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Transport in magnetized plasmas W

> The topic of “transport” is dedicated to the physical processes by
which particles, momentum and energy are moved (transported) in
a domain in the real space (or in phase space more in general)

> The general goal is to identify the relationship between the
thermodynamic fluxes and the thermodynamic forces

» Thermodynamic fluxes are particle, momentum and energy (heat)
fluxes. In fusion devices they are mainly imposed by external
means (particle sources, torques and heating powers)

» Thermodynamic forces are the spatial gradients of the particle and
momentum densities and of the pressures (temperatures). These
describe how plasma reacts to the imposed fluxes, namely the
radial profiles of density, rotation and temperature
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Transport in a fusion device

> As we shall see, temperatures and
densities are approx constant over flux

surfaces

» Radial transport determines the profiles
of temperatures and densities (their
gradients = thermodynamic forces) in
response to heat and particle sources

(thermodynamic fluxes)

> Present lecture presents some general
aspects on the main transport
mechanisms in a magnetized plasma
and their role in a fusion device
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Transport mechanisms in magnetized plasmas W

» Even in a completely “quiescent” plasma, there is an unavoidable
source of transport: collisions

» The basic mechanism of collisional transport is called classical

» Non-uniform and curved magnetic fields produce drifts of the
guiding center of the particle trajectories, which cause an
additional source of collisional transport, called “neoclassical”

> However collisions are not the only source of transport.

> Drifts produced by non-uniform and curved magnetic fields also
couple different fluctuating fields, thereby, under certain
conditions, small fluctuations (Larmor radius scale) can hecome
unstable. These micro-instabilities can lead to a turbulent state in
the plasma which produces turbulent (anomalous) transport
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The role of transport in fusion devices w

» The minimization of transport is an essential element to achieve
practical fusion energy

> In fact, the lowest is the transport (the highest is the confinement),
the highest is the plasma energy for a given amount of heating

> Fusion power increases with plasma energy
~ ~ 2T 2 ~ 2
I:)fus r]Dr]T<6V> r]e T Wplasma

> A reactor must maximize the power multiplication factor Q
(ignition), producing a large amount of fusion power

Q = IDfus/Pext

» This is why understanding, predicting, and controlling transport in
plasmas is one of the highest priorities
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Outline

» Collisional transport

» Classical

> Neoclassical (in fusion devices)
» Turbulent transport

> Linear micro-instabilities

» Turbulence and transport, generic properties and
comparison with experiments

» Mechanisms of turbulence reduction and suppression

» ( Particle and momentum transport)
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Orderings W

» Orderings are an essential element of theory of plasma transport

» Depending on the orderings which are assumed, one can obtain
very different consequences and compute different transport
processes starting from the same equations

» Generic ordering for magnetized plasmas: B is Big ! that is
cyclotron frequency is large and Larmor radius is small

6=p/l=w/QK1
P=v, /Q=mvm/(eB) ; w=uv,/l ;1=2|Vinp|™*

» In addition, collisional transport theory orders small the time
derivatives (no rapid fluctuation)

9 Inp/0t=0(0%w)
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Zero order in & = p/[ : no variation along B W

» It can be shown that with these orderings the distribution function
at the lowest order is a local Maxwellian distribution

> Note: this is NOT an assumption, but follows from the orderings

» Orderings also imply that at the lowest order temperatures and
densities are constant on the magnetic flux surfaces (lowest order
distribution function has a gradient only in the radial direction)
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Classical transport W

» Classical transport is produced by collisions in a magnetized
plasma in a homogeneous magnetic field with straight field lines

> In a fluid picture, it due to the friction between the fluid flows
which are produced by Larmor gyration in the presence of density
and temperature ( pressure ) gradients ( perp to B )

-—1 A =W
(nu,),=mR) " *'nx VP
» These flows are called diamagnetic because the resulting electric
current usually acts to reduce the strength of the magnetic field

—

» The resulting friction force F;b =mny , (ﬁb — ﬁa) moves
particles in direction perp to both B and the diamagnetic flow

:EFXB f :_(mﬂ)_lﬁx-f
q B2 CL
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Simple picture of diamagnetic flows W

d of classical transport
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Classical transport as random walk

> Random walk: step size is Larmor radius P, characteristic

frequency is collision frequency electron
e

) !
% Dy =, N

a electron

2 p2
e B
» Complete derivation shows that it includes diffusion and convection
e (Vn, VT |3m e, ( 3m Iy,
Y =-Vn SDY +n, S DY 2ol —b_ ab - b| b _q DY =Fay
CL E CL E CL eb nb T 2mb ea ( 2ma )] CL 2 ab
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Classical transport as random walk

> Random walk: step size is Larmor radius P, characteristic

frequency is collision frequency electron
e

/mB ioni
\)&)Q)Q)Q) L. u

a
DCL

2 Va electron

> Heavy impurities: convection proportional to impurity charge, inward (pinch)
with centrally peaked density, outward with peaked temperatures

2 .

_ Vv Vn 1 VT Temperature screening, outward
FgL PV |_ Vn,+n,Z LA | - with centrally peaked profiles
2 n, || 2 T
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From Classical to Neoclassical transport W

» SUMMARY:

> We have seen that classical (collisional) transport is caused by perpendicular
friction between diamagnetic flows (which are perpendicular to both B and the
(radial) direction of the temperature and density gradients ).

