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I Problem of plasma science

Plasma physics is usually not a precise science. It is
rather a web of overlapping points of view, each
modeling a limited range of behavior. Understanding of
plasmas is developed by studying these various points of
view, all the while keeping in mind the linkages between
the points of view.
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I Aim of the lecture

You should learn
* Types of plasma & Plasma components
* Forces in plasma
* Plasma applications and observations
* Plasma approximations

* Examples
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I Types of plasmas

* (I) Classical plasma

+ve 1ons / electrons / -ve 10ons / positrons

* (II) Dusty (complex) plasma

+ve dust / -ve dust / +ve 10ons / electrons / -ve 10ns

* (III) Quantum plasma
Electrons / positrons / holes / +ve 1ons
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I Forces in plasma

* Inertial force * Viscosity

* Electric force * Tunnling force

* Magnetic force * Exchange-correlation force
* Pressure gradient force e Gravitational force

* Collisional force * Thermophoretic force

* Drag force * Radiation pressure force

* Corilis force » Diffusion force

* Ponderomotive force ¢ 15 Forces
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I Types & Forces

* Classical
° Dusty

* Quantum

Inertial force

Electric force

* Magnetic force

Pressure gradient force
Collisional force

Drag force

Corilis force
Ponderomotive force
Viscosity

Tunnling force
Exchange-correlation force
Gravitational force
Thermophoretic force
Radiation pressure force
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I Types & Forces, cont.

What are the criteria to study plasma?
v Understanding each force
v Select a suitable plasma type
v Select a suitable plasma model
What else do you need
v Knowing the physics of the Exp. / Appl. / Obs.
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Plasma applications &
observations

Fusion reactors

Solar corona

Lightning in
volcanic eruptions

Interstellar e,
space A Arc discharge
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Plasma applications &
observations, cont.
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Plasma applications &
observations, cont.

Electron density (m_g}
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I Types & Forces

* Classical

° Dusty

* Quantum

Experiment
OR
Application
OR

Observation

Inertial force

Electric force

Magnetic force

Pressure gradient force
Collisional force

Drag force

Corilis force
Ponderomotive force
Viscosity

Tunnling force
Exchange-correlation force
Gravitational force
Thermophoretic force
Radiation pressure force
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I Again: what are the criteria to study plasma?
v Understanding each force
v Select a suitable plasma type
v Select a suitable plasma model
v Plasma applications and observations
What else do you need

v Learning the plasma approximations
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I Plasma approximations

* All approximations are wrong

* "The plasma approximation' is, in the words of Pauli,
''not even wrong''
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I Plasma approximations

Useful expressions
= What are the scale size in plasma?

= What are the characteristics time scale in plasma?
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I Plasma approximations

Useful expressions

= What are the scale size in plasma?

Electron Debye radius

Electron gyroradius P

Ion gyroradius Pi

Ion sound gyroradius p,

Electron skin depth A,

)\De

T 1/2
B (4?Tnee2)

T. ) 1/2 By
bl wCB

MeC

Ion sound speed Cy = —=.
m;
: c

Ion skin depth A\; = :
Ldpz'
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I Plasma approximations

Useful expressions

= Importance of the scale size in plasma

flectron gyroradius - < T EROTAAE Compare with plasma gy ° Magnetized

Vie Vii system size (L) N
- < Pi = e Unmagnetized
Wee Wei

Pe

T. /2 When the Debye length being larger than the
Electron Debye radius Ape = system implies that quasi-neutrality cannot be

2
dmnee assumed — Sheath
* Skin depth & Debye lenth
Ap < L <1, ° Thermally non-relativistic & Low-temperature ] 2
* Some of the wave physics are not accessible LI S
* To observe it, the wave should have fast time scale Ap kT,
19749
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I Plasma approximations

Useful expressions

= What are the characteristic time scale in plasma?

