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While they tends to relax to an equilibrium state through collisions, they often stay at a state far from

the equilibrium. As a result, plasma shows very compicated phenomena. In the lecture, the basics of

plasma physics are explained.

1 #%k4& 7% 75 X< (Various plasmas)
1.1 #k4& %75 X< (Various plasmas)

1.2 IS AXZR/H DT B E (Parameters to characterize a plasma)

IR (temperature) & % (density) 1377 X2 2RO T2 b o L bEERETH 5,

o JiE (temperature) [eV]: 1 [eV] = 11,600 [K] =1.602 x 10~ [J](C-V)
o B (density) (m™3] 2% 1 1 [atm] ~ 2.5 x 10%° [m™?]



W . 1 BHE (degree of freedom) H7: D DT AV F — 1 kT/2,
(electron) & 7KFEA A > (hydrogen ion) (F5¥ (proton)) DFEGHEE (thermal speed) X

o BT (electron): vpe = /5= ~ 4.2 x 10°/T.[eV] [m/s]
o /KFE A A ¥ (hydrogen 10n) D = ]:7% ~ 1.0 x 10*y/T;[eV] [m/s]

VIR DRE % EiFTuw < 2R (solid), WA (liquid), &k (gas) DIREEET, £ 4> (ion) &
(electron) \ZE#E (4 4 >t (ionization)) L7 7 Z X< (plasma) DIREEICR 5, EHEEE (ionization
process) 121

o B TEHZEEE (electron impact ionization)
o A »EZEEHE (ion impact ionization)
o & (photo-ionization)

o F\EHE (thermal ionization)
BH 5,

(Apr. 7, 2017)

1.3 Y NDOEEBETME (Saha's thermal ionization equilibrium)

EHEBE (ionization process) HEEHPIKEE (thermal equlhbrlum) TH 258G, BHEE (ionziation degree)
EYHE L IREOAIHKIFT 2 Z e (Saha) ICXk > THEAN, ZZTE HY + e «— HY +13.6eV
WKOWVWTHNDAREEL , THLF— (energy) p?/2m @EMJ@%JM%@ 7371 (particle distribution) &,

n(p) = % e(w+e+p2/gzm>/kT +1 M)
TRIND, pl3b¥ K7 > v )L (chemical potential), € ¥R T > > ¥ LT XL F — (potential), =+
FZzheh 7 2 IkF (Fermion), R — XK F (Boson) DIFEERT, BEIEL ., BEIEVWESE
(e(ptetp®/2m) /KT 5, 1) 53k~ 2 2% = L5 (Maxwell distribution)

n(p) ~ %e(u—f—pz/Qm)/kT (2)
THEMITE 2, KTDEE (density) &, 2HBEEE p TR LT
>~ 2rmkT)3/?

n :/0 4p*n(p)dp = 7( ﬂ-mhg) 9 on/ KT p=e/KT (3)

L72%, BT (electron). /KFEA A~ (hydrogen ion). /KZEF (hydrogen atom) DR FHEEZ KD, 1 4 ¥
b= %L ¥ — (ionization energy) 3 13.6 eV TH 2 Z &, FHEIREETIZRISDHTRTILERT ¥ ¥ L OF]
PELY pf+pu - =p® 22, BFOAY Y (spin) DHHED 2 2F BT 2L (g~ =2,97=1,4"°=2)

3/2
ntne - 2rm kT / —13.6eV/kT 4
he_ (2 e 4)

MPEoN 5, EHEE (ionization degree) % o = n0+n+ £33, DR (Saha ionization equation)

3/2
z2 1 (QM}rlL;kT> / o—€i/kT

()

3



PEPND, n=n"+nT, ¢ > 01FA F LT xLF — (ionization energy)

1.4 1&ZEEFR (Collision time)

#F (electron) & Ik F o TW % EHE (charge number)+Z O A 4 >~ (ion) ® 27 — w1 ¥ HEL (Coulomb
scattering) & 2 %, HELIIEHEIREILTZ2LTHD, o dERELLK (HElEry) T, &
= LF — (kinetic energy) ¥ 7 —8 ¥ T3 )L¥ — (Coulomb energy) XFREELLEZbNDE, 2D
iRl

1, Ze? Ze?
a''ve ~ 6
2m ¢ 47'1'607“0 mevgeo ()
> T, WIHFE (crosssection)o %
9 Z2et
~ ~N — 7
o~ TG mgvée% (7)

EZENAR (target) D (density) 23 n TH 2 & U TEFOIFHE (time)r OENCEERE (distance)l = vt 721
7 o THEZE S 2HEH (probability) 23 100% 12725 &35 &

nol ~ nover ~ 1 (8)
L%, TDIEDBETA A DEZERR (electron-ion collision time)7; 1

2, 2,3 2 3/2
1 esmivs  €5y/me(kTe) /
~Y ~Y
Nov, nZ2et nZ2et

(9)

Tei ™~

%, BEDKNT ve = VEkT./me & LTze ZORD [ IFFHEMBHITE (mean free path)\e; = veTe; &
%%,
A4 7 v FE+: O (ion-ion collision time)7;;. BT [F+: DEZERFH (electron-electron collision time)7.,

HEMEICLT

B €2\ /ma(kT;)3/? e3\/me(KT.)3/?
Tig ™~ sy Tee ™ — (10)
nZ4tet net

£i2%, ETRD 7. FITEIBOLMTER L LEHEKHTHD, BEFLA 4 DTINF —Z(LORE
BEb o LBV IR, BRI me/mi 272 %, Fh. 7 —n Y IdEERES (long range force)
THD 7 —n VEELZBEICEHR S 2 L IEREN RN S 52 2 eHIsNTNnD, EEO TSI XTI, &RT
BB 781 3k (Debye shield) D& H D, 7814 £ (Debye length) F2E O FEEEE TOFEZENRT X — &
(impact parameter) %% 2 UX X <. TO®HE%E 7 — v > (Coulomb logarithm) & FHEHL 2 fR7E InA T
E

1.5 BRUEH (resistivity)

TSP (electric resistivity) 1&. T (electric field) 12 & 2 I#E (acceleration)eE /m, DMEZEREH 7.,
DORENTE 2 HE v, 2 5 BMEE (current density)j = env, BRFEZ EZ 2 TRdOLN B, WHLE

DUNGVS
7 InA

73/2

n~52x107° [Qm] (T, in[eV]) (11)

L%,



1.6 FZAIHDRT—)L (scales in plasma)

o T4 )LF— (energy) :
BT XL ¥ — (thermal energy), 7 —8 > T3/ F— (Coulomb energy), 7 =/ I LAV F— (Fermi
energy). #iE T4 I/L¥ — (electrostatic energy). T /L% — (magnetic energy). RIS 1V
¥ — (nuclear reaction energy). A F >t % /L¥ — (ionization energy). JF T /L F — (photon
energy)

o £ (length) :
EERDP A X (system size), 734 & (Debye length), FHHTTHE (mean free path). #4271 b
o >R (7 —<F1F) (cyclotron radius, Larmor radius)

o [RffH] (time) :
B 22 (collision time), i FEMEMIRFM (temperature relaxation time). ¥4 7 v b v > J& H
(cyclotron frequency). JELIREIDEM (wave frequency). B UADEER (confinement time)

1.7 T\ &k (Debye shield)

T ARHNTEAZ DA F v R BN T 5 (7 A MT (test particle)), Z DFE, D DFEF (electron)
FZDAF > (ion) IS EMTFSNL2MEADD 5, ZDFER, A 4> DS 7 —1 &Y (Coulomb field) 1&,
BT K o Tk (shield) N5, EHHER S N 2 R LEEREZ 731 & (Debye length)A\p EFER, Z
u
eokT,

ne?
LRIND, WX NT=H L DKRT V> v L5310 (potential)p(r), 734 RIFUATOFIETEL Z e TS
%, BRETODEE (background electron density) &~ 27 2w = L7304 (Maxwell distribution function) %
Fib, HRA A ¥ (background ion) [FHE S BWOTHEDRWE T 5,

ep/kTe

Ap =

(12)

Ne = ne n; = n (constant) (13)

ZOWE ne—n; =n(e/ M — 1) mnl, K7V v ¢ E3KT Y ¥R (Poisson’s equation) % W T

__r_ Ze ne €9
A¢ B €0 o €0 5(7‘) + €0 k‘Te
__2Ze ¢
- o(r) + ¥ (14)
L72%, BECEM (residue theorem) F% FHWTHL &
Ze
— —r/AD
o) = o (15
PHROND, ERLZAREUTOED,
Ap ~ 745 x 1077 | —FLeleVl oy (16)

n [1020 m—3]
—fRI. TAAL RBIFFITNIVREITHD, 77X DOKRBAMIERVIEFINE L IRETHETH 5, 1F
XD IREE 2 HEFR I (quasi neutral) & S,



(Apr. 14, 2017)

1.8 ¥R FZAY (£D1) (various plasmas part 1)

o HYIT (luorescent lamp)
7'a— & (glow discharge) D—FE T, n, ~ 10"m=3, T, ~ 1eV, Ar, HgiRAXMA% K (discharge)
X 5L Ar. Hg O—E0E FHEZ2C X D BERET % (electron impact ionization), TEFIXE 51T Hg
LEZE L. Hg Mk & A58 (253nm, 185nm) 23FEA S 2,

Hg+e~ — Hg" +e”
Hg* — Hg + hv

EAHUIHOEE (luorescent material) TRAIFDEICZEIH I NS, T F —ZHRNHR (efficiency) 13 H
BT (incandescent lamp) 2% 10% T 2 DIZH LT, HNLT T 25%,

o A& 7> X~ (fusion plasma)
& G (nuclear fusion reaction), f§ilZ1%
D+T — He*(3.5MeV)+n(14MeV)
ZEISETIAIAF—ZWD HFT DI, FF&HEO 27 —a k¥ (Coulomb repulsion be-
tween nuclei) IZFTHERE T2 S S WICIRER LT 2 BN H 5, HlZ1X, W5 LADH (magnetic
confinement scheme) T, T > 10keV, n > 102°m=3 2%,

1.9 73 XT#RE (plasma oscillation)

IXTENZEH Y (BF) BEOLEHETEZX S5, 74 BikxE 2R L FARICEFOEE (electron
density) DADBZELL. 4 F > DEE (ion density) I F—E LT 5, ThbDH

Ne = Mo + N1, N ="Ng (17)
3%, TIZT. no kO ROFFEINICZERINC—EDTT. ny W FIREN FBED) iR 7 Y > AR (Poisson’s
equation), EBIFER (equation of motion), DI (equation of continuity) &

- eny ov L O
v E=-1 m, B, 214wV 1
e Mepy = € 5 T 10 0] (18)

YhB, 22T 1IROEDAEEZT, —RKILT. 77—V TS ny o« eCF2—w) OEDEREIEE L TRA
T3

ikE()E = —€eny (19)
—iwmev, = —eF (20)
—iwny = —ikngv, (21)

YD, ni, ve EMELTCw ERDB L, w?2= 2 Zhi (BT) 75 XAHEHH ((electron) plasma

EQMe

frequency)Il, or wip.