» Diamagnetic flows are fluid flows produced by Larmor gyration in the presence
of density and temperature (pressure) gradients

> In the simple “particle” picture, classical diffusion can be thought as a random
walk process with characteristic step size the Larmor radius and characteristic
time the inverse of the collision frequency

» Neoclassical transport is the analogous of classical transport, but
is produced by parallel friction rather than by perp friction

» Since it is connected to parallel motion, it is strongly determined
by the specific geometry of the field lines, that is of the magnetic
confinement system of the fusion device (B is inhomogeneous
with curved field lines)
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First order parallel flows W

» Collisional transport : time variations are order O((‘..T2 w)

> Then 8%/8't+ V- (nW) =0 implies V- (227), =0

> (Perpendlcular) diamagnetic flows (from momentum conservation)

(nd,), =m) " nX(VP+envd)

» We conclude that (7’2 ﬁ)l also comprises a parallel component
(“return” flow) which ensures that total divergence is zero

> Friction between parallel flows produces the neoclassical transport

> Calculation of radial (2" order) neoclassical transport requires the
solution of 1%t order parallel transport (parallel flows connected to
radial gradients of density and temperature by toroidal geometry)
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Regimes of low and high collisionality W

> At this point it is useful to compare the collision frequency with the inverse of
the characteristic orbit times ( the bounce frequency )

Effective v : collision frequency

Vo= Vel _ v, 4R, _ v,qR, o372 at which trapped particle is
a 'wb c '\/;vTa v, scattered into an untrapped orbit

V(A0) =V _/(AO)?

> V_  (ratio of effective collision frequency to bounce frequency) allows us to
identify 3 regimes of collisionality

*
v, <1 low : banana

-3/2

l<v, <¢ medium : plateau

v, >¢e high : Pfirsch - Schliiter

> We shall give a simple picture of neoclassical transport in the low collisionality
(banana) regime as random walk process
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Collisionless regime: banana regime W
XL

» If a collision in point P reverses sign of 2, , center of
orbit shifts radially by a banana width

» Random walk : step size is banana width (largest
radial excursion of g.c. orbit), T is time to reverse U

> Trapped particle reverses sign of vII with pitch-angle
diffusion in v-space of (A B/B)2

» Collision frequency V. refers to 90° diffusion, thereby V, = (B/AB)

» Random walk: step size = banana width

Ay = pp(a/R)l/z_

> ... and collision frequency ve Ll ................

D, =~ (a/RM?v, A2 =~ (a/RM?v,p?
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Neoclassical transport regimes, overall

D

More in Stellarator
Lectures on Thursday

1 ¢-3/2 V¥
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Neoclassical transport matrix W

> Like in classical transport, neoclassical transport comprises both
diagonal diffusive and off-diagonal (convective) contributions

> Neoclassical transport produces a full matrix which relates thermo-
dynamic forces to thermodynamic fluxes (Onsager symmetry)

| | Lo 1o,
dp P, d  p, I
Q, dify (LY LY Ly L3] 1 T,
Tpg £y Ly L5 Ly T_{ Y |
<J'B> <J'.5'B> L L5 Lf L (£,B)
Le L | Ly Ly Ly Ly ol
I(Y)(E  B)n, g, K;() 22
\ ; (B?) / \ n; T, I(r) /
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Some interesting off-diagonal effects: W

» Radial gradients of density (pressure) and temperature sustain a parallel current

» This should not be surprising as we have already underlined that the toroidal
geometry strongly couples parallel motion to radial gradients

p dlnp dinTe dInTi
+£34a’

J1B)= 0 neel EyB) = 1(h)p .| L3 +Ls;

Pe Y P

> Neoclassical conductivity reduced from classical
(Spitzer) as trapped particles do not carry current

I

Ranana orhits in the nresence of densitv and

GAITWAITWV VINIWWY 111 silW rl WYWwIIVWY Wi “vll“l‘ ANl ™

temperature gradients produce a (small) LFS
parallel current (similar principle of the
diamagnetic current)

A\

> Banana current acts as a seed for a much .._/ banana
bigger current, which is carried by passing gl vn current
particles (bootstrap current) more particles on this orbit
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Onsager symmetric process of the bootstrap W
VCUITCIIL. UIT ¥vdiE Y
» Mirror Force ( B =< 1/R

i
) = particle trapping (Banana orbits)

L@ ' '
\LS
9 pounce xVp . 9}\0,\./’ .5
AV S PV
_ N S
toroidal ;;%/ S i ]
precessional drift” 3 LELAR
-9 ' /// S BN
bounce ./ / Q S
farmiAal Airarntinn -
S whoidail diiecuul ;
. R .
»Curvature and grad B drift )
Ul ’U%_ VB
Vo + Vv = B xKp + ——B x —
CTIVE Q. B oq. B
1
»>Parallel electric field => orbit displacement => Ware pinch = X W

Transport in Magnetized Plasmas C. Angioni  IPP Summer University, Greifswald, 20.09.2016 21



Neoclassical (coIIisionaI) transport W
experimental relevance

YV V V

>

Neoclassical (collisional) transport provides an unavoidable level of transport
In the radial direction :

In stellarators it can be large enough to carry a big part of the heat flux produced
by plasma heating — stellarators require optimization against neocl transport

In tokamaks, it is small (wrt exp. values, by 1 order of magnitude for ions, 2
orders for electrons), thereby it provides transport levels which are insufficient to
carry the heat flux provided by plasma heating. Temperature gradients increase
up to the point to destabilize micro-instabilities and turbulence (from next slide)

Neoclassical transport can still be important in tokamaks in improved
confinement regimes (e.g. transport barriers)

Since collisionality is proportional to Z*2, it remains important for highly
charged impurities and it is a reason of major concern because it can produce
accumulation of highly radiating impurities

In the parallel direction predicts parallel electric conductivity and parallel
bootstrap currents which are reqularly found to be consistent with measurements
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From collisions
to
turbulence
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Time scales relevant to transport W

Time [s]
Electrons lons

confinement 10° confinement = Neoclassics
10
10° - - Microinstabilities
1 ] turbulence
10° - -
10 plasma frequency Quasi-neutrality

Cyclotron frequency
plasma frequency 107"
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We shall adopt a simple fluid approach: W
moments of the distribution function
Density - Particle flux
n=[d%sf nit= [ a%55s

Stress tensor

fd3vmvvf

Scalar pressure
p=nT=Tr{P}/3

Energy flux
Q= fd3v (mv?/2) 7V f

Energy weighted stress tensor

R = fd3?(m V2/2)VV S
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Fluid equations (conservation laws) w

» Even moments (particle and energy conservation)

on/dt+V-(nd) =0,
(a/a_.t) 3p/2_. + i'?-'d= Q+i’i’*('1'7" +enf§) .

