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Discussed last times...

Energy of EMF in the medium:
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Anti-Hermitian part of ¢;;(w, k) > energy dissipation
Plane wave In the isotropic medium:
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Inhomogeneous plasma/wave:
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° nonmonochromatic waves = ~
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Initial and boundary problems

~ Kramers-Kronig relations for ¢;;(w, k)



Simplest Pla

sma Models: the Model of Independent Particles

L4 =»Single particle approach = “mean” particle model * isotropic
! i
dﬁa Cq ;= R = * “independent” particles
dr = . (E + [va X B]) « no thermal motion
22  nonrelativistic case
e E(E + [ve X B]) — Voo Up— Vpi (U, — ;)
dl})l e - o — - - N
0 = 31 E + [Fe X B]) —vio %= vie - (5 — %)

v, — particle velocity, particle type a = e,i,0
vqp — effective collision frequency a f particles
mve; = Mvj,

NB: The model is also valid for the solid state plasma
Ve = Vo + Vei~ 1/7,
Vi = Vig + Vie~ 1/Thote



Simplest Plasma Models: the Model of Independent Particles

+Maxwell Equations:

VE = eaNa
f0 4 +Equation of continuity
VB =
, 0B ONg =
[VXE]f_E 3 + V(NgVy) =0
. 10E 1 N t
[V x B] t—=— ) ealNaVa

c? dt  c?g,
a

main task = to find:
ji(a), I_{>) = O'ij((l), I_(;)E]((l), I_(;)

= l =
el-j(a), k) — 6ij + SO—a)O'ij(a), k)




Simplest Plasma Models: the Model of Independent Particles

Linear approximation:

1. Fields and currents are small enough

2. No external sources

3. Weakly ionized (rear) non-relativistic plasma
Ve = Veg » Vei
Vi = Vo > Vie

- e = 4
—lwV, = E(E + [ ]) — Veo Ve = Vei
—l.(l)ﬁi = _%(E’ + e _)]) — Vio ﬁi_ Vie :
R
N le E
Vp = :
maw + 1y,
-
N le E
V; =




Simplest Plasma Models: the Model of Independent Particles

. =
N ie E
Vp = — ,
mw + 1V,
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J arara “CTmy,w + v, mg(w + ivy)
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. z ie,’N,
oij(w k) = 8;j0 o= Mg (w + ivy)
a
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- z ieq” Ny
oij(w k) = 8ijo o= Mg (w + ivy)
a

eu(w k) Oijj + —— e O'U(a) k)

2
e--(w I:t)) = §;;€ e=1 —Z Ypa i
AT H w(w +ivy)
a

eq’Nyg
= - plasma (Langmuir) frequency of particle of type a
EoMgy




Simplest Plasma Models: the Model of Independent Particles

High frequency transverse EM waves in plasma: w > v,

2 2 2
o Wpe Wpi Wpe Ve
el =1- . — : ~1-— > 1—i—
w(w+iv,) w(w+ivy) ) w
w? ©
L2 — C_zgtr(w, k)=0 fw, |6/Ve
4 - propagation
w-w+id 35 | ---LV - o8
3 - damping
w? = a)pez + k?c? 2.5 o
2 i
§ — Ve Wpe ? 04
= — 15 -
2 Wy + k?c?
1 - 0.2
05 -
0o ~~ . . . 0




Simplest Plasma Models: the Model of Independent Particles

Low frequency case w < v,

—— — — = 1+
w(w+iv,) ow(w+iv;) VoW

el =1-

- [ -
Eij((l),k) =5ij+80—waij(w,k) ;
> e=14+—0
N R EgW
aij(a), k) = 5ij0- eij(a), k) = 5ijg

g = = const(w)
Ve mv,

wo 141 |wo
2 2
€oC V2 |&cC

—> Normal skin-effect!




Simplest Plasma Models: the Model of Independent Particles

High frequency longitudinal waves in plasma: w > v,

: Wpe” Wp;” Wpe” Ve
gl=1— — —~1-——(1-i-2)
w(w+iv,) w(w+ivy) w w
ew,k)=0

w - w+id
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Model of Independent Particles

“++H:

- simple and straightforward

- several phenomena could be described (Langmuir || waves, transverse
EM waves, including damping)

7 ”,

- static limit for || plasma oscillations (w - 0 = ¢ - o0; & = 0?7)

- Non-dissipative skin-effect ~c/w,) + anomalous skin-effect (A5, ~w~/3))

- Can not explain low frequency longitudinal waves with linear dispersion
(experimentally observed)

NS

Kinetic equation with self-consistent field




Kinetic approach to plasma

» particle distribution function for N particles:

fN(t; 7"_1: T_Z)' ) 7"1\;, plr pZIJ :m)

» for noninteracting particles (collisionless plasma)
—_— —> > > > —_— N —_— —
fN(t' 1,72, ., TN, P1, P2, ""pN) — 1li=1 f(t' Ti, pl)

» probability that the particle is within the volume dr dp
around the point 7, p of the phase space at the t time
moment:

f(t,7,p)drdp

» normalization = NoP:
[f@t,7P)didp=N
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Kinetic equation for f(t, 7, p;)

U _p, o F=eF +[5xB|)

F(ty) =75, D(te) = Do

dro - dpg = dr - dp, f(to,70,P0) = f(&,7(0), P(1))

» Assuming the invariance of the particle number (no ionization, no
recombination, no collisions) a full particle number in the phase space
volume is constant:

f(&,7(6), p(t)) dr dp = f (to, 70, Do) dTg dpy = const

» According to the Liouville’s theorem the phase space volume is preserved:
drg-dp, =1- dr-dp

=>the particle distribution function along the phase trajectory is
constant:

f(t,7(t),p(t)) = const
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Kinetic equation for f(t, 7, p;)

df &7 (®),pt)) _ of |, of dr(¥) , of dp(t) _
dt _at+af~ dt +aﬁ dt =0
Combining with (1.5)

» Vlasov equation:

4

VEoko

€0=8.