2
M=/, (BRIBARE fo ~ 90/n 107 m—7]  [GHZ)) (22)

€0Me



ERER, IREEE Pk I IBIMR T, CAURER QI IZRZ VAR LR THRE)) (oscillation) & 72 %, 7
7 X< REEIZ. HBIFEDPUTTNLTH v b A 7B (cutoff frequency) & 725 Z & 2R HMET 2, &
8 (ionosphere) TORE (HF, 3-30 MHz) O K4H& 2 O HAIFITH %,

1.10 #%A%AGTFS5X<T (£D2) (various plasmas part 2)

e 7S5 XINE (plasma acceleration)
T IR DEFEEDRE S X (electron density fluctuation) (77 X~<#RE) 235 % & B (electric
field) AT %, AR N2 EHD LR (upper limit) &

E~ "1, (23)
e

2R L. I, = /ne2/meeg 3BT 7 5 X< IREEL (electron plasma frequency). KHREEL —H —
(high intensity laser) ZFH\W2 & E ~ 10?V/m REOBESZEZEMR L. @& 11X —EE (ultra
high energy accelerator) Z{E2 Z £ A3 TE 200 LIV,

o EBEE (ionosphere)
K52 & DEEAIIMIBR K S 8 ClERSE 2 ERE (photo lonization) 35, Z DR T, ~ 0.1eV,
n = 10" ~ 102m™3 OBEMEI BRI NZ, BHBEOEETOD 7 7 X <iRE) (electron plasma
frequency) 35K (HF, 3-30MHz) 25725, ZOBEPKIT IS Z 2T, HEROERADFEEH ]
REL 72 5,

o WIES S5 AT (strongly coupled plasma)
7 —nvR7 ¥ (Coulomb potential) & AL V¥ — (GEHT X)L ¥ —) (thermal energy,
kinetic energy) DT H 2 FEEHREL (coupling coefficient) 1&

(Ze)’

_ 24
dmeqakT (24)

YEREXND, ZITa=(3/4mn)"* Z TR (mean distance), T' > 1 %38#54 75 X< (strongly
coupled plasma), I' < 1 Z§9#5& 7 7 X< (weakly coupled plasma) £ FER, —7, 734 $ (Debye
number)Np &, 74 £2FEL T IHRNOE T

Np = ?nx}, (25)

TEFKSN, Ef (charge) Z ik (shield) 52 7= DICHEREFOHERT, TDT 1 (Debye
number) (3#EEFREL (coupling constant) &
= 3N1§)/3 (26)

OBFRED D, LEDoT, I'~1ThHIUE, Np~1ThHb, XA 77X~ (dust plasma), EfE
H (electrolyte) I358#iE 77 A~ DFITH %,

o fBR 5 XY (degenerate plasma)
7 =)V IRF (Fermion) T 2 E T &2 2EHINCHDIAATN &, BFOIINF—DRKERNDAE
37 2 I 22 F — (Fermi energy)

er = (h?/2m.)(37%n)?/3 (27)



TRIND, ep > kT ODBED T 7 X< 2fiiiR 7 7 X< (degenerate plasma) M5, Z DK, BT

DI INF—DEFIZHAKTH 205, REZ EFTWL EHERBDVEVCR TN (721 35)

M — 72T 2 Vo). MEMRNGEICEETIEZ 7 = VIR T LTRES (RFIRIRNKE

Wo ZOEIRTIATEMBRETS T A< LR,

EHE# (pressure ionization)

JE 7 O F B (mean distance between atoms)(3/47n)'/3 DR T DK — 7 #:4% (Bohr radius)

dmegh? /mee? TRELITICR 2 ¥ BFIZEMET (free electron) ¥ LTIRES X512k 3, ZHEESN

i (pressure ionization) ¥ P,

B EEREBE T > XY (radiation pressure dominated plasma)

ﬁw??%#ﬁﬁ% B 2 BAREG OEH L (40/3c)(KT)* v REN, TIX<DES nkT kD HKEW
BIIIESED T T X~ DN K E R E L RIZT,

i(lb—, (sun)

KBFOHNE T = 1.5 keV, n = 10°2 m=3, FZNAT o T, RE, BEIHDT 5. KETIET

7 A= DOJFESIEBL (pressure gradient) & B ] (gravity) 2589 D &> T3, BEKIG (nuclear fusion

reaction) 12 X D AR S N7z 2 3 F —13FLICEIE S, 21 F (corona), KF5JE (solar wind) &

o THET %, £, HIBRBEAIEWN (magnetosphere) ICA D Z¥p, AR S Rbr, H

NHTBW > TT IR EHZA DI eNTES, BIEIFET 2,

HI, HII 785 (HI, HII region)

B2 T 2BETKET 7 X< « FRATHEIRE - K% (high temperature & low density) O ZEHE L

7-iKRE (HID 2 5K - &% % (low temperature & high density) @+ (HI) N2k GE(b) L

TWw<, HIT & Saha X TEBEE 50% BEOHEBICH D, HI TOEMEIZIFFIT/NZ WV, 2B, 7

Jt (spectroscopy) Tk, HEET (neutral atom) DFEN% I, —flid £ 4 > (singly charged ion) @

F¥3% 1, ZAfid A4 A > (doubly charged ion) DFN% I £ Kid3 5,

fRAIE. ERAE# (galaxy cluster, galaxy group)

R OEETH ZBIEEL BAWHIEXT ~ 1 keV, n <103 m™2 O FF X< TifizEhT03EZSL

T3

(Apr. 21, 2017)

2 B—H-FOEE (Single particle orbit)

WSHICEERBEN T, 137 —<FFE (Larmor radius) BEIICEDS D BHMZ 5h b, 7 —<FEF
(Larmor radius) 25¥ 27 A DZELD AT —MTHARTH /NS VWe &, RFEEIFICh > TEid e B L
TRV (BAHDIELD, FEBCIE, A RERICE D ZAHL (Guiding center) (EENFICHEE BT
(RY 7+ (drift) 22252, ZOETERY 7 bVEEOHE—-KNTOPEEZHHT 5,

21 Ho0OrOYVEE. 5—&EH (Cyclotron motion, Larmor motion)

&Y (electric field). 5 (magnetic field) ok OEB)FFER (equation of motion) i

dv
dt o«

tlji

7 x B) (28)



Y#¥2, ZZTB|éz L. E=0, B—F (homogeneous) DEATEZ 2 &

Uy = quyB
Uy = —quz B
v, =0

Z D—fifi# (general solution) id.

vy = —v sin (Qt + )
vy = v cos ({2t +0)

Uz = Uz0

b, F1F p OIZEEHE (spiral orbit) B, 7272 L.

qB muv |
Q:—i =
. p 4B

(31)

BH A 7a e YA (cyclotron (angular) frequency)., ¥4 7w b w2 (7 —<FF) (cyclotron
radius, Larmor radius) & #MHIN 5, EIHEEZA AN, BAICKFE L. WHE 5 bH T M E (#EM (diamag-
netism)) TH53, ZITERT D QIFEA A TIEA, EFCTRIELRZ ZITHER, 4. BRFICE-
THE (DEFK) PERZZLIER, Ez #0058, v, =qFEz/m 272D, z FANIIINHEEE) » 72

%, k7. W5 B 3tEEE Liswv,
WA= = 3]

e YU % kO (magnetron)

WL ¥ (microwave oven) TIZ< 27 % b B ¥ (magnetron) 3~ 4 7 B (microwave source) &
LTHwWsIZ, 7% baYATIE, BT (electron) 2344 7 1 b v > EH (cyclotron motion) %
LTW3, BFOMBRIILF—1Z 1keV TH Y., BT B=0.087 [T]. ¥4 270 barEEK

1% 2.45 [GHz]. ¥4 71 bu ¥ RiE p. ~ 1074 m] TH %,
o fRAIM. ER:AE¥ (galaxy cluster, galaxy group)

AR T AL ¥—% 1 keV, RS % 1 [uG] ~ 1071 [T] £33, &

IKEBEAFT D

P4 78v be YEEBE Qw/21 ~ 3 [Hz]. Qu/21 ~ 1.5 [mHz] TH D, +4 78 b a2 BRI,

pe ~ T x 10°[m], p; ~3x107[m] ¥ 723,

22 BEDRY Tk (various drifts)
ZAHD (guiding center) DFIZ 2 F Y 7 b (drift) PR,

e ExBFKUZTK

—H (homogeneous) % B ICREIC— KR ESR E B0hoTWb L X%2E 25 (B, #0, Ej =0

T2, IS DBEGHGIIRENCE L LRV T3,

. . . . _ExB
UV=Up+Uu, Ug= JiE
LT, Eq.(28) kAT 3L
d—ﬁ—ﬁxﬁ
at ¢



DAL L, MFPLEITIRIEER) . iy OBEREDE RS, ug ® EXB RUZ MRS, ZOFRY 7
MEIB (£ B) KEETHD, FY 7 FOMAE L KES3ER ¢ BRm IKIE LRV,
X b —f&1972 77 (arbitrary force)mg DEEICIE E % mg/q TEE#Z T
ERB, INEAWTEERNY 7 M 2EL e TE 3,
e HIFE KT b (curvature drift)

BEHHMRNRE R 2RO L &, Wi - T o) OFEE 2HORFI3E DT (centrifugal force)

B2 5, TAUCKBHREY 7 MG
B xv2Z
- R
Toury = —g7 (36)

E7h%, BTLAFT Y THEHREIDBRLD ZLITHER,
e VB KT bk (grad. B drift)

B | 5 A1 R — % R85 (VB L B)(inhomogeneous magnetic field) 2% 3 & $%2# 2 3,
Z — =% (Larmor radius) ICHARTW - < W EENET 2358121, B~ Bo+(7-V)Br L, #
7N g x (7-V)BI2k3 FU 7 b2ZE2 0TIV, 7L, 7, JIF FICRT—RERSS By o 0K
DY A4 7w bu VEETEMT 3,

7= (pcosQt, psint,0)

U = (—pQ sin Qt, pQ cos ¢, 0) (37)

—fc, BBOARIE. MAOBUCEEST (VB L B) ThaHAar, Mhssm (VB | B) TH2
LA (classify) TE 2, ZITRAIEZEZ. BRECOVWTEERTHIT 2,

By || & £72% & 5 ICHERER (coordinate system) %3E, 98- £ 0 6(% =035k

- = aBz -
(p-V)B = pcos thez (38)
Tx (7-V)B = —v,(§- V)B.&, + v,(7- V)B.é.

Z =
e

= p?Qsin Ot cos Qtaai y
5Bzé,

or *
—JAHICEE T 5 &, sinQtcosQt =0, cos? Qt =1/2 XD,

+p*Q cos® Ot

= pQOB. .,  p*Q 7mvﬁ_/2
B

2
U 0 _— = — :vij‘ =
ix (5 V)B = ¢, ="5-VB=LVB 5 VB (39)

2 ox "
Lih. ZONTEB VB FY 7| (grad. B drift)uyp &

. %VBXE
v = gy

5,

10



e IERUT X VB FUT FZEEDHHE /KRR (unified expression of curvature and grad. B
drift)
BEHEFEBAS O(V - B = 0) TH 25 5 B2 (vacuum) Tl BABICHIR (curvature) A% 3 2 &
L 5 (magnetic field strength) WCAEIAH 2 Z L IXFETH %,

A7 FVARA (vector calculation)
V(@-b)= (G- V)b+(b-V)i+ax (Vxb)+bx (Vxa) (41)

EFRWS Y
%V(BQ) = (B-V)B+ B x (V x B) (42)

Y%, EHES (magnetostatic field), B2 (j = 0) TWE VX B =0TH2DT, HIIHAT

11, 0 oA
§§V(B) (=VB) =(b-V)B (43)
ZZThE BofmERT
OB~ B .