» 0dd moments (momentum and energy flux conservation)

(8/0t)mnt +V+P = en(E +c 1 IXB)=F ,

(8/3t)Q+ VR - (3/2) (e/m)Ep—-(e/m)E P - (e/mc)dxB=G

> Equation evolving moment N involves moment N+1 — infinite
set of equations — a fluid closure is required
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We consider first order collisionless w

on
> Particle conservation d -V - (nq Vq) = 0,
ot
» Momentum balance, V, =V J’_ Vs
perpendicular direction ¢ 12 * é” X V(nng)
V p—
e Zyen, B
> Momentum balance, avHZ — —eZn;V)p—V ( T)
parallel direction Ty T €451 || || Ty Ly

ot

» Energy conservation

3 0
57 (a%—vq-V) Ty +n¢lyV-vyg=—V-qq
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Ordering' time derivatives of order 1 (and not

I.IAII A“ﬂ ‘ | '"Z 2 ¥ 2 X ol o

|
UIUUI L as pIUVIUUny IUI bUIIIbIUIIdI lldlleUll ]

» We describe the dynamical evolution of first order perturbations of all fluid
moments and of the electrostatic potential, which can vary in time, in Fourier
space

u = ug(x) + ou exp(ik - x — iwt)

on;
Btz + nV-vg + vg-Vn; + V-(njvy) =0
57%' Zz'Te € (5(]5 ZZ'TG € (5(15 57% (5Tz'
—w— + 2wp; — Wi 2 2wpi—— = 0
W n; WpDj Tz' Te Wi Tz Te + 2Wp;— n; + 2Wp; Tz’
Drift frequency Diamagnetic frequency
—2ky T, —kyT, 1 VX
k'VDO-ZQ(x)DO-: y Wyxg —  —_— == —
ZseBR ZgeB Ly, Lx X
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Parallel and perpendicular time scales W

Time [s]
Parallel  Perpendicular
time scales  time scales

Electrons lons ;2w

k-v,.
J
confinement 10’ confinement _ k- vp,
-2
10 _ trapped
— | Wp &
104 F - 1( Vi, passing
] 10° - IRAIP ions (D*j
-6 =
10 ] — O)Dj
-8
10 | ()] trapped
- be &
107"° plasma frequency k||V|| passing
Cyclotron frequency 1080 €electrons
plasma frequency 1072 . kyT]
QjBLnj
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Normalizations, W
mavallal amed navmandiannlav éinmea canalaas
_pdldllel alilu IJUIIJUIIUIUUIGI LIS o 1ICo

exp(ik-x-iot)

Q)

]

» We are considering harmonic fluctuations

» Perpendicular motion characterisitc frequency is the drift frequency

k, T
eBR
» Parallel motion : kHUth = kH\/QT/m = /f|| = ku?ith/4wp

>» lons and electrons:
same mobility perpendicular to the field line,
very different mobility along the field line

Wp = = W =w/Wp

» Parallel velocity moment ( parallel force balance )
wt + 4u + 2/€||(’fb +T) = =2 ki o
» lons : inertia is dominant — zero order, negligible parallel motion

>» Electrons : parallel streaming is dominant — adiabatic response
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Algebraic equations for the Fourier amplitudes w

» Continuity (zero moment)
on + 2(+T) + 4 kja = [L —2]&
n

» Parallel velocity moment

wu + 4u + 2ff||(ﬁ + T) = —2 l%” Qg
» Energy balance ( second order moment )
- 4 14 - 8 - R 47~
o + i+ =T + Sk = |7 - |
wl —+ Bn + 5 + 5 U L. 3 0,

> We are adopting a simplified geometry, we are neglecting actual derivatives
along the field line (formally parallel wave vector), and we neglect finite
Larmor radius effects (we should not, see later ...)

> These fluid equations can be also derived as moments of the drift-kinetic and
gyro-kinetic equations (this goes beyond the scope of this lecture)
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Parallel and perpendicular time scales, W
ol
u

[ "4 [ 5 Y IAA
rd a particies

k,T
eBR

» Motion L to B : Drift frequency wp = —

» Motion || to B :
Passing particles K|, << w ~ up << Ky,

Trapped particles (Mirror force due to B = 1/R)

vT; UTe
Wy = — << W Whe = — >> W
i~ e IR h & Whe ¥ A/E R s

» lons: bounce time longer than the characteristic time
zero order = no difference between passing and trapped

Electrons : many bounces in a characteristic time
different behaviour between passing and trapped electrons
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Passing electrons: adiabatic response W

» Fast unconstrained motion parallel to B

» Parallel force balance for passing electrons
wu + 4u + 2k||(ﬁ + T) = QI%Hé

AN

» Balance of dominant terms fL — ¢
Snw _ e o

or in non-normalized form n T
ep e
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Passing and trapped ions:

II:‘I. [ o [ "3

AA“‘:“ “J F'aY 2¥aYde AV kﬁln M N
conunuity ana energy nadiance

» Neglect parallel motion (strong inertia) % =0
>

Continuity and energy balance

on 4+ 2(m+T) = [Lﬁ—zlﬁ
- 4 4. [R 47,
wT+§n+§T— I, 3]Cb

» Quasineutrality condition 7, = 7;

> Assuming (for the moment) that all electrons are passing
( more precisely adiabatic), . 7
quasi-neutrality becomes n = ¢
we obtain a homogeneous system of three equations
in three unknowns
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The mechanism leading to an instability W

» We look for the eigenvalues of this homogeneous system

Ly,
4. 14. [R 47,
o+ gn+ =0 =1 3]¢

» Can be solved analytically (trivial)
here we focus on the basic coupling mechanism leading
to an instability
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The mechanism leading to an instability W

» We look for the eigenvalues of this homogeneous system

Gn)+ 2T = [L%— ]g’&

.4 14 . R) 47 .
OT)+ -i + =T = ———]cb

3 3 Ly 3
=)
~2 0 R - : :
» 0°¢p = —2— ¢ = imaginary roots

T ~ R
= pure growing mode Y — )
Ly
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The lon Temperature Gradient (ITG) mode W

