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The views and opinions expressed herein do not
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@® What is ZzAdoua? The (A) world of plasmas.
@ Overview: what makes a plasma a plasma?

® How to tame plasmas for fusion: motion in magnetic fields

Francis F. Chen

: Introduction to Plasma Physics and Controlled Fusion
Introduction to

Plasma Physics by Francis F. Chen

and Controlled _ N
Fusion Springer (3" edition, 2016)

Third Edition
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@® What is ZzAdoua? The (A) world of plasmas.
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... In many cases non-equilibrium systems

leV =e/kp K = 11.600 K




@ Overview: what makes a plasma a plasma?
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@ Overview: what makes a plasma a plasma?
@ limits: relativity, quantum effects, ionization ...
@ time scales - plasma frequency
® lengths - Debye shielding

@ Coulomb collisions and transport quantities
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Plasma map W

relativistic plasmas
ideal plasmas:

inertial

ﬁ ER fusion

< 3/2kpT = moec

[<B) I sun

— Ideal plasmas (core) kg T >> Fermi energy

I:nz inter- corona e 12 (372n)2/3

© planetary dwarts 2me = 3/2kpT

linhtnina
0 discharges T kg1 >> electrost. potential

inter-
stellar & e pl/3 — kT

e-gas in lmeo

metals tought in this course!
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displacement of charges
= electric field

= repelling force

= oscillation W

E = O __ene Ax

€0 €0

figures:
Az = 1 mm

= F~18x10°Vm™!

quasi-neutrality
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ions at rest, small perturbation: n o2 1/2
+ equation of motion “p (Eome)

M %‘;1 = —el;

+ continuity equation

I+ ne P =0 fr(Hz) ~ 9\/n(m—
-|— Polsson s equation

€0 55{5;1 — —€nj

+ harmonic Ansatz (w k): P
TR WU = 2222; Y1 Ne = 1g>< 102-O m >
e v; (T') cancels out, n. not! = f, ~ 90 GHz

e Jw/0k = 0: Langmuir oscillation
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Plasma freque

wave propagation and reflection
dispersion w = w(k)
include thermal motion of electrons

3

| dispersion_B=0T"]

*K/eop

in metals, e.g. nY9 ~ 6 x 102 m—3

Aprop < 135 nm, i.e. reflection above
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Reflectometry:
Density profiles: radar-like (time-of-flight) detection of cut-off layer

6 #33563

Sf {, 71
Eall — 3
z ~ ann N I
g 3| VWV v Thomson data
> for comparison
&) 2 1 -
S i —

1 —_— —

O 1
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radius / cm
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D _by__ shieldina

perturbation in a plasma
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Gedankenexperiment N
v) ~ exp( — 37y :
1. f(0) ~ expf =43 repelling
Wy ~ /N
charging /
9 | Uth ™~ \/T
. 1
; : : Ad xZr
potential redistribution

= shielding
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shielding: \

_ (sok:BTe)l/?
heavy ions (M /m,. = 0c0):

o n e?

+ Maxwellian:

f(v) ~ exp (— 1/2?;;:9@) Ag(m) 7430\/ T (V)

— Boltzmann distribution

@ -
Me = Moo €XP | g figures:
20 —3
in Poisson’s equation ne =1 X 10°" m
2 —_—
€0 fiﬁ = —e(n; — ng) Te = 10keV
gives Debye-Huckel potential = Ag = 75 pm
O = ‘I)(] E’Xp( |z |) \
> sheathdpvelops ‘ eV = o/kp K ~ 11.000K
o - e-T(eV)=(kgT)(J)
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TrLEe
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Langmuir probe
current-voltage characteristics:
— electron density n.

— electron temperature T,

in 'cold’ plasmas

200
Probe Voltage (V)
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Outlook: turbulence in magnetized plasmas W

Turbulence affects  transport, stability, ...
the efficiency of a power plant

Turbulence is topical, basic science

Turbulence affected by e« external magnetic fieldsVerscherung
* internal elektric fields
* plasma boundaries

Example: propagation of turbulent structures
lifetime about 10 ps

poloidal correlation length 1-5cm
poloidale velocity O(lOO) O(lOOO) m/s

Poloidal direction

time = 500 us
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Plasma in a nutshell W

Plasmas are quasi-neutral many-particle systems.