VB =(b-V)B = 5((5- V)B) + B V)b = b - (44)

B, T LIFHESIRCI S FERE (coordinate along a field line), R 1ZHI¥ 4% (curvature
radius), 7 I3EHA 2 FL (normal vector) TH 2, L7doT, VBx B = —B% xB¥kb, VB
FUZ %

wiyp
- _ 2R
lyp = —*{% (45)
x|
YRTIUDTED, HEFY T b Gy = I LHETRBETS
B x (v2/2+v2)Z
ﬁVB+ﬁcurve = ( J_/ H)R (46)

QB

35— (VB | B ®%4) (mirror trap)
Blle., 28400882825, V-B=0&D, 28 1 %0u 4 0B o o, 2B 20T

ox 0z
B, e £0 andfor A0 ¥RB, TITE e £0, G £0, 28 =P = 20

3%, VB FUZ b (grad. B drift) 2% 2 =R RIS, 1 ROBGEEHZ AW &, EHTEX

(equation of motion) &

—

d — —
md—: =qii x By +qi x (7-V)B (47)

L% %, ZOHIHD z i) (z component) IF

(7% (7 V)B) _=va(5-V)B, v,(7-V)B, (48)
£7%%, 0 XROHE (Oth order orbit)p & HWT—AM T (averaging over one period) 3% &, Z
DIAIX , ,
ix (7-WB) =P (9B: 9By _ p QOB
(vx(p V)B)z_ 2 (83@ + oy ) 2 0z (49)
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L%, £oT. z FAIDES TR (equation of motion) 1

do _ Q05 _ _mvi OB
a T2 9, T 2B A
LD ZONEEE (acceleration) 12 X D, HHE < 78 5 T NELR T 2 HET 5,

(TZT.u =1pQ)) (50)

23 ZS—ERAICBEARZEE (mirror configuration and adiabatic invariant)

BRI - T, BEBOBOED D 5 &, FORED HE o TENFIE. BBHOMOROEH TR X
Nz, Zhx 7 (mirror field), I 7 —Ef7 (mirror configuration) £\ 5, FEEZET 7 X<ICHWS
N30T, MK (magnetosphere) OB (dipole field)) O—&E0d I 7 —WHZ KT 2,

o 5 E— X ¥ b (magnetic moment)
JE{HE®) (periodic motion) % & ZiZ, ZORINCLNTH I W - DET 2 & %, HHZEMTOD
WOEDMEME § pdg 3IRFEINZ, ZHEMATLR (adiabatic invariant) £ W5, # 4 7n b il
#) (cyclotron motion) IZH T 25 E— X > b (magnetic moment)y (ZWIBARLRETH D
q/9] mvi /2

= I =
5= ZWW B

= ﬁ %pdq = const. (51)

EREIND, TITTI1IFER (current). S IZEIRDPHLMHIFE (area encircled by the current) TH %,
o I 7 —Pfiic X 2L IAD (confinement in mirror configuration)

M CRHEG VI 7 — BN TON FOEFZ2EX 5, ZHAEOD a4 L Z[FHE (coaxial two

coils) ICHLET 5 Z E THEITE %, E=0% L. BABCIH-> TEFHT IR T2EX 5, THXLF—

{#7% (conservation of energy)

vﬁ +v? = const. (52)

BRALT 5, W (m—1 >V 77 (Lorentz force)) 3 fEEZ LAWZ 2 ICHER, Z2D5FT 2 = 2z,
2=z COWHDRKEX%E By, By, DL ZEDHX % V|05 VL0, Y)j1, VL1, 3523 (51,52) 5

B
2 2 2 2 2 2 1
0 < vjj; = vjjo +vig — Vi1 = Vjo +vio <1 - Bo>

B
—>£> 2L
UJ_O BO
2
B
—>U—> L (53)
LO By

7%, IR DS DORKM (maximum) %2 By & U7

2
B
070 <2t (54)
’ULO BO

DORFIE By $CHETE Y., By 2@THBOFWFEBICHLAD NS, T4abb, TS

By 2823 7 =% (mirror field) ZFAWVW3 Z 212k D 79 X~ ZIZIEMA CIAD % (confinement of

plasma) ¥ BTE 3, 7L, - > B THBMTIE, BHIRLIMOHT (B =B) Tb v OF
10 0

12



BREDLST. COGFEEDIRT THANRT L e TE S, D& S R FIRHEEZERH ETH#ER
DL (cone region) IZFEL. THzr R a— (loss cone) &M,
27 — BT DR BHEAIRITENCR T 571, K (50) &
0B
~nr
ZUF. #RE) (oscillation) T2 Z & 23bh 5,

qv x (7-V)B (55)
%

L, BHDOIGNITRANEILT] (restoring force)
o 7 x )L IfIE (Fermi acceleration)

37 —HBMNICHACAD & 7R OIRENES) % E EE) (periodic oscillation motion) ¥ &2 % &

(Hito) WiEARZ & (longitudinal adiabatic invariant)

j{mv”dl ~ QmUHl (56)

PREFEENS, 7 —HOWHIW > < DD & oy HINT 2 e FREINL, Zhze7 =L Il
B LR, FHAR (cosmic ray) ONIEAEME (acceleration mechanism) D—2 2 E X 5 TW3,

2.4 TR DOWIZENLE I FHE (Various magnetic configuration and particle orbit)

EiR T 7 XA EER L. H2HEBUCEHLADTE L (confinement) 7=HIZiX, KT DHED Z DFEIEA TEA
CTWARTIRZR SRV, BEE D 2 L HENFICEE T AICIE 7 — < £ (Larmor radius) DK E ZICP LA
D5 IEHARTDH 5,

WA TANCEA LiA® 2 7o D12, 37— (Mirror field) ERTH %, K TFOBROFENRE -
TWAUREES 7 R DRTTT) (restoring force) (X (55)) Db DICES B ZHW2 Z e BAlBETH 2,
DHRER=V 7 7 v 7 (Penning Trap) LR, THHNEMTH 272DI12E. TAAE Ap BT ELSE
BPERI NN e BRETH D, IEFMET F X< (non-neutral plasma), & % \WEDEAHBRL T (small
number of charged particles) DEHCIADICHWSHN S, LIT T, WHE ST % (closed field line)
LaEEZ b,

o fHAUH & X (magnetic surface and symmetry)
WD F7 1 (direction of a field line)(dz, dy, dz) 1
dr. dy dz
B, B, B.
TRI NS, WHHEE (bunch of field lines) 3 (surface) 2723 & &, T ZHAE (magnetic
surface, magnetic flux surface) W5, 2 A% 7 —E#K (scalar function)¥(7) 25 VU - B = 0 %1
7S %, WXH LTV =const. £72%, $4bb, ¥ THAUH (magnetic surface) Z&K 3 Z 3T
%%, B ¥ UIEFASAYE (hydrodynamics) 12351F 2 Hifit (streamline) ¥ #4LBI%L (stream function)

(57)

WRIEY %
FIREBEAE (cylindrical coordinate) T, Bid B=V x A &b
10A, 04y
=i~ oe
04, 0A,
By = 2
T 9 or
10 10A,
Bz—;a(r 9)—; a0 (58)
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L%,
— BEAAME QEENFME) (translational symmetry) ZHiD & &
B3 2 AR S, BENAME QEESFME) (translational symmetry) ZH2 & % /02 = 0,

R (58) &b
718%12
" 96
0A,
By = - or
10 10A,

(59)

Be= a0 =5
U=A(r0) 522, VI-B=0&D, ¥ =A,(r,0) = const. . ZREA (magnetic surface)
ERT,
— iR (EHRNFRE) (axial symmetry, rotational symmetry) ZF§o & %
505 0 1AKTER 3, Eoet A (Bl FRE) (axial symmetery, rotational symmetry) 20 & &
/00 =0, 3 (58) X D

0Ag
B, =—+
0z
0A, 0A,
By — _
0 0z or
1 0
B. = —o-(rA) (60)

L%, U =rAy(r,z) = const. I3WE5MHE (magnetic surface) Z2EK 3, ZORE U = rdy(r, z) 1&
R ZRT Z L ITHER,

/é-ﬁdsz/vxj.ﬁdszfﬁ-dézzmgzzw (61)
s s
U =rAy(r,z) ZHWVS . K (60) XD,
10V
By =—-°-
r 0z
1 ov
B, =
ror (62)
A
o MUEEIMMEY (infinite straight current)
—Ri .
T Ho J /
A(F) = 7/ = av 63
Ry b (63)
THbo ERICEWHER (current)] 25, % (radius)r OfIEICES A(A,) &
A, MOI/ P _ ol Inr (64)
|7,./ — F] 2
Y725, MEE9/00 = /02 = 0 X D
8Az ,UOI
By = — = —
o or 27r (65)

BEIFMED &0 A, = const.. $72bDB r = const. I3EXUA (magnetic surface) 2R3,
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o Hifli b —Z R (simple torus)
EI T OFH A N EUAREY V)4 RiET Y _R—L DR § B ds = pol 1I2& D

B = uoln (66)

DS D, 72720, n I FRMEE Y72 D D a4 A (number of coils per unit length), Z D a4
NEBR (=7 23K) (torus) 1ifiNz LU BROBRHEEL e TE S, F—F 20D

DL FEE R 35k, HHE
o= bon (67)

772U, I3 (total current),
ZOWSE 1/R OIE—8EME (1/R dependence) 50D T, MTFIE KV 7 b (drift) dvp, Geur & L
T, EF (F=7 20875 1) 1ZBEF % (movement along the axis of symmetry), D KU 7 M
B DT (polarity of charge) IZIKIFT 2 DT, 75 X3 LT HHICHEHE (charge separation)
ZiEEZ L. B (electric field) M E N2, ZOBEBBCIDMFEI =TI AEZD Ex B KV 7
FERZFT, 2O FY 7 MIAAEE (outward) TEHOFBIKE LRV, o TTF I X~vake L
O Z B L EZER R I8 H T - THIKT 5.

o WMIF1E5 (dipole field)
B I P o OMERER (annular current) 23 (r, 2) IT/EDZRZ FUVRT V& v L Al

Ay = 7‘:21\[ ((1 - k;) K (k) — E(k:))

2 = 4ar
(a+71)%+22
LH#EIF B, 2L, K(k), E(k) (3% 11, % 25T 2 MM (complete elliptic integral of the
first kind and the second kind), #ix{#5 (axial symmetry) 72D T rAg = const. IZBE&A (magnetic
surface) &K 3, MIRERD Z L TIE (near the current), FREIRDIEZ KT (r — a)? + 22 =
const IZWHEL, #A (k< 1, 1,2 > a) Tl&, MT Ita®> DT ML RT V> v b

(68)

2 2

4 (r2+22)3/2
WA %, ZORRGE =3 £213 273 T/hE< k3,
i 5 (earth magnetism) (X AME TS (dipole field) OFITH %, Z OREIGH TH FIdAbM, FEf
(south and north poles) #4533 7 —35 M (mirror field) CHGHEEI T2 & ¥ Hic, HEICRY 7+
(Uvp, Ueury) 5 o
FERERDEHE T, BRZWDESHKEMBFEEL, WMTFICESZ MR 2 L k4 728 ORI A
REND, ey GEERY) Bl 3 rdy = %BL THEZLNS Z IR,

o [ — 7 R (torus field)
BAfl b~ — 2 RO EHNZHERER (simple torus + annular current), #i77 M (EERY) (axial field,
vertical field) BFET 2HEZ2E X 5. T DRIZENFR (axial symmetry) THZDT, ¥ =rAyH
WA (magnetic surface) K3, RRLRKIGH CIADEETH S b A~ (tokamak) TlE, 77
R~ BEPHRERZFD. WAMIHR (@) 0D ZEb2 e 0 75\ (B 250 ¢ 1A,
FEA AR CEb B, CNEOMEE By, B, LT, HFHEERAE (By, B,) K5