Initial Temperature perturbation

Cold
plasma

VT vT
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The lon Temperature Gradient (ITG) mode W

curvature and VB drift Initial Temperature perturbation

/@ + @‘:/0 i Generates a density perturbation
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The lon Temperature Gradient (ITG) mode W

curvature and VB drift

Initial Temperature perturbation

i)+ 2T

R -
ol + —
I ¢

=

6

I

A

\ - -
Generates a density perturbation

ExB flow ] ]

advection Passing electrons neutralise

the charge separation

||\
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The lon Temperature Gradient (ITG) mode W

curvature and VB drift Initial Temperature perturbation
— : :
‘/' + 2[:: 0 ExB flow Generates a density perturbation
advection Passing electrons neutralise
R ~e] the charge separation
wT + Qb =+ 0 Parallel force balance implies an
L\T electrostatic potential, the ExB
(’FL _ A A flow enhances the perturbation
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ITG mode, the “bad curvature” region W

‘ STABLE SIDE UNSTABLE SIDE

AVD

» Low field side = unstable ( bad curvature ) region :
warm plasma moves in the warm regions

» High field side — stable region (reversed temperature gradient)
warm plasma moves in the cold regions
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ITG mode, what did we neglect so far ? W

» Back to our simple fluid model
= R

D)+ 2m41) = [——2]
Ly,

4

3

4 14 ‘R
—|—§n—|—€T: IL—

i =
>» By keeping all the terms, we would have found that the

eigenvalues are not just imaginary, but complex numbers

in which an imaginary part (an unstable mode) occurs
provided that the normalized logarithmic temperature

gradient R/LT exceeds a certain value (threshold)
(otherwise only real roots)
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ITG mode : the threshold

» The mode is stable for values of R/LT smaller than

the threshold value 1

(R/LT critical )
0.8

» The threshold value is not g 0.6

a universal number, 0”
but depends itself . 0.4
on plasma parameters
0.2
0

| i o
| |
|,r/’|'/
| S 2
|19|
| |
ST A
EE T S —
. A |
& |
'
v
5 10 15
R/L

> In particular it increases with increasing T; / T, and
for adiabatic electrons increases with increasing R/Ln

(Nimode, Ni =Ln/LT)
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ITG mode : the spectrum

» Simple (reduced) fluid model
_ R X | N
Y—mD\/Q— ® 0.3———#———————|———
T N A S
v=kp5\/2— - | C
ofs m NTLL 01— T
- A - . ’ | ‘ | ‘
Y is an increasing linear 0-
function of the wave number 20 0.2 0.4 0.6
| | | m
This formula also shows the generic ~ — 15— - _:_ S 4|'_ _
scaling of the growth rate of the ITG  — | _' |
instability: o 1w
. . | . | |
Inverse_ly proportlonal to the sqrt of <05 g
the major radius and the sqrt of the = | |
Ti gradient length LT o ™ | | | GS2
0 0.2 04 0.6
Ky P,
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ITG mode : the spectrum

» Simple (reduced) fluid model stabilized by k |

0.4 - parallel dynamics @ |
_ R " v  stabilized by FLR |
1 _(’OD\/QL_ E 03——— /,,————”'|——+\‘—|~;—'—"
C — 02 @& [ 1 a1
It Ly 01,/ 1 <

N | .

Y is an increasing linear 0~ | | |

function of the wave number

» Parallel dynamics and finite
Larmor radius effects,
which were neglected in the
simple fluid model, modify
significantly the spectrum
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Kinetic electrons W

>

>

\ 74

So far we have explored the (electrostatic) ITG mode with adiabatic electrons

The inclusion of the electron dynamics leads to several other modes, in particular
the trapped electron mode (TEM) and the electron temperature gradient (ETG)
mode

These are mainly electrostatic modes. Simple pictures can be built for these
modes, analogous to that we have presented for the ITG, but this time assuming
an adiabatic response of the ions

In addition, at sufficiently high (electron) plasma pressure, fluctuating currents
produce also fluctuations of the magnetic field (and magnetic potential),
opening the possibility to instabilities of electromagnetic type, in particular the

kinetic ballooning modes (KBM) and the micro-tearing modes (MTM)

All of these modes can occur concurrently, at different scales, but also at the
same scales (e.g. ITG and TEM or ITG, KBM and MTM), and have different
dependencies on plasma parameters
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TEM and ETG W

» These are instabilities connected with the electron dynamics, and are driven by
an electron temperature gradient above a critical threshold

> Presence of trapped electrons also implies an instability driven by the density
gradient

»> The TEM instability can be considered as the analogous of the ITG instability,
still at the ion Larmor radius scale, but where the slow (average) motion along
the field line of electrons is caused by trapping (while it is caused by inertia for
the ions )

» The ETG mode is the analogous of the ITG mode at the electron Larmor radius
scale (practically where the role of ions and electrons are swapped)
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Summary on turbulent transport so far:

Evammnla af ITE and TERM tnectal:
LAAITIPIC VI 11U dllu TLIVI Tiiotauili

\ W} J:ﬁ - 1A
y Uiaygidin

H
L

>
>

>

Curvature and grad B drifts depend on particle energy, and electric charge

This implies coupling between density and temperature fluctuations =>
leads to instabilities ( and turbulence )

Trapped electrons => slow motion in parallel direction, can lead to instability
like ions (slow motion by inertia) C.B

urdelle et al, Nucl. Fusion 2002

Presence of trapped electrons implies
an additional density gradient driven
instability (TEM type, next lecture)

10

Instabilities occur when

R RdT _ R il P

L_T B _?W g L_Tcmt 0 Stab)?7

R _ _Ran _ R

Ly n dr Loy erit -2.5 0 RIL, 5 10
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Summary of instabilities

0.1 1 10 KoPi _
> instability ITG TEM ETG
R/LT;j R/LTe & R/L; R/LTe
> drive ITG -
pure stabilised by R/L,
stabilised by R/L,
stabilised
by e-i collisions
. > ~unaffected by collisions =
destabilised by Tgo/T; stabilised by Tg /T
0.1 1 10 KoP; _

> e.m. instability MTM , KBM

RlLTtle, Be \

- drive g*2 Be, B’ (RILT, R/Ln)

