Lecture 1 Introduction to Plasma

Key points ~ Composition of plasma
Collective behavior of plasma
Continuous medium
States of matter
Collisional plasma vs. Collisionless plasma
Dielectric medium
Maxwell’s equations
Equations of motion
Fluid equations
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What is Plasma? EIE ( plasma ) 2fTE ?
e BREPURIEHSEEICFUSEEN FIEENRRMEPIT
B —ER " IERERN S PRAEKR TEERE,
o EAERS vs. fIF = L2 vs. fEIA -
o EEREPHINTFHILEMSZE (Collective behavior)
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B RIIREE ( States of Matter ) BZ /D& ?
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Collision vs. Collective behavior :

o ZERHEK W EEFHEHAMIFRILE)SHENRE - HFE—
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http://spaceweathergallery.com/indiv upload.php?upload id=137940




Solar Eclipse image taken by Mark Rosengarten on 08/21/2017




TEEE ( dielectric medium )
o KE—TEMMUEDT  PRILIKZ—RENEE -
e RZEBOLIEE HAEMBERZEBRMEEF - M
PtlE—ETEE -
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o EREHTEMNNAIAEMNR - FILIERZ—1E "85
ZHE L RENTEE -
ZEENNEVESRESLORNERE © (Why? B—18 1)
e BHIEFERIEFEREHMME ZFEREMRB
o A - B oIURMAHEREZESHKNITR - =R
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Source terms (p. & J ) in the Maxwell equations:

e Dielectric medium £ Maxwell equations F - L/
bounded charge density p., and bounded electric

current density /, 218 - RATMEZEI5HAHISH
HFE . W p.,(E) A fb(ﬁ B) BEISAHISHIKE -

o AH¥M bounded p., £ ], - SMIMEBERE p., H5
NMNERRE |, EARESHWSHEZE ( free from
the influences of E field and B field )

e [HIE - Maxwell Equations o] DI AHLL PMtE R ITUERIR ¢
(in SI units)
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V.E = - V-D=p,.
V-B=0 V-B=0
. 9B . 0B
VXE——E i} VXE__E_)
OE L . 9D
VxB = ﬂoUb+]f)+Hofoa VXH:]f"‘E

Il

where D = EOE .E and B = ,uo,u,,

= _pcb(E) +eV-E=V- (EOE_)r ' E)

ol

V -

— — 5> S > a 3 ¢ -
VXB=u,VxH +u0]b(E,B)+,quOa[(1—€r)- E]
=V X (.uoljr 'H)
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Note that a second rank tensor can map one vector to
another vector in different direction and magnitude.

For example, a force F acting on a surface A will

result in a pressure P on the surface. It yields

- - -

F=P-A
where the pressure I:; is a second rank tensor.
Similarly, conductivity G , Telative permittivity ezr , and
relative permeability ,th,, are all second rank tensors

J=6-F
BZEOEZT'E
B = uoti, - H
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Maxwell Equations + Equations of Motion and/or Fluid

Equations = MR EBRERYIENEARNLEH
R AIMNIEREEER - B Maxwell Equations & :
B Pe
V-E = . (1.1)
V-B = (1.2)
R B
VXE = _6_ (1.3)
ot _
0E
VXB=uy ]+ o€ — o (1.4)

where p. = p.;, and ] ]b We can determine p. and f

from M FRIZEBE 2 MEITEREZER 0 ° (see p. 25)
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ERBENURE - ERPEaIBIF (FER e, - BE m,
PEE k BRI+ - ARENEER/N myc? - BEmaEll b
JEHE MRV EE) 73720 Non-relativistic Equations of Motion
dx (t)
= 1.5
- U (£) (1.5)
dv, (t g o

Ull) _ Ca By C 30+ B (OXB@E = 2, 0] (L6)
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Note that if the particle speed is close to the speed of
light, the momentum equation of the charged particle
becomes

d y Lo .
[y"(;)tv" (©)] = ;—a |E + ¥, (t)xB] (1.7)

where
Yie(t) =

/\/1 o [ﬁk(t) ' ﬁk(t)/cz] (1.8)

For convenience, we can define a new variable, 1, (t) =
Vi (£) U, (t), which is called the Minkowski momentum per
unit mass. Equations (1.5), (1.7), & (1.8) can be rewritten
as
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A7 () ()
dt  y(@)

dui (t) _ Ca E:_I_ﬁk(t) «B
dt ma yk(t)

Vi (t) = \/1 + [ux (t) - U (t)/c?]