(69)
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HB) & AN (By o< 1/R) &% RV 7 b iy, Ueury CEMTE %, MBI (magnetic
axis) ZHD P TR/ (coaxial circles) TH % LT E %, Z O ORESUHEILGE O K F#IE %%
Z %,
— JEMPERL T (untrapped particle)
WS o JE D D IEIEEEL (rotational frequency) % w &3 2% &, HEI/EX (Eq. of motion) &

ar _ _
at
d
d—j = wr +vq (70)
2
__m vy 2
Vg = m <2 + U|> (71)

7%, 12720, R, By GWHKHOYREL Z2ZTo buAf ZASERT, BKELE (near the
magnetic axis) #& 2 % &, vq &~ const., w =~ const. LPTE, FEHHERIE

d (’I“-FE) = —wz

dt w
% =w (7“ + Z}—d) (72)
(73)

LD R FHE A 2 & N E 7213 5Mlc > 7 b L7 (inboard or outboard shifted

circle)
(r +vg/w)? + 2% = const. (74)

2RI, Y7 FOAEEw DTS vg DIAE (TF5) KIKTFT %,

— JHHYENLT (trapped particle)
X (74) OMBLEDFE (radius) Z a & T2 EHONHNTD b a4 XAEGDZIE AB/By ~
a/R 27%2%DT, FFIERANAT I > THROWREZ AL %2, 20 3 5 —HfL (mirror config-
uration) I & D, FATHMADOEZ DE VKT (particles with slow parallel velocity components)
RSO FFOAMINCHE X5 (trapped at the outboard weak field side), X (54) 226, Z D5

iz )
()
i
o2 < 7 (75)

L%, ¥z ZOHEEIZIED &8 F F#E (banana orbit) & FEHENL S, NFFOIE (width) 1&.
FEHER T OMBLED S 7 VR TH 3 vy/w FEETH 5,

3 &AL (Collison and diffusion)

H—RFOMBE IR RIHICEEZR FY 7 P TRE S, EBEO T I XT3N FOEETHD, M/
DEZE (collision between particles) D& %, Z ZTld. EZEFH (collision time) 3L D Xk 5 1TEKE N2 H
ZEBINCE S (AR DFTNELRWV), HEEP5IERITHRLE LT, 77 X DOEIIESL (electrical
resistivity) 2R, EHZEMPEE 2 &, K FIEBE-RFHUE, S T T, IEHET SR I3, fhRe HROMMAR
IZDWTHER,
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3.1 1&ZEEA (Collision time)

BRUICETFVPA A e BT 25E%E X %, Sec. 14 THHALZ LS K. BEFORFOEH = 2L
F— 77— YRT VY ADNABELRZ X, ETOHERIREIMTONS Z & o E2EMEmAE
(crosssection) LEZERE (collision time) Z3KD 2 Z & 23T X, HZENM 7 1,

S 1 €2m?2v3 N €2\ /me(kT.)3/? (76)
“ 7 nov, nZ2e4 nZ2et

L%, BRI OmEZKHE (electron-electron collision time) &, FROEBEHEKFEDL S, 4 4 > O

B Z 0T 2R S 2
Tee ™~ Tei (77)

i85, ARICEZ 2 24 F -4 F > OEZEERH (ion-ion collision time) 1%

e%m%?’ egw/mi(kTi)?’/2

nZ4et nZ4et (78)

&b,

ZHETIE, BulEIRE A 221 b, b b EE RO Z(LOEZER (collision time from the view point
of momentum exchange) %% 2 TW72A, KICTFLF—% DD T % EZ2HER (collision time from the
view point of energy exchange)rp % 2 %, FUEHOKN FOHE. FIZIFEFRELTHIUI. EO EHRE
(chain collision) DFEIE. 2 DORFRL XX —2 T 2D T, EHROBEHERHE, T2 LF—DR
DELD TERSNDEHLENH 75 BZFERETDH 2, TRDB. Tee ~ Teeps Tii ~ Tiigo —H+ BERIKE R
2 AR T OEERDGE X, BETHAKE 2 K —)L (recoil ball at a wall) D & 512, —EOERET, FEHEH,NK
FLZELTH, ZHIAF—RIFEALZEDS T, TXALF—2L DD §2EZENHEE. »2RDRVWETHE
ENb, UTTR, EFEAAVDPIAINF 2R DMWY T 5EHERM 7,5 2EZX 5, ZOK, EF. 44
Y DT AL X — (mean energy) (ZFFEET KT, ~ kT, &3 %,

BTOBEE v, (~ KT, /me)s 4 F > LERELEKOET ORI DOENE Sv. £ T 5, I THALHS
IR L. FF5 R L AH T — (unsigned scalar) TEX %, BT OHX @ﬁﬂﬁ dve 13, HFVEFTHA A>T
DETHABRETH S, BFOTHIAF—d e, ~mo2 THD, BFETDMESE (electron-electron collision)
TRDED T 24N F =1 eee ~ MOV, THD, —F, BFEA AV DERETITEHEIIRIET S DT,
MedVe ~ midv; £ %, TNED, A F DI F I de;, ~ mividv; ~ vymedve £ 5b, T T Ty
kT, ~ KTy &0, BEEZBHETRRIL B L v; ~ /me/mive 755, BLEX D Seie ~ \/me/midece &
BDo 06 K e D TANNF =T 272DI1201F, MEDHEELRITINUIRORVZ BG5S, Z
g UN \/m&ee DOFEA (accumulation of small steps) B3 deqe (~ d€;;) WCIET DT VXLV 5 —2
YEZRB, TYRLAT A= OWEDPL, TDRDHIIE. /me/m; DF (square) 723 EZEEBABETH
D. ZORER Tiep ~ (Mi/Me)Teer £ 5%,

EREEOZE DD b

m; My My
Tee i Tei Tii i TeiB i Tie =111,/ — 1 — 1 — (79)
Me  Me Mg

Eldo BB, BERD 1 3AF VEFLEREL, A 4 OEFHBENRE LT BIHHTH 2,
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3.2 BXUEH (electrical resistivity)
BIEFE L LTEFHES, HERME r; OMICEFHIES E TIERX N TE 23 E I
MeVe = —€ETe;
— Ve = ——Tei (80)
L%, HRICK o T, BREEEI N, HEN 01CK2 LIRET 5, HEE, EFEHEMESNA, K
(80) © v, %182, = OMEDOMD K LASEEIRE (steady state) TEETNZ T2 v, BT 0T

& (mean electron velocity) 132D v, BE 72 %, —7F. BHIEDEZ (definition of the resistivity) 2» 5
E=nj=—nenv, L%, ZD v, IR (80) ZIRAT 5 LRI IR

Me
~Y 1
K ne21q; (81)
B, T 1K (76) BIRAT B &
2 () (s2)
n €2mev3 X te
b, BREOREH TREE v, ~ kT, /m. EHWVZ, XD BERETEAERTIX
Ze2n A
0 (83)

- 51.6\/Teamev3
¥ %, 7ot 2 1keV OIRED T I A DBELBEIUI T VI LARER S, ZoZriF, &7 7 X<
RERTH D, RERZRERMPEHEICHNS Z &, BRPESHEZER L. 77 AR BOHNRE HEIN
B2 5,

n DEBREEX. j = —neve & 7=1/(nov,) TIIBHHEIND Z L ITHE,

3.3 #iE & T A& Lo +—% (Diffusion and random walk)

KT T AR AR Vi (2 HpI L .
['=-DVn (84)

BB L E, D [m2/s] RIEBIRKE R, = ORBEIE 7 4 v 2 OEH (Fick’s law of diffusion) & L3,
DUFC, 58 7 ¥ X 49 + — 2 (diffusion and random walk) OBfR%ZE 2 %,

o MEET R & 2 D (diffusion Eq. and its solution)
B DILEL (particle diffusion) 2% Z %,
n(z,t)de BRIt TD 2~z +do ITH B TFEE T 5, @D

on "
E—FV-F—O (85)

&7 4 v 7 QAR5 1 RTTHRET R (1-dimensional diffusion Eq.)

on D82n

5~ Po (86)
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PPN D, t=0Tn=0d(x) ZHHIZM (initial condition) IZRFDMEIZ

n(z,t) = (87)

1 z?
e (“i1)
TH2, CONMOY =7 ORI 1/VDEICHHI LR L D3 2, —75, A1ORE VD e
EEBIL THEINS 20 ZAU RLFDERA A D . FERL TV < L_E:’E’ﬁ‘ﬁ"o
o 1XITT ¥R LY +—7 D% (probability in 1-dimensional random walk)
Z2Ra - IRffE 2 BT (discrete space and time) 128 D, WERZEZ 5, W(l,n) in A7y FRITID
PrE K 2 HERIE,

1

W(l,n) = nCnTH <2>n (88)

n!
BCEIRPRCEDI] (89)

= \/>exp (—) (n>1l]>1) (90)

o 7 VX ALY+ — 2 Ol (Continuous version of random walk)
Z2r - e ol (make space and time continuous)

x=la, t=nr (91)
L5 bk, HERI
W(l,n)Azx ! e ( v ) (92)
- <p [ ———
VAar Dt P\ 1Dt
Rl , ,
a L
5 o

Z DR 2 HZYRHEL (collisional diffusion) IHEHTE 2, ZDHE. a & 1 EOEHZETDZEN (dis-
placement) T®» b, 7 32 (collision time) TH 5,

3.4 ILBRELC B LiA&ERR (Diffusion coefficient and confinement time)

77 A< HDORF (particle) 131521 & DHLELL (collisional diffusion), JEDFED & FTHT WL, o
T, BBORZZ apGAoNhd e, 77 AL, HEDBIZH 7z o THIKS 2R (B UIADKH
(confinement time)7,) 23R E %, Sec.3.3 D> HILAREL (diffusion coefficient) D (3 EZERF D R 7 v 7 (step
size) Az & EZERERH (collision time)At 26 D = % TiHichd, 7YX LY +—72 (random walk) IZ35
WCHiRE o (I TIEA 2 G a ~ \/2D7, THEZ 5N 5D T, BALADKH (confinement time) i

2
Ty~ g~ (Aix)2 At (94)
LD, BEEYA X/ RT v TEDLLD "3 (squared ratio (device size/step size)?) ICEZEREZ 21T 72 H D
Ei8%, Thhbb, HEY A XBRKEIWEYE, HERHEARWZEH UADKMIIE %5,
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o 75 X< DILHL (diffusion in plasma)
BB VWE & TR ARICIB S IEHEE X %, FHlzi1E. Q-machine ¥ FEEN 2 T; = 0.2eV,
n; = 10'"m™3 O 77 X< TOMUADKREZ M5 2, 1 4> 4 4 >~ ZE (ion-ion collision) DF
HH{7H (mean free path). 2R (collision time) X

i = 1 x 107472 /n; ~ 4mm
1
Uwﬁ:@2x1WZH¢E§”m) ~ 0.5 15

HEOWOMAADORE Y a=1m TH2 T 5L, FHATIADRRII,

Tp ~ (&)2 At ~ 30 ms (95)