MTM = microtearing mode
KBM = kinetic ballooning mode
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Experimental evidence: existence of threshold W

> Existence of threshold can be experimentally investigated by combined stationary
and transient (modulation of heating power) experiments

> Experimental evidences have been obtained, which have been identified with

thresholds predicted for TEM and ITG turbulence
[e.g. Ryter PRL 05 (TEM), Mantica PRL 09 (ITG)]

cs-'_—-'. 0.02 T T T T T T 30 T T T T
.E ® qe/ne Exp. - ;{emod
2 25 L PB —e— _
2 0015 L —— JEM growth rate > " e
=" (linear gyrokinetic) ] o~ |
£ £ 20} i
= o
= 0.01 ¢ - 215 L .
3 >
N [an]
= n'£ 10 | - =
€ 0.005 | - +
c 5L + i
° e
0 I.i*—-'_i_' L 1 1 1 0 %: ] ] ]
O 1 2 A3 4 5 6 7 0O 1 2 43 4 5 6 7
normalized Te gradient; R/Ltg normalized| T, gradient ; R/Ly,
threshold threshold

[F. Ryter PRL 05]
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From instabilities to turbulence W

100

Q [GB]

|
0 J | | | | GYRO

0 200 400 600 800 1000
time [a/cg]

» Time evolution of the ion heat flux in a gradient driven nonlinear gyrokinetic
simulation (code GYRO [Candy and Waltz, General Atomics])
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From instabilities to turbulence W

>

>

A\

So far we considered a linearized model. Did you notice this ?

on
Consider the continuity equation 8tq V- (’n,q Vq) = 0,

é)ni
ot

Terms with the fluctuating ExB drift have been only included with the background
density, terms with fluctuating ExB drift times fluctuating density were ignored

+ nV-vg + vg-Vn; + V(nzv*z) =0

These terms imnlv a non-linearitv

il SWwiilllwvw Illlrl, llvll-llllv ll\,

In addition, these terms introduce toroidal mode coupling: all toroidal modes are
involved in these terms (these are de-coupled in the linearized equation)

Their inclusion leads to the description of a turbulent state in the plasma.
Numerical codes (solving nonlinear gyro-fluid and gyro-kinetic systems) have
been developed to compute this state and the consequent transport
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Turbulence saturation and zonal flows

> Zonal flows (stationary, poloidally and toroidally homogeneous (n=0,m=0),
radially varying ExB flows) are produced by turbulence (self-organization) and
act as saturation and self-regulation mechanism of the turbulence

North pole a0

Latitude
(degrees)

Velocity, km/h

Diamond et al, "Zonal flows in plasma-a review*, Plasma Phys. Control. Fusion 47, R35 (2005)
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Stabilizing mechanisms, sheared flows W

» More in general, any sheared flow can A decorrelation A straining-out
produce a reduction of the turbulence &
and of the associated transport Uy @

\4 \

> Strong rotational shear (gradient in
rotation velocity) can even quench the
turbulence

A A

owi

v 9
IR

[P. Manz PRL 09, U. Stroth PPCF 11]

PR [ Z. Lin Science 281, 8
~ 1835 (1998) ] -
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Stabilizing mechanisms, sheared flows

Code: GYRO

Authors: Jeff Candy and Ron Waltz
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Additional stabilizing mechanisms

i 8 11 T 11 11 1 1 LI :
> Magnetic shear — B - || o3 5
S [X) 1 2
() =X ) L) 1 -
s=0 s>0 s<0 =, 4 94
’ 0 :I 11 I 1 1 1 I [ - | IT 1 1 I [ l* 2‘
R —_— o ——_—— 0 02 04 06 0.8 L
\ . \ 8 :|-|'| T | T 1.1 | ] || 1 I | L I LI I_ &
7 = |negative shear ©
6 il — P~
= sEIN :
e —g— BL=9.2,7=0 4 : ? ;I
120 —o—RL_=92,7.=03 3 L o
—a— RL =46, v.=0 2 N E T { CIO
g "™ s O 02 04 06 08 1 5
= E 80
< » Fluctuations of the magnetic
IM\\A\A field (finite beta effects)
0 0 ‘ ‘ ’ '
S -Be-(%)- - - Be[%] '

[ J. Citrin Nuclear Fusion 54, 023008 (2014) ]

> lon to electron temperature ratio (for ITG modes). Dilution due to impurities
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The local scaling of turbulent transport W

» The natural scaling of turbulent transport can be obtained by considering a
displacement of one Larmor radius in the time of one inverse growth rate

p=CS and ’y~c‘°’ — D 3
s Qg R QR

> ltis called gyroBohm, and it is the natural scaling of local transport, derived
from the dimensionless form of the equations

» The name gyroBohm shows that it is given by Bohm diffusion reduced by one
normalized gyroradius factor

» Bohm diffusion is given by a displacement of one Larmor radius in a time of the
order of one gyroperiod 112  3/2

2 T _ ps . m T 1
Dg =P Q=% = Dgg=Dg— =
S eB d 9282 a
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Profile stiffness W

»> We look now at the scaling of the heat flux Q . VT
0 RZIZ 7 -T X T
XGBzDBFS - .25
Q _ 3 7 Xes ( R R
I A
n R

o< >

) _ m]/2T5/2(R B R )
> 9282 R2 LT LTf?m't

» Strong scaling of the heat flux with b Q
temperature | Stiff

> Core, high temperature, is stiff (little ( core ) Non-stiff
change of gradient in response to -
large change of heat flux)

> Edge, low temperature, is non stiff

( edgs

W

)

R
»> With reactor high temperatures, core ~ Y v, T
profiles will be close to the threshold | r
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Profile stiffness, experimental evidences

> With central heating, temperature increases maintaining self-similar profile
shape