Collective effects of charged particles are
conveyed by electromagnetic fields.

Criteria:

1. << L,n/Nn,T/VT,...
2. Ng>>>1(Ng=47/3n)\3) (e =kT/Epo > 1)

3. WPlasma Tcollisions = 1
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3. WPlasma Tecollisions = 1

lonization _ 1z — . YZr1 o,
3-body recombination e +4 — e +4 te
collisional excitation — Z — Z\x

At A4T
coll. de-excitation ¢ — + )
photo ionization hy & ATZ — A1y
radiative recombination v — ( )" +e
absorption o hy + A2 — (AZH)*
spontaneous emission —
absorption _ i — Z4 N
Bremsstrahlung w+e +4 — AT+ (e)
Coulomb collisions e~ + AT? = (AZF) 4+ (e7)
fusion e.g. D+T = n+ a4+ 17.6 MeV

IPP Summer University - Greifswald, 19/09/16 Dinklage: Basic Plasma Physics (20/47)



Coulomb collisions e~ + At? = (A7) + (e7) 104 - Coulomb
T Cross
:
fusion e.g. D+T = n+a-+ 17.6 MeV 108 - SEC on
102 1 \
Effect of collisions? Reaction rate. ot
single collision - cross section: ¢ (m) e .
ensemble - rate coefficient : (o v) (m°s™") & 1
S oo
R = (ov)  Xn 0
v 1037
rate coefficient
. 7/
. s 104 :
reaction rate(reactions per second) 1 10 100 1000

Deuteron Energy (keV)
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Coulomb collisions W

Cross section
o = b
(the area the colliding

particle sees)

Coulomb cross section
(pedestrian’s approach)
Epot = Egin

1 1 _ 1 2 _ 3
Tnec 5 o MU = skl

etZ? 1
Q[ 2 .2 2
367r€0 ’["B T

OCB —

. .the hotter, the less collisions!
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<O'O’B ’U> ~ T_3/2
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Coulomb collisions lrnntd \ W

Coulomb cross section

(scattering theory)

+ integrate over all b (resp. x)
but Coulomb: 1/7 singularity

+ plasma: shielding — bpmaxr &~ Ag
thermal mOtiOH = = bfrryf_ﬂ, ~ AdeBrog.

(I)Coulomb ~ 1/T

P Debye—Hueckel ~ 1/7 - €xp (— ;f;n) <O-OB U) M T_3/2 X IH(A)

In(A) =~ 15...20 for fusion plasmas

Ay r small angle collisions are most effective
(x 100 for fusion plasmas)!
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oulomb collis

G

mean free path A = -1

collision time T = 2

Uth

~ ~ [Me . . m
Tee ~ Tej ~ ey Tii ~ E?Tfie

T=10keV, n=1x 10*m~
collision T ACB
- —TT%  02ms 9km

e —e 0.3ms 12 km

DT — Dt 18 ms 18 km

Tt —T%t 23ms 22 km
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Coulomb collisions lrnntd \ W

resistivity

E=mnj

~ € ]-
?7 ~/ 2
Ne< Teq

n(Qm) ~ 5.2 x 107°Z InA (T'(eV))~3/2

figures:
n(T = 1.3keV) =~ 18 nQ2m = Ncopper

n(T = 10keV) = 0.8 nQm = 1/20 X Ncopper

hot plasmas have a very low ohmic resistance!
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® How to tame plasmas for fusion?
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Taming plasmas IPp

gravitational confinement

& electromagnetic forces

F=md = q(B+5xB)
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force plasma particles on toroidal orbits
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® How to tame plasmas for fusion on earth?

Motion in electro-magnetic fields

ideal plasma (Ng; >>> 1) vs. single particle motion?