Y#%, ZOBUADKEE, 7, o n T2 YIREOABRIROEEICE > TWB D, ERD TS
A= TlE, WHRR (B2 VK FEE) ZEACSE2TFAUE, BACADIEEL kD, £/, LAY
KD T, FIX<AEME (R —F) B0 REFIUI. 77 A2 EEICHERFTE 2,
o WIRUCHEE 2P UiA® (perpendicular diffusion)

B D 77 A< T, WA (RCRT#H0E) ZFACSEL 22D, JVHLRADEEIL TWa,
L2 L7RD 5, BiZIC X DBARICEEGFNSIIIEB L TV @RIk, A Fv-4F >, BT-ET.
AFXV-BFIEZOND, LITITRT X 51C. 2D 5 BRI 2HE T, EZEHI1RT (before and after the
collision) 2 DDKFDORANHDLOELIBHI L2V, ¥4 70 ba V#EBZTo TWAH 25 /i
KDY A 7na barEFodl (RAHUD (guiding center)) DALEX

ﬁ:é%ﬂxé (96)
TRINS, EHR_ODONTOEIMNZFE A (origin) & F 5 &, HEHRER, ERD DD FDED
(center of mass) 1

—

myp1 + maps = m2o; + m%v’é) x B (97)

a5 |
[AFEAL T (identical particles) THAUT. BERDFEI LT my =my (FEfiq FUL), T/, EHZEHIRT
HEEENIMEIFEIN D DT miv] + motse M EX D Z OO FDED mipy + mops ERFEIND,
—FH. A+ -BTFOMESE (ion-electron collision) T, BEFZF TR A AV DEFD T —<FF
pe(electron Larmor radius) BEE O TND, £ DRERA U 2 EEUTREL (diffusion coefficient) (&,

(98)

n
— X

Tei  B2VET
o T, REN LMD b, BISHEI/NS LD IEERENINE (72 5, 7o BRI T —
~HEDPNE LD BRI N E K R B,
KB, BED LD B & 77 XA OARLEIRITRR S 2 I8 (k) AL <AD, B3Ld EXo &
DUTIFR HTRW,

o N FHEIC K ZHLEK (diffusion by banana orbit)

b= RWHITB VT, HIRBEINE N, RFIEANFFHEZR <, 2O X5 RIRNTE, 1HEOE
26T, NFFiiE (banana orbit) &, NFFOIE (width) RERBEI T2, Z ORFOILARE (diffusion
coefficient) 1%, X (98) D p. ZNFF DIRICE ZIRZ 72D D x factor 785,

Do P
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NFF ODIF (banana width)A 1%, X (74) 5

2
= (99)

TR HSNFFHEZTOYREE a L T2 w BHHBROEE L o bR ROES THE
5, b= 2D A A XIVHFNZ 2rRq 7EVHEATE L BlZRa A ZVHANIC 1 AT 3 & LTEITH g

ZERTDE ;
~ — 1
w Rq (100)
b, ZNEHAVD L ANFFOMREIE
mv? Rq m
YeBR v eB 1T (10D
o T, NFFHIEIC K 2 ILERENIRE AR B E AR RBURBUC LA TR ¢ 20 K E 2,

4 BHERIELLTOFZ XY (Plasma as a electromagnetic fluid)
% (particle system) OV FI2IE 338 D (three approaches) 35 2 S5,

o 2f71 (All particle)
N EDOKF23H 2551, TN ENOREE, EE)E (position and momentum) % 6N XItOAAHZE M
(6N-dimensional phase space) TRHT 5, fF¥ I 21— 3 » (particle simulation) TIXZ D Xk
SIS DS, FITINCIZ S D X 5 BRHURWIZ S £ DITHhZRW,

o Ry = /8 (Boltzmann Eq.)
JERE & 3R E D 73 A S (distribution function) f(Z,0,t) & LT, M FHREMMHZEBEA DA (Auid) &
LTRHL. ZORFHEFE (time evolution) %

of of

. 4,2, - 7 _(df
8t+U~Vf+m(E+va)-va—<5t)c (102)

TRT, EHINAEZERTD Z 277 Y 257 (Lagrangian derivative) £ 725> TW\W5 Z 2 ICHERE, Z
Nz Ry < 7R (Boltzmann Eq.) & X, ThzfEl,
o AN (Auid Eq.)
HEDIERE Y LT &7 (integration over velocity space)o
B (density) & n(Z) = [ fdv,
HED 1 RDE—X >+ (1st order moment) 1 nmv = [ mvdd,
HED 2 XDE—A >+ (2nd order moment) & 2nkT = [ mu?/2d7,
DESWCLTIMOHS, Thbb, EHED IR EDOE—X > MIERT 2,

T, BF. Ao ER (Two fluid eqs.) 725 77 X< %—ifk (single fluid) & LTHK S &
WA 2R (magnetohydrodynamic Eq.) #& <,
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4.1 EBERIAHTER (magnetohydrodynamic Eq.)

AN A A >~ (ion) & EF (electron) 2l 4 1T 5, ETHEE (electron density) . A A Y EE (ion
density) 1ZB83 2@kt D (Eq. of continuity)

one

5 + V- (new,) =0

8ni

5 +V-(nw;)=0 (103)

HEH /2 (Eq. of motion) 1&

ot
= —Vp. —eno(E + 0, x B) + R (104)
ov; .
nym; ((% + (v; V)’UZ)

(105)

727U, R = en.nj 34 * >-BFRIOEIC & 2 #EH1 (drag due to ion-electron collision) Z# ¥, T 1
Wifk (one fluid) TOREHEZ %, 1Lifike LTHEZ AR TEE LLEE (density). HE (velocity) 1&

Pm = NeMe + NyM;

1
= —(nemeﬁe + nlmﬁ)}) (106)

F 72, BT L-BAEE (charge density), BIRZE (current density) 1%

<L

= —en. + Zen;

p
j: —en.v, + Zen;U; (107)

2 AEDI (two fluid eqs.)(103, 104,105) 2> 5 1 itk (one fluid) T FEEDN

dpm .
W—FV'(,O,”’U)—O
3p -
a"ﬁ‘V'j—O

—

—

ov R o s
Py + Meme(Te - V)Te + nimi(5; - V)7

= —Vp+pE+jxB (108)

PALT %, A A (ion) DSHEENPEVDT, 77 AXHOMEHE (momentum) (21FEA A > (ion) A3
HS, THDE T~ U RINTET (electron) DT HHNDT, 77 AHDE (current) (JIEIXETFHHH
5. 7. HEHRMESAE (quasi neutrality)en, ~ Zen; ZFVWS Y § ~ —eng (T, — 0;) ~ —ene(T. — 0)s ZH
2o, BTOEER T, =7 —j/en.

R (104) 2BV TETFOENE (BFDOHER) (electron inertia, mass) #BfiTcEx 335 (BEF¥H47onm
P VREBEERELED Do < D LR (phenomenon slower than electron cyclotron frequency) 245 &\
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SPEICHHE T )

-

' L v R
J x B+ Pe
ene ene ene

X 51, ERHELM (quasi neutrality)p < ene, A AL 7 v VEABERED WL D LB
(phenomenon slower than ion cyclotron frequency) Z#k> &35 &

E+7xB-— =0 (109)

-

] - V D Vp;
J « B — Pe _ pml 4 Di
eNne ene Dt ene

L7%%, ZORETOEEENX (Eq. of electron motion)(109) &

—pE < #x B

E+ixB=nj (110)
ZHUE. Eifi (current) ¥ B (electric field) DBFEZER L, +— 240K (Ohm’s law) LN 2, 7x B &

FNTW 2R 5 AEEEY (inductive field in moving frame) 2R L TW5 Z & ICHE,

42 MHD AREHXDF & & (summary of MHD Egs.)

ZhFcoBMIRAHER (Magnetohydrodynamic (MHD) Equation) % ##3 2 &

E+#xB=nj (111)

D& - =
Py = VP HJix B (112)
V x B = poj (113)

. 9B
VxE=—"— 114
X 5 (114)
V-B=0 (115)

d

—g;” + V- (pm¥) (116)

ZOHERIE, o< b LAZH (slow phenomena) L2 DK Z B, 77 A<REIO L S5 icHiEr» 50
TUBRENLBERZWD Z e B TERW,

MHD F 2 ORHH 7238 X D R - — )L (typical velocity in MHD Egs.) K& 272912, X (112,113) ®
RITHAEHT (dimensional analysis) 2175 & 7L 7 RV #E (Alfven velocity)

vy = 2 (117)

V1o Pm
MROND, T, BbT 2 (5 HIK (magneto sonic wave) DHEZ KT,

4.3 EIMDORE EBESIRRDFESE (role of resistivity and frozen-in magnetic field)

K (111,113) 225

—

B . . . . .
aa—t:foE:—Vxnj+V><(ﬁxB):—MEVx(VxB)+V><(17xB)
0
=V x (7% §)+uiv21§ (118)
0
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ZIZT. Vx(VxB)=V(V-B)=V2B #H\iz, i, MBoEsfER (diffusion Eq. for magnetic
field) TH D, L I3AEHEREL (diffusion coefficient) 2R3 B UIADKRIH & ILHERE D BIR (relationship
between confinement time and diffusion coefficient) & [FIERICHE R % & W DILEIGHIE, RO R 7 —IL
(system size) & a & LT

™ = 119
"= (119)
2%, ZAUE. EIROD LA AR (skin time or penetration time for current) ¥ &R,
7. Frx - 2+ —2 2J7#5 (Navier-Stockes Eq.)
Dy 1 9
- _ - 120
Dr pr + V=Y (120)

& OFMUPE (analogy) 25 R % &, L 3R (viscosity) ZR L. ML A/ L ZXEK (magnetic Reynolds
number)R B
V x (0 x B) vB/a Lova
n/po V2B nfpe Bla2 T
BERT DI HHRKD, B A 7 V28U, K (118) ITBWT, Hl5 1 IHE 5 2 THOLL (ratio of the first
to the second terms) Z#£ ¥, %7z, WHOILERH (magnetic diffusion time) & 7V 7 XV #EE (Alfven
speed) TEF 2 71 7R ViEEKM (Alfven transit time) DLt

R (121)

R o Hova _ poa®v
7 n a afva

(122)

ZRLTW2,

& % BT (closed surface)S % i3 2 (magnetic flux)® 25 n — 0 TEIL L A&\ (constant) Z &
ERT . WEROZIE, MIHRZL (time variation) % %3 & BHHIE OB E) (movement of the closed
surface) 12K 203D %,

@:/CLB-ds+f§-(ﬁxdf):f/vXE-ds+f(*xa)-df (123)
dt ot
:—/VxE~dS+j§Vx(*><a)-ds (124)

T HI1ITRT VAR (vector formulas). R (111) ZHWTER T 5 &

dd .
E——/VX(E-FUXB)-dS
z—/Vxnf-dS:/£V2§-dS (125)
Ko

L7ehioT, n— 0T ®=const. £72 D, WHR I 1377 A=IZHD DWW T (fields are frozen-in
to the plasma) Z &h3bH» %, T, k% (Auid dynamics) 2B 2 E7EM (Kelvin’s circulation
theorem) IZHIES 2 Z LT,