Comparable Bt and n,, central ECH, different size [F-Ryterppet 2001]
R=0.72m R=1.65m
2.0——— r r 1 v r | v 1 r J T 71 1 T T
q=1 barrier RTP 5.0 ASDEX Upgrade
) ECH
1L N —— 300kW A
"o —— 180 kW |
2 S ---= 100 kW
o ML —- Ohmic | 5 1.
g '_IO 5 in_ "“-\‘ ’ mic E) 0
m E “v \’l\\ -t.\“:|\‘ l_m 0.5 :
° = -\‘#\-‘ll'.?"\
I \ la 0.8 MW ECH
4
[P. Mantica,D. Hogeﬁver 1.6 MW ECH o
007202 0% =7 %l oz 02 o0& o8 1

P P
T profiles: const VT./T, shifted according to edge T,

“Profile resilience” observed since 1980 in tokamaks
(TFR, TFTR, T10, ASDEX, DIlI-D, ASDEX Upgrade, Tore Supra, ... JET)
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Turbulence and particle transport (tokamaks):

[ oY A“‘Iﬂﬁ

IIAA
l1IeS dic peal\eu III I.IIU ceilitie

o Y ﬁl‘ [ "4
ensity pi

> In most conditions, electron density profiles in tokamaks are centrally

peaked, even when the particle source is peripheral _
source free region

> Existence of inward convection < particle flux = 0 R
(pinch) balancing outward diffusion 3}
' = —DV’rLe + neV - 2'25! i :

1 S
'Vn@ V I’ E 1 E-77TTTTTTTTTTTTTTEN
S — _5 - D = 055_ Tore Supra
Ne Ne "~ [Hoang etal, PRL03]

0 02 04 06 08 1
Normalized radius

» Theoretical studies have shown that turbulence can produce inward convection
which sustains centrally peaked density profiles

> Predictions are found to qualitatively (quantitatively) reproduce observations
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Turbulence and particle transport w

> In fusion devices, there are conditions in which profiles are observed to be
peaked in the absence of particle source

» Pinch (inward convection) must be present which sustains a finite density
gradient in the absence of a source

A\

Theory of turbulent transport predicts the existence of this inward convection.
Its properties are found to be consistent with several experimental observations

A\

> Like neoclassical transport, also turbulent transport cannot be described by
simple Fick’s laws (diffusion only), but also comprises off-diagonal terms

Thermo-diffusion Pure
I Vn VT convection
— = —D— — DT— -+ Vp
n n T
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Magnetic field inhomogeneity and curvature W
at the origin of turbulent convection

> Trapped electron density 7! and fluctuating electrostatic potential ¢

on

— + V?’L°\~7E><B + TLV'%EXB:O

ot
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Magnetic field inhomogeneity and curvature W
at the origin of turbulent convection

> Trapped electron density 7! and fluctuating electrostatic potential ¢

on .

E + V (’I’LVE><B) — 0
on .
E + V’I’L°VE><B :0

> Constant B with straight field lines: V -vp,p =0 = Diffusion only
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Magnetic field inhomogeneity and curvature W
at the origin of turbulent convection

> Trapped electron density 7! and fluctuating electrostatic potential ¢

on
on . .
E‘FV?’L’VEXB—F’RV-VEXJQ:O
> Constant B with straight field lines: V -vp,p =10
- . VB
> Magnetic field in tokamak geometry V - Vo = —VgEyp ? + Kpg

Curvature and grad B yield a compression term,
produces a “curvature” pinch,
trapped electrons are transported inward
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Momentum transport and toroidal rotation W

> Tokamaks : toroidal symmetry, from conservation of angular momentum —
neoclassical transport is intrinsically ambipolar, no radial current, Er and toroidal
velocity are unconstrained (plasma is free to rotate in toroidal direction)

> Stellarators: Neoclassical transport is not intrinsically ambipolar, ambipolarity
sets the radial electric field, which also determines the plasma rotation

»> Tokamaks: turbulent transport also produces a toroidal viscosity which plays a
critical role in determining radial profile of toroidal rotation in the presence of
ext. torques

> However, tokamak plasmas can rotate in the toroidal direction even in the
absence of any external torque (called intrinsic rotation)

» Turbulence also produces a momentum pinch (as it produces a particle pinch)

> Sources of intrinsic toroidal rotation are one of the topics of current research
(external torque will be limited in a reactor)
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Summary W

>

From the plasma physics standpoint, in fusion devices plasma confinement
plays the most critical role towards the achievement of practical fusion energy

In this lecture we have given a quick overview of the general concepts and the
main (collisional and turbulent) processes which are involved

Turbulence implies that the topic becomes extremely involved and quantitative
prediction are very difficult to obtain

However, at least in the plasma core, quasi-linear theory often gives results

which are in acceptahle agreement with the nonlinear simulations. Several (not
all yet) experimental observations are qualitatively (quantitatively) reproduced

The description of the plasma edge is more involved, and requires a fully
nonlinear treatment in most conditions

The topic of transport and confinement in fusion devices is continuously
evolving. | hope this lecture will allow you to build the background to be able to
increase your knowledge by reading published reviews and more recent papers
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If you want to learn more about specific topics, W
|
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» Neoclassical transport:

F. L. Hinton and R.D. Hazeltine, 7heory of plasma transport in toroidal confinement
systems, Rev. Mod. Phys. 48, 239 (1976);

http://journals.aps.org/rmp/abstract/10.1103/RevModPhys.48.239

S.P. Hirshman and D.J. Sigmar, Neoclassical transport of impurities in fokamak
plasmas, Nucl. Fusion 21, 1079 (1981); http://iopscience.iop.org/0029-5515/21/9/003

P. Helander and D.J. Sigmar, Collisional Transport in Magnetized Plasmas,
Cambridge University Press (2001) ISBN 0521807980

> Turbulent transport:

J. Weiland, Collective modes in Inhomogeneous Plasmas,
Inst. of Phys. Pub. (1999) ISBN-13: 978-0-7503-0589-1

W. Horton, Driff Waves and Transport, Rev. Mod. Phys. 71, 735 (1999);
http://journals.aps.org/rmp/abstract/10.1103/RevModPhys.71.735

P. W. Terry, Suppression of turbulence and transport by sheared flow , Rev. Mod. Phys.
72,109 (2000); http://journals.aps.org/rmp/abstract/10.1103/RevModPhys.72.109
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THE END