: —1 —1
Inverse plasma periods w,,, W
2\ 1/2 1/2
B (4’7T7’L0€ ) (47T7L062) /
wpe T Ws —
P
Me m;
W Wt
Inverse gyro periods ce ct
@ Wei = eBg/mic.
(
Inverse collision frequency (collision period) v;_ !, v

20749



I Plasma approximations

Useful expressions

= Importance of characteristic time scale in plasma

w < Wei  Low frequency

Wpi 2> Wei Dense magnetized plasma

|0/0t] < ve; = electron ion collision frequency

1D/ Dt| > wyp,

Wei The ions do not participate in the wave dynamics

Vin >> W the lons are unmagnetized

vV, << We the electrons are magnetized 51149



I Plasma approximations

Importance of study plasma waves
1) Omnipresent in space & laboratory

2) Better understanding of the ionosphere or magnetosphere --->
energy transport.

3)Provide the information on the generation of planetary radio
emissions from magnetospheres

4) Plasma waves transport particles ---> loss of planetary atmosphere
---> accelerate particles to high energies.

5) Diagnostic tool ---> gives information about the local plasma

parameters and plasma properties
22 /49



I Plasma approximations

“HOW?” would a wave be generated in a plasma?

Or “WHY” would a plasma give rise to a wave?

Perturbation

23/49
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Time Scale
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I Plasma approximations

How to study waves
= Dispersion relation ---> small wave amplitude --->
time & wavelength ---> time"' & wavelength'
= Perturbation methods ---> small -but finite- amplitude
= Exact solution ---> finite amplitude

= Numerical solutions

2717149



I Plasma approximations

= Story 1 ---> Airflight accident
= Story 2 ---> Lightning
= Example of approximation
---> Plasma component --->
Electron + Positron + Ion ---> Mass

---> Time scale --->Wave type

28 /49



Plasma Comp.

Time Scale

Wave Type

—
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I Plasma approximations

= Jon acoustic waves

Oy




I Plasma approximations

= Validity of the Plasma Approximation

eoV-E| = 80k2¢1 = e(nj;] — Ne1)

V.E=LX

€0

W (KTeeriKT,-)l/z W (KTe 1 yl-KTl)l/z

M1+k23 M

k
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I Plasma approximations

= Importance of dispersion relation

E. = Ey exp (ikx — iwt)
* >, w B (KTe =+ 'Y,'KTZ') e

’/v ko M
W= Wy + 1w; /
= Aim: study the evolution of wave with time
= Possibilities of real frequency ( + or —) ---> what happen?

= Possibilities of imaginary frequeny (+ or —) ---> what happen?
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I Plasma approximations

= Importance of dispersion relation

Plasma wave

Amplitude

Damp (stabilize)

Growing amplitudes, as a
result of instabilities, which
transfer energy from the

plasma particles to the wave
field.

Q: What happen if the
imaginary frequency equal
zero?

A: Wave has only real
solutions & there 1s neither
temporal ~ damping  nor
instability



I Plasma approximations

= Boltzmann relation for electrons

0V, | 0
mn | a‘; - (v - V)VZ_ = gnk, af
ov, 4 vyKT On E= — V—(‘b—e
ot m~* wm 0z ™m0 97

0¢p yKT, On
gb, = e — =
z n 0z

n —= nOeXp (8¢/KT6) 34 / 49



I Plasma approximations

= Boltzmann relation for electrons

n = nopexp (e¢p/KT,)

What are the losing information/effects due to
the approximation?

> Velocity with time & space
> Mass

> Magnetic field

> Other forces

> What is the final decision ---> Obs. or Exp.

35749



I Plasma approximations

= Boltzmann relation for electrons

n = nopexp (e¢p/KT,)

ne—n—noexp(f{f}) —no(l I?Yb,l | )

Define from the above expression the following:

> Small amplitude limit?
> Small -but finit- amplitude limit?

> Finite amplitude limit?