4.4 MHD %¥%E, MHD fili&E (MHD electric power generation, MHD acceleration)

F— 2 DA (Ohm’s law), SEH SRR (Eq. of motion) Tk, #HE & B (velocity and electric field), &
e 71 (current and force) AR SNTWVWE, ZOZ A2 FHL T, KEL ZOHONMEIARETD %,
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e MHD &
SR ABE S A (2400°C LA 1) (high temperature combustion gas) IZFEHEL T WHWE Z AN TEE
M (electric conductivity) Z#i7=¥ %, HEIS 2 ABES X (moving combustion gas) 12 FEIZ Y,
(perpendicular magnetic field) 2221 %, &4 — 2 ®OEH] (Ohm’s law) 12 & D #FEES (inductive
electric field) (7 x B) 2L 3, ZOEHEAWTHEZES 2 L % MHD 5% (MHD electric power
generation) ¥ FECR, FAZEBIRMS INTWS, HNBER jJICL3 ] x Bl ¢ L&, ##T 3
M % (deceleration force or drag force) TH 2 Z & IZHFE,

e MHD Jili# (MHD acceleration)
FEEFFIC, BERIANNF -2 HWTERBRAEZINEST 2 Z EHARETH S, K (112) 225, EiE
WRICERERT L J x B OAHMFHIKCIEES L, Al 2 X<+ (coaxial plasma gun) Tl&, [l
DM L A THE L7 & 12T & 25/ 1AER (radial current)], ¥ JE75R5 (azimuthal magnetic
field)Bg 1 & b, WiFAD ) (axial force) BAEFN, 77 X< FEAFNIIE S A TIRATVL, 20
koA DOE YT v P TPV (rocket engine) DEIFEN I TV S,

5 TEHEREM (Equilibrium and stability)

REDIRHEFREZE 2 5 & IEFH — ¥ — ZE (nonequilibrium — equilibrium — stable) @ 3 Bf& %
EBERZBDIENTES, IIAYHTIE, HEMIZHED &V (force balance) 2% & LT W 2 IRFE % VR A8
EIERZ 2 BZWV, PHEPREE TS, M 72188 (perturbation) I8 L TRIE (stable) TH 258G & RLE
(unstable) TH2GENEZ NS, T I TR, BINFEIREZE 2, KICLEN (stability), N&EM
(instability) 2% 2 %,

MHD /5#3K (112) T, EHIRE (steady state) 2E X % &

Vp=jxB (126)

¥7%%, ftoT. B-Vp=0, j-Vp=0 2%, [ESERE (pressure gradient) 1M, BHICEEIC 7

% (perpendicular to B, j)o Fhbb. EH—EDMIHLMEE —3 3 (Equi-pressure surface=magnetic
surface), <27 27 TSR (Maxwell Eq.)V x B = o] &b

1 ~ - 1 _ - B2
Vp=—(VxB)xB=—((B-V)B-Vv=— (127)
Ho o 2
e
e V( - BQ) ! (B-V)B ! (aBé B *) (128)
R = — . = — —_— — —n
P 20, o po \ Ol R

%%, ZOXNTHUPEDZHANTEHATEZ 2K (BIZEX e A X175 X< (torus plasma) TRFELE >
/N (major radius >> minor radius))
B2
p+ 2 ~ const. (129)
I BBV E ZATENPELS D, MBOFTHVWE ZATHENNEL KRS I ZRT (pressure
decrease at increased magnetic field pressure and vice versa), ZAUk., 77 X~ KM (diamagnetism
of plasma) TH 2 Z L IXHIET 2, TRDE, HE2HACHENOEWT 7 X< Z2MiFis 272D 32D
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h OfEGEZR L LTREVWWZ 2 23h D% (higher outside magnetic pressure to confine high pressure

plasma),

51 ARTSAIOFE
FG DB (example of equilibrium) & UTHE a OFFIR T Z X< (cylindrical plasma) T z, 6 F7ENIH
FiMEAID % & % (translation symmetry and axisymmetry), X (128) 1

0] B?+ B} B3
—_— —— = —_-—-— 1
or <p—|— 2140 7o (130)

Y3, TR, BFME (axisymmetry) ¥ V-B=0&D, B, =0T 3 I LicE. Z0ORICr2/a? %
I THST (integrate) 23 2, F7/l% R0 ) (integration by parts) 372 &

“ 9 B2 + B?
/— P —d __ ("B, (131)
0 or 2,uo o THo a?
B2+ B2\ 21" 1 [ B? + B? “ B?

e I =\ onrdr = —— [ —L2nrd 132
KH 240 >a2L m2/o (p+ 240 > ' M2 o 2m0 (122)
BZ+B§] < B2+Bg> <Bg>
+ z v — +7Z = _— 133
{p 20 |,—q P 210 210 (133)

B, 22T, () XY (cross sectional average) %3, BT 3 &

{Bﬁ + Bj

_ (B2)
- L_a — )+ (134

240

L35, 727200 pla) =0 EARELIze T2 Ty 77 ARDEN LHHDOE DL, HFE{LES) (normalized
pressure) X— & (beta) %

f= o (135)
|: 210 :|r*a
THRT, A (134) & B DEFEK (definition) 7225
B%/2
B+ M -1 (136)
|: 2p0 }7 a
B2%/2
B=1-— M (137)
[ 20 }r:a
(138)
YD, XSICEC [B “ﬂ  mBUIBL
(B2) — [B?],—q {Bﬁ}
2r=a _ | By 139
T | (139)

E% B, (p) > 0. 22 >0 XD, By BHIES (p) > 0 LR BRHDH 2. £LOH HAOER

(polarity of the 2nd term of the LHS) ##% X % ¥, B, DK X X% N THBM (paramagnetism), SR
(diamangetism) & 77T 5 Z & TE B,
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o LM <B§> > Bz|r:a “p) > {zigo} B

o JEREME  (B2) < B2|,—y ¢ (p) < [i} )

2p0 |,

ZZT, IFToRua 4 ZL~X—% (poloidal beta) Z KT %,

b= 8 (140)

B3
210 r=a

INEHWS E FEto 7 — Rk

o WM 5, <1
o WM B, > 1

ERTIEMNTE S,
RN, BRFOVY4 70 ta  EHORRTH S, WM, BAORTAECERIRNAEL S & T 2%
ﬁ)g < 60

(June 9, 2017)

MO U 26 (example of paramagnetism) 27733, 74— 2O (Ohm’s law)E + 7 x B = 17 125
WTExB FUZ 0= (ExB)/B2 TR 7 VEEIREZLTZ L

=E =nj (141)

YhD, foT, J | B ¥R DB ETICER (parallel current) 254, HBEMEICE BT 5 (contribute

to the paramagnetism),

6 AREM (Instabilities)
6.1 AREMDI5EE (classification of instabilities)

AEEVEZIRRA LS DHIDH 08, RIZZBIED2 O DT 5 Z e TE 2 (classifications from various
points of view), Z ZTli&. MHD #ifk (MHD fluid) & LTF 7 X~ % Rz 2 MHD A& (MHD
instabilities) % & D H1F %, MHD FNLEELIMNTIE, HEZEM TR BONEEICR 2 5D0H 5,

ALZECDFIK ¥ 72 258 E) )7 (driving terms) 22575 T % &

o /1AL (pressure gradient)

o EFAIA (current density gradient)

CNHDHIDH 2L T I7 X< FE—12855 e LTALEN %G| %8 Z 7 (instabilities eliminating
gradients), W27 X~ % &ET %] (stabilizing terms) %

o [ SIKRDERTT (tensile force of magnetic fields)

o 35 D EHi (compression of magnetic fields)

o 5D B WAL - 12 (good curvature of magnetic fields)

ThH5,
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TR DWPLE W TE 2 LRHIINEIT 7 A~ e RICBEIT % (frozen into state w/o resistivity), #HL
WH DB IR D O EZE 2 DL E (magnetic reconnections w resistivity), BIBELAIZZEL T 2, K
Mo EOAEWRTIET S L

o HfHE — F (ideal MHD mode)

o HHIMEE— I (resistive MHD mode)

F /2. REEVEDIENT/TTE (methods for instability studies) & LT
— V) IRD DRERZRD 57 (finding growth rate of each Fourier component/dispersion rela-

tlon)

o T )L¥ —JF# (finding polarity of energy increase against perturbations)
BH b, VOB MIMES) (small perturbation) 2% 2 %, ZOBEDKET 20 E2 2N DO H1H, &
X2 21V F—EBOFSE2 R 2 DHRETDH 5,

72 A=% MHD jfiifke LTTIERL, MTFE LTEX, EEEMOME (structures in velocity space) %
EBEZRTNERLRVEEDH 5,

6.2 AREMDH

Z 2T, REARLEN (interchange instability), ¥ —+t — I RLEMN (sausage instability). ¥ > 7R
ZEME (kink instability) 29 %, THHD S B, HEALEIEIIES AN (pressure gradient) 12 & > T
BEhxnd, £, V—t—IRLENE, 27 AZEMIER (WAL (current gradient) 12 &k o THE) X
Nz, WINOHAEDBMNENZREL T, 2OREBEET 2 HEEITNLET, WITHET 2 HEI3LET
»H%,

o IARZEM: (interchange instability)
7o X< e AR (BZ2) ¥ 055 (plasma-vacuum boundary) T. Hi5t & #EEIZJ) (perpendicular
force)g BMboTVWB T2, Fio, WHIHEREFATTHI LTS (magnetlc fields parallel to the
boundary), Z OFEFHEL S L BENEFT>TWVW5 & ZOHDRIBOKELE X % (growth of wavy
boundary), £ % ¥ (ion) ¥ EF (electron) D Gz k3 FVU 7 b DAIZIFHTDH %728 (opposite drift
directions). 9 > TV A REICIEEDEMRD X S (charge accumulation at both slopes), Z D%
#iC & D BEEAET 3 (induced electric field), BHICES Ex B FU 7 MIA AV bBEBFHRLMA
ETH2, §HTTARDILD B ETHIUD (when G direction is co to plasma expansion) K DR
iEi3 E x B2k DET 3 (ExB drift enhances the initial wavy boundary),
CORERBHESL D S WA TREE NS, Thbb, BEOENAES § LHfhEETohiud v
(stabilized when their directions are opposite),

o V—t—IPRLEM (sausage instability)
FItEIR D 7*F X< (cylindrical plasma) 2% Z %, REIZERBTHNA TV S & F 5 (surface current),
KA BRDO PG TR X — (£ ¥ &7 &2 R) (magnetic energy, inductance) 25/NEWZ 2 IZHEE,
Pﬂ?ﬁ@ﬂf&#@ B T/NE L 72D (if radius decreases at a part). FIHEA K 3 & (pinch), 2D

o OIS K % { 72 % (By is enhances at this part), Z DR, BIHFOETIDE K D (increased

magnetic pressure enhances the perturbation), 77 X< 3EFEAAICENE X415 (radial compression ),
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FERfZ 2 & X 51 By Wi 725,

—J. MEAMOS B, 3% % & (with a longitudinal magnetic field), ZDJEMEICE D B, 38 5
NZENICHF ST % (compressed B, contributes to the stability), £7z. < MU & b 77 IS
B, i 5 2 DT IR BLEICEHEG T S (bent B, also contributes),

—fiz, FITRERIZEWIZE|EE S (attracting force between parallel currents), I, Io DT
WA r R Twa e 35, HAKRZ D7D DI (force per unit length)F, &