» Additional slides on collisional transport
( classical, Pfirsch-Schluter flows and
neoclassical )




Fluid approach requires definition of moments W
of the distribution function
Density - Particle flux
n=[d3vf nﬁ'=fd3i??f
Stress tensor Energy flux

fd3vmvvf Q= fd3?(mvz/2) vf

Scalar pressure Energy weighted stress tensor
p=nT=TriP}/3 R -fd3v(mvz/2)??f
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Fluid approach also equires definition of W

1 LT bUIIIbIUII UpUldlUl

[ ' o | e o Iﬂ‘
L

nomen

(7]
Q

Friction Force CF= fds?mi? C(f);

Collisional energy

exchange Q= fds (m/Z)(V {I)2C(f)

Conservation laws (particle, momentum, energy)

deFCab:O: | —r-
- F.=0,

fdsifb [mﬁCab +mb?cbla] =0, .
| - _Il: E (Q, +F, 1) = 0.

f A% [mav® Cap +my0* Cpa] =0 .
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Fluid equations w

» Even moments (particle and energy conservation)

on/dt+V-(nd) =0,
(a/a_.t) 3p/2_. + i'?-'d= Q+i’i’*('1'7" +enf§) .

» 0dd moments (momentum and energy flux conservation)

(8/0t)mni+V-P = en(E +c 1 UXB)=F ,

(3/3t)Q+ VR — (3/2) (e/m) Ep-(e/m) E-P — (e/mc)@xB =3

> Equation evolving moment N involves moment N+1 — infinite
set of equations — a fluid closure is required
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Orderings W

» Orderings are an essential element of theory of plasma transport

» Depending on the orderings which are assumed, one can obtain
very different consequences and compute different transport
processes starting from the same equations

» Generic ordering for magnetized plasmas: B is Big ! that is
cyclotron frequency is large and Larmor radius is small

6=p/l=w/QK1
P=v, /Q=mvw/(eB) ; w=v,/l;1=|Vinp|™

» In addition, collisional transport theory orders small the time
derivatives (no rapid fluctuation)

9 Inp/0t=0(0%w)
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Zero order in & = p/[ : no variation along B W

» It can be shown that with these orderings the distribution function
at the lowest order it a local Maxwellian distribution

> Note: this is NOT an assumption, but follows from the orderings

» Orderings applied to odd moments of fluid equations imply :

B-VT=0(3), B-V[nexp(- e®/T)]=0(%)
Combined with Z €q 1y =0

B:Vn=0(8) B-V®=0(5)
> Note that orderings also |mply that :
{ni, Q, F,(P - 1p) }=0(5)
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First order: ordering applied to momentum W

AA“AA“'“ IA“

LU VAdllVII

» Momentum conservation can be used as typical example
rerfin

(80/0t)mni+V+P —en(E +c 'UXB)=F

(CxB)xA=(A-C)B-(A:-B)C
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AA“AA“'“ IA“

LU VAdllVII

First order: ordering applied to momentum W

» Momentum conservation can be used as typical example

(0/0tYmnad+V-P —en(E +c'aAXB)=F

> Never forget : (ﬁ X B)X B = —ﬁle
=B/B
-> - - , o
nu, =(mQ) " a X[V P =F —enkE +m(0/3¢) nu|
> We need to evaluate RHS at order N to obtain LHS at order n+1

» Collisional transport: ordering also assumes no rapid variation,
time derivatives are ordered small (higher order term at the RHS)

> If we drop this assumption, the same equations can lead to

unstable conditions — micro-instabilities and turbulence (later)
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1st and 2" order perpendicular flows W

=(mQ) " AX[V P~ F - enk +m(d/01) n]

D|amagnet|c and ExB flows
> 15t order (nul) =(m) "X (VD +envd)

These flows remain on the magnetic flux surface (no radial component)

Classical Transport
> 2" order (7 uL)z = ~(mQ)” ln XF +
Neoclassical Transport

s(mQ)" X[V (P=1p)— eWmE +7V P)]

E[ + Q?ZE” ~ e —VFP“ — (PH - P_;_)i% . E?*B/B
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Classical transport: a simple example W

Classical Transport nﬁc = - (mQ )"' 1775’)( f
> We have to compute the friction force F = dei?mif' C(f)

> We observe that 15t order electron and ion perp flows are in

opposite directions (note also that they are perp to B but remain
on the flux surface)

» Friction force can be computed by shifted Maxwellian which has
those first order flows (should also include other corrections to
describe first order energy flow: this is obtained consistently
from a kinetic approach) - )

a

—

Ezb = manavab (ub —Uu
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Classical transport: the particle flux W

Classical Transport nﬁ-c = - (mQ)" 1775’)( f

> Where F_;b =manavab(ﬁb _ﬁa)
> And: (HGL)IE(MQ)“I?AZX(€§+€7_56$)
- m V V
nii,=—o Sy | Lt - Fa

c 2
e B“b=a \en, en

» Classical transport produced by perpendicular friction of
diamagnetic flows
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General expression of classical transport, w
impurity pinch and temperature screening

> So far, we have computed classical transport considering only fricition of 15t
order (in 6) perpendicular (diamagnetic) flows (1%t odd fluid moment)

» Higher odd fluid moments are also - __. - —
present, e.g. the diamagnetic heat flux QJ-l (5/2) (mg) VT

> 1storder (in d) distribution function is not just a shifted Maxwellian but also has
corrections which produce these higher fluid moments (can be heuristically
derived by Taylor expanding the Maxwellian on a gyroradius with both density

and temperature radial gradients) VST 2y
f f[‘)[udza : -

Vo2 e B

> Perpendicular friction force is modified by the explicit appearance of
temperature gradients (“thermal force”) and so is the radial particle flux

My 1 _ & [ Mar
2m, e \ 2m,

Vr

Vn, VT

n, T

—~a ab ab e
Iy = —WabE De +n EDCL
oy

ab _ Pa
DCE = 7Vab

€,
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General expression of classical transport, W
impurity pinch and temperature screening
> So far, we have computed classical transport considering only fricition of 15t
order (in 6) perpendicular (diamagnetic) flows (1%t odd fluid moment)

» Higher odd fluid moments are also _ ___ 5 -
present, e.g. the diamagnetic heat flux q.,=(5/2)(mQ) ' puXVT

> 1storder (in d) distribution function is not just a shifted Maxwellian but also has
corrections which produce these higher fluid moments (can be heuristically
derived by Taylor expanding the Maxwellian on a gyroradius with both density

and temperature radial gradients) VST 2y
f f[‘)[udza : -

Vo2 e B

» For heavy impurities: convection proportional to impurity charge, inward (pinch)
due to negative (centrally peaked) density, outward due to temperature gradients

2 .

