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How to describe a plasma?




Plasmas as Fluids

- Ideal MHD

- Single-fluid model

- Ideal:

Perfect conductor with zero resistivity

- MHD:

Magnetohydrodynamic (magnetic fluid dynamic)

- Assumptions:

Low-frequency, long-wavelength
collision-dominated plasma

- Applications:

Equilibrium and stability in fusion plasmas




What is plasma equilibrium?




EQUILIBRIUM

Equilibrium? Yes! Forces are balanced
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Equilibrium in the sun

We need a fusion device which confines the plasma particles to
some region for a sufficient time period by making equilibrium.



« Basic Equations

- MHD equilibrium equations:
time-independent with v = 0 (static)

Vp:jxé
VXB=p,J
V-B=0

— Force balance

— Ampere's law

— Closed magn
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Magnetic and Kinetic Pressure

 Plasma Equilibrium

Vp=JXB | — Force balance Kinetic pressure
p balanced by JxB (Lorentz) force

VxB :ﬂoj — Ampere's law

V-B=0 — Closed magnetic field lines

induced by the pressure gradient:
causing a decrease in B — diamagnetism

VB “ Diamagnetic c#urrent
e _VpxB

‘_;DV =
vp P ngB’
- ~ ~ BxXVp
J = ngvp; *n4vp. = B

- If B is applied, plasma equilibrium can bg bgilt by itself due to
induction of diamagnetic current. Vp=JXxB

B-Vp=0 J-Vp=0

p = const,




 Plasma Equilibrium

Vp=JXB | — Force balance Kinetic pressure
p balanced by JxB (Lorentz) force

VxB :ﬂoj — Ampere's law

V-B=0 — Closed magnetic field lines

Vp=(VXB)XB/ u,
=[(B-V)B—=V(B*I2)1/ 1,

2 R VAR
V(p+B/2y) = (B-V)BI 1y B B B

Assuming the field lines are straight and parallel V 2 2u,

B? Total sum of kinetic pressure
p +——=constant and magnetic field energy density
2,U0 (magnetic pressure) will be a constant



Magnetic and Kinetic Pressure

« Concept of Beta

plasma
pressure

D (n, +n,)kT
ﬁ: 2 = 2
B /2u, B"/2u,

magnetic
Pressure

- The ratio of the plasma pressure (balloon tension)

to the magnetic field pressure

- A measure of the degree to which —
the magnetic field is holding a
non-uniform plasma in equilibrium.

- In most magnetic configurations,
fusion plasma confinement requires an
imposed magnetic pressure significantly
exceeding the particle kinetic pressure.




What is plasma stability?




Equilibrium? Yes! Forces are balanced
Stable? No!
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Equilibrium and Stability
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Equilibrium?  Yes! Forces are balanced

Stable? No! The system cannot recover.

We need a fusion device which confines the plasma particles to
some region for a sufficient time period in a stable way.




Stability

http://www.amazon.co.uk/11Inch-Latex-Orange-Wedding-Balloons/dp/B004JUQG4Q
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Stability

« Definition of Stability

- A small change (disturbance) of a physical system at some instant
changes the behavior of the system only slightly at all future times t.
- The fact that one can find an equilibrium does not guarantee
that it is stable. Ball on hill analogies:

\WAAURYA

stable linearly unstable metastable  non-linearly unstable

linear: with small perturbation
non-linear: with large perturbation

- Generation of instability is the general way of redistributing energy
which was accumulated in a non-equilibrium state.




« Definition of Stability

\WAAURAYA

stable linearly unstable metastable  non-linearly unstable

- Assuming all quantities of interest linearised about their equilibrium values.
Q(r,t)=Q,(r)+ QI(F,I) small 1st order perturbation Ql /‘QO‘ <<1
0,(F,0) = Q,(Fe = Q,(F)e” ) = 0 (F)e ™™ W= +iw,

Imw > 0 (w; > 0): exponential instability

Imw < 0 (w; = 0): exponential stability



- Gravitational Instability

-0.1

-0.2

-0.3

-0.4

-0.5
o

04

0.3

02

0.1

= 0

-0.1

-0.2

-0.3

-04

0.1 02
X

Rayleigh-Taylor

-05
o

0.1 0.2
X

-0.4

-05
0

0.1 0.2
X

instability

-04

- 05
0

0.1 02
X

9w
Gk |
Q 1

;,,3)

WIKIPEDIA

The Free Encyclopedia

http://user.uni-frankfurt.de/~schmelin/presentations/Rayleigh-Taylornew.html



- Gravitational Instability
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What is plasma transport?