(1.9)

(1.10)

(1.11)
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Exercise 1.1.
(a) Prove Equation (1.11).
(b) Show that the kinetic energy K.E. of the
relativistic particle can be written as
My, - Uy

K.E.=
]/k+1

(1.12)
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How to obtain the fluid equations ( 2BFEMEH )
o RZ "IEMHEE . NalBRIFESIEER - oJLIEE
Klimontovich equation of the ath species.
(2R Lyu [2014] E_=FRIEE )
e Ensemble average of the Klimontovich equation and

ignoring the collisional effect, it yields the Vlasov
equation of the ath species.

(2R Lyu [2014] E_ENHEE )

0 0 0
(E-I_ 09?+m_a[E(x t) + BxB(%, t)] —)fa(x v, t)

=0

(1.13)
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Taking the zeroth moment of the Vlasov equation
and integrating over the entire velocity space, it
yields the continuity equation of the ath species.
Taking the first moment of the Vlasov equation and
integrating over the entire velocity space, it yields
the momentum equation of the ath species.

Taking the second moment of the Vlasov equation
and integrating over the entire velocity space, it
yields the energy equation of the ath species.

(MHEMELEDN - 2R Lyu [2014] E=FRIEZE )

: Equations of Motion = Klimontovich equation =

Vlasov equation = Fluid equations
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on, (%, 1)
ot
om n, (%, OV, (% t)
ot

47 [mana G OV 0 V(% £) + Py (% t)]

V- [n (% OV, (% )] =0 (1.14)

(1.15)

= e n, (% [E t) + V(% t)XB(%, )]
oL 3
a [E Mmeng (X, t)Va (x: t) T Epa (X, t)]
1 3 R 3
47 Ui Mana(E, OV2(E,0) + > PR, t)] V(%) + B, (% t) (1.16)

TGO + 3. t)} —en, (ROEGD - V(20
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where a =iore
ng,(x,t) is the number density of the ath species,

V(% t) is the average flow velocity of the ath species,

P.(%t) is the thermal pressure tensor of the ath species,
po(x,t) is the scalar pressure of the ath species,

Go(%,t) is the heat flux vector of the ath species,

and we define

1 3
P (X, t) = 2 trace[P,(X,t)] (1.17)
RN - MENHE p,(1,0) EER_MESEHE P70

HERMN=nZ— -
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If we assume that the thermal pressure of the ath
species is isotropic and assume that the change on the
thermal pressure is an adiabatic process, the above fluid
equations can be casted into the following simplified fluid
equations: continuity equation, momentum equation,
adiabatic equation of state (energy equation) of the ath

species. ( 75 Lyu [2014] E=FWIHEEZ )

0 .
[E* V7| ng = —ng? - 7, (1.18)
a — — - — —
NgMg [6_ + V- \7] V,=-Vp, +e,n,(E+ V,xB) (L.19)
Sp 0
[a + 7, - V]pa = —— [at+v V]na (1.20)
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A1) B (1.4) W p, B ] DBIER
pc =em; —n,)
J =emV; —n,V)

A EAF HZET(1.1)~(1.4)E4(1.18)~(1.20) (a =iore ) BEII#E

R oD AR R EFEBE FERERFA PRI IEERKE
e - BEEREEASEXBEBURELK - o/&E 10° MU E -
ERERIL AFSE - FILERYIEF - FEHEEERKAVES
—LERE - KM R KGR FRIES - T SIRFKAVE
BN —LERA1E - FZRITAREBRE T RIEE) - 7TINME ZERVE
B hiE&EM B ERER - EXX L /R BEIE
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