- Vv Vn 1 VT Temperature screening, outward
FgL P2V |_ Vn, +n,/ | S — with centrally peaked profiles
2 n, || 2 T

Vr
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Divergence of first order flows w

» Perpendicular first order flows from the perpendicular component momentum

balance eauation
~(1) ExB Vp x B oD Vszé op waé VyxB
= - - = - - =w (1/}) Bz

u->- = =
~ B*  enB’ dy B’ oy en B>

( ) od 1 dp, » Electrostic potential and pressure are constant
¥)=- Y B en oY on magnetic flux surfaces a lowest order (psi is
ad the poloidal flux, radial coordinate)

1

Vil = Voo, wa§+wa(w)v-( )-wa§+MV-(wa§)

B B B’
2 ‘ 0
- 20,(p) ;Yo xB /
0. VB V-(VyxB)=B-(VxVy)-Vy-(VxB)=0
’ B — —




Divergence of first order flows W

> Perpemdicular flows are not divergence free Ine/0t <0 On;/dt >0
» The continuity equation then implies:

on - .
"=V (it} )= -,V il
. .,. ,
~ -, VB
Veul) =-2ul" - —
B
ana — 2” ﬁ(l) E
ot B

> Densities of ions and electrons pile up on the top |
and the bottom of the flux surface One/0t >0 Oni/0t <O

> In the particle picture this is found from the curvature and grad B drifts

> We realize therefore that first order flows must be divergence free, that is
parallel flows must develop in order to ensure that the divergence of the total
first order flows be zero

83



Coupling of parallel and perpendicular W

‘dynamics

> lons and electrons piling up on the top and the bottom respectively leads to
charge separation and the development of an electric field along the field lines

P i,
» Acurrent is driven which prevents @
H R
further charge separation E
p

» Parallel electron and ion flows build Ep/B
up to ensure the cancel the up-down
asymmetry, and ensure that the
total first order flow is divergence
free (these are often called return

flows) ” Ep

> The residual small charge separation leads to a perpendicular ExB drift in the
radial direction (2" order neoclassical radial flux)
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Coupling of parallel and perpendicular

>

So far we have considered ion and electron
densities only

However a similar derivation can be
considered also for the perpendicular
diamagnetic heat flows and the energy
balance equation

These would cause to up-down asymmetric
temperature perturbations, which are balanced
by parallel heat flows

At the 2" order these lead to radial (neoclassical)
energy fluxes

8T3/at >0
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Pfirsh-Schliter flow

. . : 0.5
> Pfirsch-Schliiter para_llel veloclty_ x ; Voo
B 1 9 1 B |. E
u“(i!) _ Pa RB|—-+—¢ £.05 Vo ]
R LR
i | o 1
= Vdia K Bpo

<z,7|{})z§> -0

» Total first order flow obtained by
adding perpendicular (diamagnetic

and FYR) and narallal (ratirn)
GAIEWA h’\—, AW r“l“llvl ‘l weWil ll,

Pfirsch-Schuter flows

u" =wRe + KB

—_

v, v
tor "dia.max
h o o o
[ [ T
S =~
i o] S
| \

k Btlor ]

/2 T 3n/2 27
pol. angle

=
o
|

o

> Not fully determined,at this stage, since a divergence free velocity u B/<Bz>
can be added (this is connected with the banana-plateau transport)
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Collisional (Pfirsch-Schluter) regime

>

>

Collision frequency much larger the inverse orbit time,
guiding center (g.c.) motion predominantly stochastic

Parallel transport characterized by random walk
process in parallel direction

Radial drift (ion, V|| > 0) inward in upper half,
outward in lower half (positive charge)

If Tis time to diffuse along field line half way around, |
then g.c. reverses radial drift every interval T : D =v 2D'T

Parallel random walk is characterized by step size Uth /V

Then half way around the axis takes 2R2 (Uth /V )’T

With © , = p vy, /R we obtain DPS -'-'quzl«’c :quc
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Collisionless regimeS' particle trapped in

1oudl D IIII I iMd \IIU dAIbYIIIIIIUlIy, blUIIdldlUl

T’

>

Same argument applied to particles trapped in local minima of the magnetic
fiield ( local variation of the magnetic field is b )

Random walk : step size is ¥ D/VA

Effective collision for particle detrapping is Vy= (B /b)vc

Considering that only a fraction (b/B)1/2 of particles is involved, we obtain

D, = (b/B)l/sz(vD/VA)z = (b/B)a/z'U%/Vc

This is the so-called 1/v regime typical of stellarators

Magnetic field geometry of stellarators has to be optimized to reduce as much as
possible this neoclassical transport component

More in Stellarator Lectures on Thursday
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Intermediate collisionality (plateau) regime W

» Undisturbed banana motion removed by collisions, BUT collisionless motion of
particles with not too small U y; still present

> Particles with parallel velocity U < ¥ ;, can remain on this class of orbits
with low parallel velocity if the collision trequency is not higher than

v(v,) =(vy,/V,)V,

> However, if their parallel velocity is too low, V(’U )> (¥ "/QR they
cannot close one poloidal turn, and their radial drift is not compensated

> Thereby, particles with U, < V., where ’UO/QR = vc(vth/vo)z ,
are fast enough that their motion 1s (almost) undisturbed, but too slow to close

an entire poloidal turn
> Their uncompensated radial step size is D /V (Uﬂ)

= (0o, / VW (WINVp/V@,)]2 =03/ wy
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