F, = tohlz (142)
2rr
Ei8%. r NS B, TDINFKRE 7S (increases with the decrease of ),
o ¥ 7 ALEN (kink instability)
FIFEIRD 7 F X< (cylindrical plasma) 2% X %, REICERPTRN TV &F 5 (surface current),
B (Bg) 20K %0, FFENRAEL LT (2 F1AN) K52 (wavy) HE%2E X 5. MELHD -
TV 57 DA (inner side) Tl By 23558 < 72 D AMAI (outer side) TI335< 7% %, WMHOEN%E2%
A%, HEDES S (BE) B3RS %,
iEmE523% % & (with a longitudinal magnetic field), ZEEIC & D WI#3HIT 545 DT (this field
line is bent). ZAUILENICE 5T % (contributes to stability).
o ¥ AT 2 VDI T ¥V IV (Maxwell stress tensor)

BNARED 75 X~ 12l < B )] (electromagnetic force) %

L. S 1 - -
f=pE+jxB=V-0—¢€po— ( E(EXB)> (143)
ot Ho
LR L. o BEFE (define) T2, 0 BT A7 2 A DIEHT > V)L (Maxwell stress tensor) & PR3,
RGNS SN
b 1 b
mj:eo(EJ%——i;B?)%—M)<BJ%——E;BQ> (144)

L5, XA (diagonal part)—% W5 DES (pressure) & 7% %, FEXTAIE (non-diagonal
part)B; Bj 1%, 5&7] (tension) 2R ¥, FlZIE. = HADIE

) ) P
F,=(V-0), = =-B,Bs+ 5-B.B, + 5-B.B. (145)
YREN S, 2 FAOHBADFPIC o HAICHD > T3 (vending) &% EX 5. Thbb

B, ~ const.. % >0 ThHEEER D, ZORKE

igBach — iBZan’?

po - 0z
v, TOW. 2813 (V x B)y = pojy £7% 0. Fy = (j x B), DHO—# %%, Tibb, <
2 29 TADIGH DOIENAIEHEHESG O D & 24Ut 5 5k ) (tension) ZR L TWSH, ZHUd, &
it (current) 12 & % 1@ —1 >V Jj (Lorentz’s force) & A TH 5,

F, =
po 0%

(146)

6.3 REAREMOHREERDE (derivation of growth rate of the interchange instability)

RLEME DR TFIET H 2 KHEFEDFHT (evaluation of the growth rate) % IR LE M % HICHL - THiH
T 5, NEEWRI (wave) & U THD o, 77HBIFR (dispersion relation) %K %,
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x < 0 QBT 7 X< (plasma) B3H D, x > 0 ODFEIBICEZE (vacuum) DTFEEL § (> 0) DIz D
EDQMEZLPoTWS T %, —FkRHY (homogeneous magnetic field)By (> 0) 2% z IEMA ZZh 2 -
TWT, 2z HANZIEBEDIFRE (translation symmetry) 23 % & 3%, FHPKE (0/0t = 0) TODEZE Bo.
ov mo £F B 727Uy (T0)e = (To): = 0. Eo =0 2F 5, ZOYE, y HHEIZER DT OM/MESD)
(wavy perturbation of the boundary) D&% (growth rate) 23K 2, ZDEENT K 2 1 XRDIH (1st order
perturbation) % vy, E. n; ¥ L, ZH5D5, o Y=Y SEE (plane wave) D 7 —V LR TH 5 L F
%, fEED (arbitrary)k [0 3 % w(k). $7bb0EEFR (dispersion relation) 23K 5, Z DK, Re(w)
B (frequency) TH D Im(w) FEER - HER (growth rate, decay rate) TH %, Im(w) >0 TdH
R R L. NLE (unstable) & HIBITZE 5,

4 4 > 0EFHHFERX (Eq. of ion motion), BT DEH X (Eq. of electron motion), A A > DD
K (Eq. of ion continuity)., EFD#EHDI (Eq. of electron continuity) % i#37 X €T (simultaneous
Egs.)o

4 7 > OEH R (Eq. of ion motion)(105) {FFHIRAE (equilibrium) T

Dv . . . = o
Mini = m;ng(ty - V)tp = 0 = eng(th X Bo) + mynog (147)

XD, AAVBy HAARESIIFY 7 b

migxB _ g . (f:ffL\Qi = _eBo < O) (148)

Vo = = (&
& B2 Qz v my

295, TIT. A4, BFERITTND . e THEEWKT 2, 2z AICB 2RI S, BIEEEHZ T 5,
A F 2 OEFH T ERCBCTHMMEFID D 2D 1 RDIE (v, E. ny) dEDTEZDL

—

mi(no +mn1) | = (T + 01) + (Vo + %) - V(U0 + 171)} =e(no +n1) [E + (0o + 71) X go} + m;(ng +n1)g
(149)
%, TORADPS 0ROEZALGIE, 1 ROEIIFKR L, 2 KU EOIHIZIES S 5 & (extract only 1st order

components)

ov . .
m;ngo |:avt1 —+ 170 . v171:| = eng |:E + ¥ X B0i| (150)

L%, ZZTHEMEPE (plane wave) ZEZTWBDT
ming(—iw + ikvy)U; = eng [E + 77 X B?O}
(w — k‘vo)ﬁl = E(E + 77 % éo) (151)
mg

LD, &S (component) DU

(= kvo)ors = (B + v, By) (152)
e
(w—kvo)viy = E(Ey — v, Bo) (153)

7

Lisd, BEATHITRT
Uiz _ 1 W — k’UO —ZQZ —ZQZEZ/BO (154)
Uiy (w— kvg)? — Q2 +iQ;  w— kv —iQ,;Ey /By
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Em = O, ‘Qz| > |w — k"Uo| @Hﬁ@: hz ’l_)'@ﬁk_éj\ Vi, U1y K’.O‘/\fﬁ@< e
_ LBy
=5
(w—kvo) E
T I T\ Vip = Vigs U1y — Uiy ERAL L7z, FRRICL T, BT OEFH KX (Eq. of electron motion) 2%

ZDo €= —es My — Mes O — —Qp EEHLT

Vix

(155)

E
erzgz
_ . (w—kw) By

(Y = —1
ex Qe BO

L%, 7220 24THTIE. Qe > Q4] > |w — kvo| ZHWVTz,
4 A > 0RO (Eq. of ion continuity) @ 0 XD 71

-0 (156)

% +V. (Tl(ﬂ_)b) =0 (157)

Z ZT. Vn() || é'w\ ’U() ‘ é'y TZE D\ Vno '17() = 0'(3550 ifc\ AV "170 =0 0:@5%':\0 /f7]'.70)3$%'}j_:ﬂ®ft (Eq.
of ion continuity) ® 0 X+ 1 XD

8(710 + Tll)

En + (no+n1)V - (¥ 4+ 91) + (¥ +01) - V(ng+n1) =0 (158)
L% %, ZOXDL 0 RDENZEZAELTIE, 2RO WA T 2L, 1 XOK
onq . . .
E + TL()(V . 7)1) + (’Uo . V)TL1 + (’Ul . V)no =0 (159)

MR 5N 5, FHEE (plane wave)ox eVt 2EZ TWBEDT
—iwny + ikngviy, + ikvony + viyng =0 (160)

¥ B, T L. np =20 e KRGl L, ZORICEq.(155) AT 5 L

E —kvy E
(w— kvo)ny + iB—zn’O — ikng~ . o B—z =0 (161)

BT DOEF T (Eq. of electron motion) b [FBKIZHET 203, Qe > |Q]| TH 2 DT vep K V40, Vey K Vegs
TIDB, Vg~ 0,0 ~0 T2, £ADK (161) IHEFT 2EF DX (Eq. for electrons) &

K, _wny

il (162)
0
Y%, chE (161) IKRAL.
w—kvg \ wny
(w— kvo)ny + <—n6 + kno Q ) ar =0
kTLO w — k’UO
(wkv0)+(1+ SR >w0
Qn
—% + w(w — kvg) =0 (163)
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XHIRA (148) ZFHVWS &

/
wQ—kvow—g@:O

no
kgw ng
2 _ o _
o I =0 (164)
Bonlaile il e
kg k292 gng
w= 20, + To% + o (165)
THh, ) o
gno _ kg
o Ty (166)
ThHIE, EEROMPTEFEEL, TEECK D, TOR, §2 Vng 3R ETRITINER SV, TEE
52 no k2 g2 £
B | T > gy ORI
ang
I ~ |2
m(w) ~ |7

L%, RINT G Vng BRAILHAZTHIUX, K (166) 3 ZE 3. K (165) DIRE (square root) MIKIE.
WIEFEBICRD, e TIREIT 2T 2MHBZ 6N D, ZORREMEIE. BELAR ny THREFE Z>TW03
D, Fiz. MIERITOSE. IRIEHEIZIEE (arbitrary amplitude) TH DikE 5702 2 ITHER,

7 TSXIHPDK (waves in plasma)
7.1 KEND94E (classification of waves) EEXD & W\F (approach)

75 A= Tl EEBEHEIER (action at a distance) T» % &%, ¥ (electric and magnetic forces) 23
H5Z . TP (resistivity). Kt (viscosity) 7% ¥ DEGED/NE W (small dissipation) Z&»ba—kb—1 ¥
I 72488} (coherent perturbation) T % K& (wave) HIFIE LR T\,

77 X=X TR D EIK T 4 72K F) (various waves) 23d %,

o {4 VET (ion and electron) D72 & b 2 HHOMBN T35 5,

o I (density) ITH 3 2 MKENE (75 X< 4REEL D, B (magnetic field) 1205 2 KFE (4 70
b R Q), BUEH) (thermal motion) (X3 2MKAEME (KT) 23 %,

o [ (magnetic field) DA =, KB DIk (propagation) /7 1A, B (electric field) DA =, AL
(dislacement) DA Z DBIRD D %,

N5 D4 7L MIE (various aspects) IZRHG L TWAWAIRTFTTE (classification) 258 %,

1. ¥, BRI (electrostatic and electromagnetic waves)
BWEWMCIZE = -Vo=—ikp —E|k Bi=0 EBECTEB £0
2. BW7 I X<, il 7 X< (hot and cold plasmas)
kT 23578X (dispersion relation) 12 A % 5 & 5>
3. R L % (R- and L- waves)
AEl Db FRE2 ARl D PR (right- and left- circular polarization) 2

32



4. IEHHE (0), BEE (XK (ordinary and extraordinary modes)
TRYCTE DI AT (parallel) 22HEE (perpendicular) 2»

5. @ (Fast Wave), % (Slow Wave)
A E (phase velocity) 25E W 22N A

T I TR WeWwT 7 X< (cold plasma), —kkiEE, —Hk®EY; (homogeneous magnetic and electric fields)
TOW (wave) ¥ E 2 %, R T 7 X< (background plasma) D% B ¥ L. EBFHEYL 4 4+ > DHBE
FIFFE LK ne ~ ng. R (quasi-neutrality) TH 22T %, £/20RXDEHIZHRVE T3 (0th order E
is zero), “FMI{ (plane wave) %% 2 %,

