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How to stuay plasmas

* single particle motion
— simple but powerful analysis
— enables to investigate key waves and instabilities in plasma physics

- plasma kinetic equations
— general approach
— can be solved using computer programs

 fluid equations

— plasma waves and instabilities
— Interaction with electromagnetic waves
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Transverse (electromagnetic waves) in plasmas

Initially transverse waves remain transverse for ever

1 °E a)lg  Poisson equation

V(V-E)—- V°E A F—LE =0
( ) c2 o2 2

0
V-E=0=>—V-j=0
ot

clectrostatic (also called longitudinal) plasma

° If V 'j — Othen
waves

e On,/ot = ()
-0V -E/ofr =0

kxE=0

eclectromagnetic (also called transverse) waves
e The latter equalities hold for ever

k-E=0

*No charge separation leading space-charge e |Initially transverse wave remains transverse
effects
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Properties of transverse waves in plasmas

Maxwell’s equations combined with Lorentz force Dispersion relation

Wave equation in a dispersive medium (plasma)

V(Y E) — V2E | E wa—O
c2 Ot c2

Wave equation in a dispersive medium (plasma)

Fourier analysis

k2c? = w? — w2
1% 0 1 2 3 4
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Cutt of frequency

Maxwell’s equations combined with Lorentz force Cut-Off frequency

e Consider that

a)2<a)§;"k262<0

e K IS Imaginary
)
E—->0 :E,
or a
E 7/ co  Energy conservation violation <
u -0.5|
« Damped wave |
i w VoV VoV
Exexp(—ik-r) 25 -20 -15 -10 -5 O 5

kc=\/a)§—a)2
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Phase velocity, group velocity, refractive index

Phase and group velocity Index of refraction

*Phase velocity —
P
, o C >
V¢ — _2 = w2 > C Q)
k 1 :
Wp
.Group velocity | w0
w,
V(g% — 6‘2 | > <C -
0,
e Product between group and phase velocity
2 2 4 6 8 10
VoV = € . [wp]
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Simulation

Transverse electric fields Numerical check - key simulation parameters

E;. Ey, t =200.068 1D geometry
0:00010-  immobile ions
[
2
3 0.00005 -
‘E‘» . electron temperature v, . = 0.05¢ (non-
- B amnnank relativistic!)
T
W _0.00005 -
. box length: 100c/w,
—~0.00010 + T T T T T T
0 20 40 60 80 100

x1 [c/wp)  number of cells: 1000
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Simulation

Dispersion relation

O-Wave dispersion relation

E. E,, t =200.068
I E‘,
0.00010 -
[
Qa
3 0.00005 -
9 N
et N
£ %
- 000000 - E
[
(-
W _5 00005 -
_000010 | L | | | | | | 1 ]
0 20 40 60 80 100
X1 [¢/wp)
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Importance of transverse waves Iin plasmas

Re-entry blackout

Spaceships in the atmospheric reentry ionize the
surrounding air

100 MHz e |n Mars: Mars pathfinder

- o [ ]
- - e Y . - . '_ - L]
. . A B e ~
. LA L ke e s e In Titan: H lygens
------- ~ = e R R T i an e n L n o st m el v et ey W
& ety - -~ A " - e R S L LI P L Y -
. - )',..,-. - ..’\s" Lo DR ‘e o Peoe et :'l Tepn oAt -.:...,. ..-r’.. - . A R R
e T A 2 e S : Drte R TR o e e e e e ® .
JteN ey e am e fole i Foet oo, N L i & oG s S i -‘ T eV s """ 2" o =l ar S a e S e
Nty L S T N P Y TP PO N . s e . gaege e P WA se e ., x
[l - - . PO P P F
TONOSPERE "+ S g l C U
. O - - e, S Ay
sl - ..' - L . .'. .:.. :---.(.-'l.
LTI PUR B = A O 0 2 0
. e -~

Technology MNews Scan December 11,2009 33 Co~mens E~—al & Princ

ey Piercing the Plasma: Ideas to
*" Beat the Communications
Blackout of Reentry

Anlicipalirg novel soacecrall and Mach 10 miss’les, the U.S Air Force

1D

o
Icleds

See Inside

cons ‘dars new ways around an old orovlem

By Ma < 'Wolwe-on

The [rustraling comnmunicalions blackoul
that can occur when a spacecratt reenters
the atmosphere caused zome tenze

moments i the sarlier years oI the space

nge  perhaps most memarably during the
crippled Apolic 13 mission. But the
phenomenon enuld also affecr
comnmumicalions will new airerall and
weapons systems being contemplated now
by the U.S. Air Force, which hopes to find