Plasma Transport
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Plasma Transport

« Classical Transport

- Particle transport
random walk: no net flux (zero average)
with gradient: net flux down the gradient (diffusion)

http://functions.wolfram.com/Constants/Pi/visualizations/2/ShowAll.html
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« Classical Transport

- Particle transport
random walk: no net flux (zero average)
with gradient: net flux down the gradient (diffusion)

& onia
o

oy

WIKIPEDIA

e Free Encyclopedia




n(x) n(x+Ax)
« Classical Transport
- Particle transport r,—

Particle flux: [" =ny [#/m’s]

Ax Ax) Ax X X+Ax
r = n(x)_’ r = n(x+ Ax)
2 T 2 T
F=r - =2w-n(+a0] 0ot A =n(x)+Ar 2
2T ax
2
= — (Ax) a_n = — a_n : Fick’s law
2T Ox o0x
(Ax)2 Adolf Eugen Fick
D= 5 . diffusion coefficient (m?2/s) (1829-1901)
T

The heat and momentum fluxes can be estimated in the similar fashion.



Plasma Transport

« Classical Transport

- Heat transport

Heat flux
oT .
q =—K— : Fourier’s law
ox
2
~ n(Ax) ~nD : thermal conductivity
T

Jean-Baptiste
Joseph Fourier
(1768-1830)
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» Classical Transport

- Heat transport =

@i—,@
D) ’

[EX]: JEFIE0| ST B30/07] 4




Plasma Transport n(x) n(x+0x)

« Classical Transport -
- Particle transport in weakly ionised plasmas lr
(Ax) X  X+Ax

D=

2T

®
Estimate transport coefficients: Ax from mean free path /w
o
1

A=, =—
n o

n

e 1 1 : particle approach
nmd’vt nmd’ no

n

I'=Te ™™ =Te '™ : fluid approach
dl'=-on Idx
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Plasma Transport n(x) n(x+0x)

« Classical Transport -
- Particle transport in weakly ionised plasmas : r.
(Ax)2 X X+Ax

D=

2T

Estimate transport coefficients: 7 from collision frequency
with neutrals

Neutral particles
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« Classical Transport
- Particle transport in weakly ionised plasmas

nama(av"‘ +v -Vﬁaj=nqa(ﬁ+§axl§)—Vpa—n my, (v, —7 )

at a a a on n

0=ng,E—kT,Vn, —n,my,,v

a o on o

. nq,E kT,
n,v, = Vn,
mavan mavom

U= \qa\ : Mobility
my,,
kT, A4

D=—2%~yir~= : Diffusion coefficient
mv T



Plasma Transport

« Classical Transport
- Particle transport in weakly ionised plasmas

Ambipolar Diffusion

Faster electrons

. — Charge separation — E-field induction
slower ions

— Electrons decelerated, — Electrons and ions

ions accelerated diffuse together
fi = fe
I'=-DVn
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Plasma Transport

« Classical Transport
- Particle transport in weakly ionised plasmas with

maghnetic field | |
Without magnetic field
T = - n(‘_;E +Vp ) /c
Flazl’lvla=‘_|"uJ_aI’laE—DJ_aVna+1+(V2/a)3) 3\\ “
ﬂ o — 1 .
My = _laB
+ 1 + (()CZ’Z'Z a)C - 7 With magnetic field
D - D kTv 2 v r_L2 r, =
1+’ ma* "V2 T 4B
c j ¢ th
‘ q o ‘ Magnetic field line e
H= m.V
d — - a  on
I'y=ny,=%tun,E—D,Vn, T )
2
D=—%%~v,T~—"
m.y T




« Classical Transport
- Particle transport in fully ionised plasmas with

magnetic field

—

I')=nv, =—D Vn