36/49



I Plasma approximations

= Superthermal electrons

e —k+1/2
n,=n,l| 1 - 3
_ (K o E)kBTe i
1.00005 s
* Excess energetic electrons
0.1000 ¢ A E . g .
L —Maxwell ] * Characterized by a long tail in the
| high energy region
0.0100 3 E
e Earth’s foreshock 3 <k,<6
0.0010F , E .
-/ \ * Solar wind 2<k,<6
0.0001 s :\'_ 371749
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I Plasma approximations

= Nonthermal electrons

4a®? — 40P + 3a + 1
3o+ 1

ne = n, exp(P)

* Excess energetic electrons

* Characterized by a long wings in
the high energy region

* Upper earth 1onosphere

* Freja satellite

—= 38 / 49



I Plasma approximations

= Trapped/Nonisothermal electrons

o . (eo
Ne = N _ea?p (Tfe) G’(

¢(x)

P ax

I_
|

Xmax Xmin

€9
Tfe

)

Tef)i...]

(0) 20 e\ 1(6@
e T e [1+(Tef) 3b(Tef) T2

e Some electrons interact with the
I wave — 1S not free electrons

D * Characterized by free-to-trapped
X electron temperature ratio

* Free electrons =0 — flat-topped

39749
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I Plasma approximations

= Pressure gradient force

Me N

ou,

01

(U - V)ue

Pe = kB Lo Ne

Whic

= —Vpe+ geNe(E+ 1, X B)

(pg+An)(1—Bny)=nyx,T,

N expression of pressure can be used:

> Equation of state of ideal gas OR real gas?

> W]
> Usually in dusty plasma

nat 1s the final decision ---> Obs. or Exp.
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I Plasma approximations

= Cold plasma waves

Approximation: Ignore thermal motion of particles

Me Ne

‘Cold Plasma’

ou,

ot

(U - V)ue

Vp=0 (e.g. T ~0)

= —Vpe+ geNe(E+ 1, X B)

Generally requires wave phase velocity > Vthermal

41749



I Plasma approximations

* Collisional force

> In the absence of collisions, ordinary sound waves would
not occur.

> Kinds of collisions in plasma ---> Ve Ve Vi
> When the collision can be 1ignored?
> Vee > Vej > Vi

> The plasma can be considered collisionless if the electron—
electron collsion frequency 1s much smaller the

characteristic frequency of interest wy,,, > Ve,
| 42749



Plasma approximations

= Homogeneous & Inhomogeneous plasma
(Space approximation)

105
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102
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100
Density (cm)

Density distribution
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Velocity distribution

Magneto-
sheath
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I Plasma approximations

= Homogeneous & Inhomogeneous plasma
(Space approximation)

Terminator

Dayside
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I Plasma approximations

= Homogeneous & Inhomogeneous plasma
(Space approximation)

= Inhomogenity scale length (L)

YL (E)

= Inhomogenity scale length > Larmor radius (weak)
= Inhomogenity scale length < Larmor radius (steep)

= Inhomogenity scale length ---> infinity (homogeneous)
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I Plasma approximations

= Concept of

46 /49



I Plasma approximations

= Concept of

f? B Pa_r’}l‘,‘c’e_ ?r‘e.SSUTL
= M& Dield Q{ESSLU‘C.

h;‘,\___;SdLCP_
S R.L U P

2 \OLJ - -‘Fqu‘d'Y]
R*[ 2 I, 255
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I Plasma approximations

~ Hydromagnetic Waves

; (Alfvén waves) '\&

Shear Modes (B,; = 0)

In case of parallel propagation:

w?® = k2v4

Kinetic Alfvén wave
Requires oblique propagation and
small-but-finite [

(m.m, =<3 < 1)
w? = kZvi(1+ kzp7)

Inertial Alfvén wav
Requires oblique propagation and
ultra-low g: (8. << me/m; << 1)
kZv

2 __
1+ k2N

W

Compressional Modes (B.; # 0)

o’
Compressional Alfvén wave
(finite B,1)

In case of perpendicular propagation:
2 _ 12,2
W = R,U4

Magnetosonic wave
(finite B,; and finite KT)
In case of perpendicular propagation:
w = k(vy + C%H1/2



N Finally .......1111!

Whom want to
model a plasma
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