling drives ¢

e requires resistive, nonadiabatic electron response; scale length
similar to resistive ballooning
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PARAMETER SPACE

b ps/Lbal ~ Qg€n
® p5 > Lyg:

e p; < Lpa:

WHICH INSTABILITY DOMINATES ?

1.4 b7

g:gp {\f‘bolloonmgm\\\ \\\\\

A=

b nonlmeor// ==
:g _/,/%mstab:hty //// f_,;r_; —mod

Qg4 = Wa/Voal 0.8} (\\\\\ W ,
: \X S lve\\\

Wiesis

e mode 5
R

1/2

Yoal > Wk
Yool < Wet

0.10
€n = 2L, /R

1m; mode dominates over resistive instabilities

resistive ballooning
nonlinear drift wave instability

TYPICAL

EDGE PROFILE
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NONLINEAR SIMULATIONS

MAGNETIC
FIELD

e helical flux tube system: size along B = 3 x 2mqR, perpendicular
to B=12—25x Lpa ~6— 15¢m

e variables split into background part ng and fluctuation 71, allowing
for periodic boundary conditions in i

o typical resolution about 90 x 90 x 90
s code running on CRAY J90 and T3E (ported by R. Tisma, IPP)

BALLOONING REGIME

fluctuation energy average flux (nvradial)

4F ; ' p 0.40 " v ' "

3E ] 0.30

2 ] 0.20f

1f : 0.10

0 . . . 0.00 N . . .

0 50 100 150 200 0.00 0.10 0.20 0.30 0.40 0.50
time t unfavourable favourable

curvature curvature

e start from low level random noise
e after initial linear phase stationary turbulence

e time averaged particle and heat fluxes
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BALLOONING REGIME: SUMMARY

typically for high collisionality, moderate gradients (OH/L-Mode
parameters)

strong linear ballooning instability at low field side, driven by ion
pressure and electron density gradient; VI, drive suppressed by
parallel heat conduction

turbulence and transport peaked at low field side
T, convected passively
anomalous diffusion coefficients D, x;, Xe

— independent of VT,
— Ne=17;=1:

DRIFT-WAVE REGIME: SUMMARY

typically for moderate collisionality and steep gradients
ballooning drive weak

turbulence sustained by nonlinear drift-wave instability, if electrons
sufficiently nonadiabatic:
— driven by electron density gradient

— isotropic structures in poloidal plane, weak inside/outside
asymmetry

if electrons become more adiabatic, stabilization of nonlinear
mechanism and transition to 7; mode turbulence
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DRIFT-WAVE REGIME

? LOW FIELD SIDE

DRIFT-WAVE REGIME

TRANSPORT SCALING

e particle and heat diffusion coefficients D, x., and x; independent
of n.: no VT, contribution to drive of turbulence (suppressed by
parallel heat conduction)

e perpendicular scale size ~ Lyq (for ag~1)

e strong reduction of transport due to parallel diffusion: parameter
Ps/ Lba

D
(an) F #
] }
i P
0.03 0.05 0.07
(p/L)?




7 MODE TURBULENCE: SUMMARY

o typically for low collisionality

e perpendicular scale size and transport rates do not depend on
collisionality

e ion heat flux dominates: x; > D > Y.

e peak transport and peak fluctuation rate not at low field side,
- but close to top/bottom of the torus; location of fastest growing
eigen mode

e perpendicular scale length much larger than for resistive ballooning
and nonlinear drift wave turbulence

n-MODE TURBULENCE

heat flux (T;vradial) particle flux (nv,qdiar)
0.50 ) 0.50 '
0.40¢F 1 0.40¢}
0.30¢} 0.20¢
0.20¢F 0.20¢
0.10F 0.10 ’—\
0.00 , 0.00 - .
0° 9Q° 180° Q° g0° 1+80°
unfavourable favourable unfavourable favourable
curvature curvature curvature curvature

¢ with parallel sound wave e without parallel sound wave

e weak influence of parallel sound wave
. o peak transport not at outside of the torus
e ion heat flux dominates
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n-MODE TURBULENCE

MODE STRUCTURE ALONG FIELD LINE (T})

|
| n-MODE REGIME
: LOW FIELD SIDE

HIGH FIELD SIDE




SUMMARY

three different instability mechanisms in plasma-edge turbulence

e resistive ballooning regime (outermost edge)

— turbulence strongly peaked at outside of the torus
— Yeal > Ws, resistive scale size Ly >> ps

e nonlinear drift wave regime (intermediate regime)
— Tat < Wy, linearly stable, turbulence nonlinearly sustained
— not reiated to field line curvature

e 7; mode regime (low collisionality)
— No dependence on plasma resistivity

— turbulence driven by unfavourable curvature, however peak
fluctuation level not at outside of the torus

OUTLOOK

¢ magnetic fluctuations

— magnetic effects lead to great amplification of turbulence in
resistive ballooning regime (B. N. Rogers, J. F. Drake; PRL
79, p.229); regime with large diamagnetic drifts, temperature
effects?

— amplification of nonlinear drift wave instability in cold ion limit
(B. Scott, to appear); result for 7; = T.7
e generation and stability of sheared flow
— no significant sheared flow in cold ion limit, unstable sheared
flow for 1T; = T, (to be considered as part of the turbulence)

— In some simulations with strong magnetic effects complete
stabilization of turbulence observed; to be further explored
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