Ao >>> L7177
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A ® 4
F& Z.TF

faz
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E=0, B=const W
e Lorentz force:
— o @, o = —
F=m% =quXx B 2
' 1 q
Vo, y = — (E) Uz, y
v, = const

e cyclotron frequency

__gB
We = "y

e Larmor radius

_ v _ muy
'L = w.  qB
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e | orentz force:

F:m%:qﬁxB

helical trajectory along B
figures:
e cyclotron frequency for B = 2.5t

fee= wce/(Q’IT) ~ 70 GHz — heating
ion

B fep = wep /(27) &= 20 MHz

e Larmor radius for 7' = 10 keV

}<<L<<,\CB

rre ~= 95 um

rrp ~ 6 mm
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e | orentz force:

F=md =qixB

= Bng ion
F& sz

\'J
’/33
Yy

Invariants:

e kinetic energy:

AW _ 1 d=2 o di
g M ppv- =muv- g
7 (mB)
AW
7 =V

e IV is a constant of motion (B = const)

e Lorentz forces guide, but do not work!

—

e in other words: I}, pins particles to 3

e inhomogeneous fields?
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Classical
rediction
p What was Silver atoms
actually observed /
/A ;
‘\ Furnace

Inhomogeneous
magnetic field

ﬁ — —/JJVHB

Stern-Gerlach experiment

gyro motion

magnetic moment u
uw=1IA

— EW¢
27

lmvi
2 B

2 __
Try =
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What's going on with u?

mu| = —pd, B

oo d 1 2y _ ds
muy vy = g2 ( ?’ntl) ,u,ngd

| energy conservation % (%ma + MB)

UTB
— p + dt (nB) =0

dp/dt =0

Bmaa:'

i is an adiabatic invariant

i.e. invariant for 'slow’ (1/w.) proc.

Bmz’n
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charged particles from solar wind are reflected

perlod IC motion, slow cha nges in regions of stronger field strength and produce
the polar light when exciting the atoms in the
jg p dq = const atmosphere
P, q

generalized momentum, coordinate

—> access to complex mechanics

applications in plasma theory:

e 15% inv. u: gyro-center motion

§ Bahn eines gefangenen
Teilchens
N
Magnetfeldlinie §>

e 20d iny. J: bounce motion —
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periodic motion, slow changes

39 pdg = const

b, q:

generalized momentum, coordinate

—> access to complex mechanics

applications in plasma theory

LIRS L

T=2 Stellarator

e 15% inv. u: gyro-center motion

e 20d iny. J: bounce motion —

Helical mirror Magnetic surface
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F =

0,

B # const — App. W

Magnetic mirror

Bmax'

Bmin

Vio
collisions

loss cone loss cone

phase space
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V0

Confinement in magnetic mirrors?

p# = const : %fm,-vi min?n/g’”ﬂﬁ’in = %ﬂlt!iT"ﬁL/Brefl_

W — const : ’U2 == ’U2 2

dr "L min !UH min

pitch angle: sin(f) = -+
sin? (eﬂréiiﬂaﬁ) — Bmin/ Briax
= plasma lost at high v /v,

No - how to avoid end losses?
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Qv _rggming losses at the ends W

torus and toroidal geometry

poloidal cross section ('cuts the pole’)

toroidal angle ¢
poloidal angle 6
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poloidal cross section

O
¢

toroidal angle ¢ Vb
poloidal angle 6

A

[
|

radius R I
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98 arit -

force — guiding centre drift

here: F = —uVEB

VBxB
B2

— 1
UVBizztﬁvlTL
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VB drift in toroids w

poloidal cross section

V B-drift polarizes the plasma toroid.
= E=E&¢,
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— 1 FxB
muv | } - =
4
E force depends on ¢
— _ F=qb

-  ExB
v xB = B?
— radial E x B-drift in toroids
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Compensating drifts in toroids: W
rotational transform

compensation for drifts: twist of B
é = §¢ -+ g@

toroidal current — tokamak

l

external coils — stellarator
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Compensating drifts in toroids:

Y P -y Y TS S
rowduoindi udnsiorm

>

#

© M. Otte
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A plasmais ...

e made of charged particles

e quasi-neutral many particles system
e roughly characterized by

— plasma frequency w, ~ /n

— Debye length Ay ~ /T'/n
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A fusion plasma ...
e must be hot (T ~ 15keV)
e undergoes very rarely collisions

e can be confined by magnetic fields

Single-particle motion in magnetic fields:
e gyro-motion and (adiabatic) invariants
e drifts

e motion in toroidal fields
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