. HOT STUFF COMING THROUGH:
ways to pierce the blackout. Compuzar medeling by Krishrerdu Sirhz of tha
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lon acoustic plasma waves

Generalities about ion acoustic waves

.Electrons (n,, v, *Electron plasma waves
 Continuity « ) = W),, > W),
o | orentz force * |on motion can be safely ignored
elons (1, v;) *lon acoustic waves
e Continuity * low frequency waves
| orentz force 0 K W,
e lon motion plays a crucial role
«Maxwell (E)
e Poisson * Two approaches
* Assume guasi-neutrality (neglect Poisson)
* 5 coupled differential equations for 5 unknowns » Neglect electron inertia (retain Poisson)
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Fluid equations

Electrons lons

e
+—(nyv,)=0
ot X ( c e>
ov, ov,
meneg + nemeveg = —ek, . —

Definitions for electrons
» velocity along X: v,
e density: n,
e pressure: P,
« Electric field along x: £
* \Wave propagates along x
« Mass: m,

e

0x

on; 0

ot ox
ov; ov; oP,
mn— +nmyv— = ek — —
ot X ox

*Definitions for ions
» velocity along x: v;
e density: n;
e pressure: P;
« Mass: m,

Nicholson, pp. 138-139
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lon acoustic waves - simpler theoretical approach

e Definitions Poisson

o e
—_—= (n-—n
ox €

l

o Elementary charge: e

y

Pressure

oP
ox

l,e

e Definitions

dynamics)

— vKT .
I e ox

on

e,l

e ¥ is a constant (depends on the details of the

« Electron/ion temperature: Te,i

Ansatz - neglect Poisson

* Light electrons follow ions

e electrons are quickly dragged by the ions

* space charge eftects are negligible
e aSSUMEN, X N; = V, X V: =Y
* neglect Poisson’s equation

Nicholson, pp. 138-139
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lon acoustic waves - simpler theoretical approach

ye,i?

Add electron and ion force equations and linearise

(m, + g = — K (5, +7T) 2
m mInN.—— — — ) ——
e ] Odt }/ee }/ll OX
on, ov
_+n0_:O
ot o0x

* lONS:

 electrons:

Sound speed
ok (v T, +7T) & (r.T,+vT;)

CS = ~
m, + m; m;

- Adiabatic - no collisions 1D: y; = 3
- Adiabatic - collisions 3D: y; = 5/3

* Travel many wavelengths in a single period

Vth,e Vth,e

Ny

> k1

10, ke,

1/2
Vth,e _ Te ml > 1
Cy m, }’iTi + }/eTe

- Communicate over many wavelengths

- Isothermal y, = 1

Nicholson, pp. 139-140
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lon acoustic waves - keep Poisson, neglect electrons inertia I

1.5

2 2 2.2
W —a)p+3k Vihe

1.0

w [wp]

0.5

0.0
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lon acoustic waves - keep Poisson, neglect electrons inertia I

1 Y lon sound waves

w?* = kc?

2 _ 2 2.2 —~
w” = w, + 3k Vihe P

P g
-
-
-
-
-
-
-
P
-
-
-
-
-
-
-
-
-
>
>
P 4
P g
-
-
-
-
-
-
P
-
-
-
-
>
/’
-
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lon acoustic waves - keep Poisson, neglect electrons inertia  1If

1 B lon sound waves

w?* = kc?

w? = a)l? + 3kv?

_ th.e _
10— T kip,>1&T;=0
_ _-o7 lon oscillations
o -
) _ Pt
s 0=,
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lon acoustic waves - keep Poisson, neglect electrons inertia  1If

1 LY lon sound waves

w?* = kc?

2 2 2.2
W —a)p+3k Vihe

lon oscillations

a) = a)p’l

-
-
-
-
-
-
-
P
-
-
-
-
-
-
-
-
-
>
>
P 4
P g
-
-
-
-
-
-
P
-
-
-
-
>
-
/,
>

Second term on the right
larger than the first
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