Ho =

L+vLte(E+[pxB])ZL=0

+Maxwell equations for the electromagnetic fields:
vE=L2, vE=0, [vxE]=-2, [7xB]=uj+3Z,

£ ot c? at
charge and current densities are calculated as

p(t,) =e[ft,7,p)dp, J=e[Vf(t,7,p)dp
particle density n(t, 7):

J @, 7,P)dp = n(t, ),

[n(t,Hd7F =N

NB: only variables ¢,7,p in (1.12) are independent v = ¢

1 - 299792458

As

854 -1071%2 —
Vm
AT - 10—72
Am

N

p

/m2c2+p2
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Dielectric permittivity from the kinetic model

» Collisionless homogeneous isotropic plasma

» Particles in plasma in thermal motion = Particle distribution function (PDF)

— — Ng . Pa’ . . .
>Maxwell fon = fya = G kT2 exp( ZmakTa) for sufficiently high T
2 /
. . . . 3/2 ] 2 2\2/342,, 2/3
- Fermi distribution function fy,= fr, = pa(zz’m) if € = T = (m )tha”“ > kT,
/Zma_gFa
exp KT +1

» Perturbed PDF;
fa(ﬁr T, t) = an(p) + 5fa(ﬁ: T, t)

» Assumptions - perturbations (including induced fields are small)
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Dielectric permittivity from the kinetic model

Ofa | > 5fa

» Vlasov equation L4 Bt e (E + [B % B] =0
B1.9%a_A .
Je=0 )

0 fa 3 —>a5fa te Eaan 0
at op
» Linearity = 8£,(t,7) « 8fy(w, k)e @+ =
— d
8fa(w, k) =

wkv
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Dielectric permittivity from the kinetic model

—>_6an

- eqE—2
» PDF perturbation: 8f,(w, k) = —i——==¢

7T
w—kv

» Induced current density:

F= e | $elti D = ) eq [ 5 8fele BB
a a

» For Fourier components:
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Dielectric permittivity from the kinetic model

fo
Vi ( ap1a>

» Conductivity tensor:  a;j(w, k) = —i Y, e,? [ ~———dp
» Dielectric permittivity tensor:
eu(w k) 51]"’ " al](a) k)

sij(w, E) = 611 + z
a

e >

EgW

jv

w — kv

| (aaf0a>

l
Dj .
—=—dp
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Dielectric permittivity from the kinetic model

» Dielectric permittivity tensor:

» ? Singularity at w = k% - Landau prescription

» M:
_ 1 V.P.
lim — = — imd(x)
Ta) v-0X + 1V X
— \ I —
. df V.P. , -
eii(w, k) = 6, +z Jd <a;7> L)—Eﬁ_ i (w — kD)
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Dielectric permittivity from the kinetic model

Ofoa\| V.P. _ -
el](a)k) 511"'2 j (;;?j)[w_zﬁ—mﬂw—kv)]

Herfn?tian /X

0.4 - an
0.35 -
0.3 - ] ..
Anti-Hermitian
0.25 -
0.2 - —_—
0.15 - w=kv=>
01 - Cherenkov wave
0.05 absorption by
0 - | . plasma particles
0 1 2 ~V
Even w/o
collisions!




Dielectric permittivity from the kinetic model

0foa P >
eu(wk) 6U+zgwj ( )[ 7o — ind(w — kv)

Homogeneous isotropic (nonrelativistic) plasma:

é kiky\ e kil
Eij((,l),k)= 51] k2 ((1) k)+ 1c2 ((1) k)

- _\2

2 -
l — €a f - (kv aan
e (w, k) 1+Za:eoa)k2 dpw 7= \9e,

2 eq’ [k x 3] (9f,

tr ’ =1 a ] - — a

¢ (w k) T 280(1)](2 dp w — k’l}) aga
a
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Dielectric permittivity from the kinetic model

Homogeneous isotropic plasma:

, (2
el(w,k)=1+z Ca Jdﬁ (kv)_) <af0a)

an)kz w — kT_J) ag“
tr k)—1+z o Jd%[l_éxf}]z Ioa
€ W, k)= 2eqwk? P w— ki \0&
a
Ng Eq
« Maxwell fo,(Eq) = fya = (2mmgkTy)3/? exp (_ k_Ta)

2
. T L7
« Fermi distribution function f,,(Ey) = frg = (ﬁafi);{z ::
exp(—“)+1

KT
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Summary

» Simplest Plasma Models: the Model of Independent Particles:
> Including collisions

o Spectra for waves in plasma + damping constants for high and low
frequency cases (normal skin-effect)

> Difficulties of the model

» Kinetic approach to plasma:
> Vlasov equation
> Dielectric permittivity from the kinetic model
o Landau prescription
o Cherenkov wave absorption

> Longitudinal and transverse dielectric permittivity for the homogeneous
isotropic plasma

» Next: Dielectric permittivity:

» Classical (Maxwell) and degenerate (Fermi)
plasma

» Spectra of plasma wave derived from kinetic
model

» Particle collisions

23