W ORFH (feature) 1FIEN 2 b L (wave number vector)k, fJEIE#K (angular frequency)w TEEN 3,
—RRGTHIUR, IS HEA (plane wave is simple) T, 2T 1 XDZEHL (all 1st order variables) &
cilkm—wt) TR NB, Fio HIEZBL (linear phenomena) THAZ. 7— Y TP OFEAE DY (linear
combination of Fourier components) T, ®TOEKZRT Z LA TE, FHHK (plane wave) DR 2 FH
(behavior) A5 AUE. R THDH B,

k¥ wolME, BRERTREHEEE (dispersion relation), 778X (dispersion formula) ¥ FER, Zi
Mo hiud, EEDOREZER 0 (spatio-temporal distribution) % 7 — Y %4> (Fourier components), 372
bbb, VK (plane wave) IZOE L. Z OREHEZAL (time evolution) % w 7 & Tl (predict) 2 Z & 3T
E, MRNCRORBBENETHT LM TE S,

% 18&) (perturbation) ¥ & 2, HEEH (linear phenomena) TIHLEL (approximate) 35, ThbH,
H s 77 X~ (background plasma) % 0 X (0th order state). i (wave) %Z 12X (1st order state) &€& Z. 2
XKLL (2nd and higer order) %4 (neglect) 3 2. EAIIR 1 XRDOZH (1st order variable) 1& 6B, §E.
on. STEND %, k= wPEEKS (imaginary component) k7. wr ZRFTITERIL oc e F1T) ewit ¥ 12 %
By zih. 22, KRR (spatio-temporal) 12783 (decay). FERX (diverge) 3%, WFRIRVRIRE. FEHDS
Z5E (stable). TNZE (unstable) WXET % Z L IR,

7.2 EBIHP ORI FDEE (particle motion in electromagnetic field)

ZIZTIE. 1 ROES E T BI5% (response) 3K 3., fiEK T (charged particle) o EH) 52
(Eq. of motion) i
m— = q(E +7 x B) (167)

Y#EE B, TIT B (|| &) % 0RO (0thorder) ¥ L, E, 7 % 1 XD (1st order) ¥ 3%, %7z 0x B i3
2 XD (2nd order) DT, T 3 (neglect), F7z. FMHIK (plane wave) Df#% E,, Ey, E,, v;, 0y, 0, X
e~ wt v 33, H#HFER (Eq. of motion) %

—iwm@ = q(E + ¥ x By)
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T TRT L

m
—iwy, = aBo (Ey _ v
Y m BO *
. qBO Ez
i, = B0 B2 168
iwv m By (168)
Y73, B=Bye. TH2IZLIEHE, Q= —¢B/mEHAV, X5 20138
w  +i2 0 Vg —’5937?
—iQ) w 0 v, | =| —i% (169)
QH
0 0 w v, 72937;
#4175 (inverse matrix) % 5 1F T (solution) ZRD % &
Vg —i0 w =) 0 %z
v | =g | HO W 0 Zu (170)
vz wr T 0 0 (w?-0%)/w £
0

Yhb, CORIE. E 252 5N OB T (particle) OGS (response) #E£ T, 713 E AT 2
(proportional) Z & IZFRE,

7.3 FERLFET >Vl (permittivity and dielectric tensor)

75 X< HDH] (waves in plasma) & 2 22, 77 X~% H 5 HEHF (permittivity) Z HOWE L #
Z5. THROB, WENIHT 277 X<l S 2K T DIE (response of charged particles) ZFHFEIRICK
BLXE 2, ZoOR, v7aREIRIEZW (no macroscopic j) & X WEHHP O~ 27 2 v )L K (Maxwell’s

Egs. in matter)

Vx i = (})Jr%? (171)
ZHW3, 22T
D=cB=cF+P (z?ﬁ) (172)

€ [XFAER (permittivity), P 13/ HEES (electric polarization). R ummsro oL (dielectric tensor) &
XN 5, 774 (polarization) 13 EH DR TRIEN FDONMEDZANL L THE L %5 (displacement of charged
particles by E), ZDiBETIX, BERHMPMN S (current is generated to establish the polarization), 3 7%
bbb

P= / jdt (173)

EEL. 2o jd~erunRTEdn, EHESICHERS N WENTOLMER - HEER (wave field
induced displacement current, polarization current) T®H %, Z ZTld, #ERIEE (linear wave) % X
TWVWBDT, PR T OE#E 7 — U % (Fourier component) e!®7=w) TRXN 3 L EZT I,
ito T

—

. opP O - (=
=% iwP, /] o (174)
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—77. BIREE ] 3 RFER T OEH %2 K LT (reflect the motion of each particle)
J

JIIM T OmEEERT, K (172) 1k (174). (175) kAT 3 &

— K -E (176)

MHEL S, ZIT, FEiTRLEXS Y (_') ¥ E LB RBIRICH 3 (linear relationship) & ¥ & FWT
Fyyn Y = qu’vj EHWIz, 7YY %@§’$ (susceptability) & FETL, uﬂbiy@%@ﬁ?#
B Z N e BBTEENTH 2, ¥ LHBET >V (dielectric tensor) ¥ = +5
DRELD 5, X ? I EROTE (dlmenswnless quantity ) TH 2 Z L IZERE, d L. ZhALRTr YL
(tensor) Tl < A A T — (scalar) TH 2HEE. D = egeE &7 D, RS (relative permittivity) A7
7 >V L (dielectric tensor) IZRIET %,

2 ZTIE. MFoMEIE Y 3 % (consider only one sort of particle), T, BT & A 4> D _fHH

MHEHEEEZ D,
? - Y By 7
E=E+ 25 =F — 177
* €0 v < GoBo) w ( )
ZIT. 7 XIREE (plasma frequency) 1T = /2, H A4 71k r Y ABEEL (cyclotron frequency)
Q=-Lo 2Runs L
P __ng m __ ng
Q o €om qBO o EoBO
b, ZhERX AT IRkAT B
®.Eop_iLE; (178)
N Qw
L%, Ziuc (170) #RAT 2 &
. . 112 B 1 - wzn Q2 +e w211§2§ w 0 .
K E=B-igov=| -izlu? 1- L. o | (179)
0 0 -
Z DATHIER ST (matrix) AFEERT > VL (dielectric tensor) R w2xv. cnz
K| —iKx 0
+iKx K, 0 (180)

0 0 K|
ERT
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74 BITERCFEI (refractive index and dispersion formula)

~ 7 27 VI (Maxwell’s Eqgs.) 22 5K RN (wave Eq.) ZE ZJEHT (refractive index) 2R
2578 (dispersion formula) 23K 2, 77 A< DEINIKL . IEREME (unmagnetized) TH 2 LT 5 &,
<7 2y T VJE (Maxwell’s Egs.)

. 0B
E=-2
V x o
VXI?[ZVXE:%—? (181)
Ho

Yh3, ZZTHEE (E, By, D) 131 XOHEIE (st order linear terms) THH. 7— U T4 (Fourier
component) e/F™wt) TEEIB LT 5 ¥ ERT Vx — ik, 2 — —iw t LT AV IR B EH
R

EXEif’Lwél

= g aﬁ — —

kx By = o = to(—iw)D = fu()weo? -E (182)
Y5, 2022501 &D

N 1

k‘)((k‘)(E‘)—I—Cf2 S 60/10:6*2 (183)

Nx(NxB)+ K E=0 (184)

»ELNB, 7L, N = % AT (refractive index) 233, ZHH E £ 0 O (nontrivial solution)
RO S, WOMTRNE w, k OBGERMSELH, ZhEBROHER (dispersion formula, dispersion
relation) £ 5, f-T. WOREEHRT 2101%, HEET> VL (dielectric tensor) K &K%, SR
ZRDIBEDND D,

3\ (183) X E T (wave equation)

2
_ w -
VX(VXE):C—2?~E (185)
DR TH 3, BHEHARCEHZIV-E=0THb, KEHER
2
VE+ 2R E=0 (186)
C
L% 2 EICHER,
X (184) B X S LT 5 &
(N-BEYN-N?E+ K -E=0 (187)

%, BEYS (background magnetic field) By I35EICI®D 72 X 512 2 AL T3, ay AAEERI N
TVWRPoDTUTDXSIZEFT S (define xy directions as follows), 3720 B (propagation
direction), k DA xz FHEPNCR S & 512 & HHRRSD, y A « FTH, 2 ENCEE R YL LTHRE
%, N = % B EHTTHD, O, N = (NL,0,Ny), (N, =k, =0) &5, {&I71 (propagation
direction) 2% z #ifi (z-axis) LR T AL O LT 5 L,

Nj= Ncosf), N, = Nsinf (188)
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YRBTE, HTHAWVS, N, Ny ZHVT
N-E=N,E,+NjE. (189)

cEEEZ,. ok (187) ICH —IH (the 1st term), 2 —JH (the 2nd term) IZRKAFT % &

oo . NEEQJ—I—NJ_NHEZ E, —N”2 0 NJ_N”
(N-E)N — N%E = 0 - (NI +N)) | By | = 0 —-N? 0 E

N NE; + NH2EZ 2 N Ny 0 -N2
190)
7%, HF=IH (the 3rd term) L HbE B &
K, — H —iKx NJ_N” E,
+iKx K, —N? 0 E, | =0 (191)
NLN, 0 K —N? E.

t%, TITN? = NT + NP TH2 I HER, o5 EAM (nontrivial) L, T7kbb
E,=E,=E.,=0 LWWD%%%OK&)&JJ:\ Z D174 (matrix) D174 (determinant) 23X 1 (zero).

(KLN + Ky NDIN? = {(K% = K3V + K KL (N 4+ N) | + K (K3 — K%)= 0 (192)

TRINUIZE SRV, TIT Ky, K, Kx 133X (179) DITHIDESR (matrix element) TREN 5 & 5 ER

(constants), ZAUE, FE (density) ¥ HH (magnetic field) THRE 2, RHEE N = (N1,0,N)) D 25

“C“d*b%o ORI N D 4XT5HEK (quartic Eq.) TH D, THEML LT NL = kpe/ws Nj=k.c/w
BonsHEk (dispersion formula) TH 2,

7.5 DEDRRCERAL 7RI (solution of the dispersion formula and various waves)

B DIEW S % 771 (propagation direction of wave) @ z ifl (axis) 2> & DA (angle) % 0 ZHWT, BT
# (refractive index) & Ny = Ncosf, N, = Nsinf tHFZEFZT, 78 (192) iITAT 2 &

(K1 sin®60 + K| cos® O)N* — {(K} — Kx)sin® 0 + K K (1+cos®0)} N* + K| (K7 — K%) =0 (193)

L%, Tk, N? @2 %5 (quadratic Eq.) TH D, 0 852 S zHEiE, BORR (quadratic
formula) ZHWTHEL 2B TE S, DD (for later usage). T DR DHmEDIH (the last term)
KH(KJQ_ *KX) % R= Kl +KH, L= Kl 7KH ’Eﬁﬁlﬂf KHRL = K||(KJ2_ — X) Kﬁbfj3<o

o IEHK & BHEI (ordinary wave and extraordinary wave)
6 =75 D5E. bbb, WAMICEEIEIRS % (wave propagating perpendicular to magnetic
ﬁelds) BEZ D, BEROERD O ¢ HIANZIEM (propagate along x-axis) 34 Z L IR, 77
3\ (dispersion formula) 3 (193) 12 0 = § ZIRAL TS &

K/ N*—{(K] - K})+ K/ K.} N>+ K|(K} —K%) =0
(KLN? — (K1 = K%)) (N> = K|) =0
K2 - K2 RL
N2=N? =L X _"2 N2=-F 194
I I XL I (194)

Z DD (two solutions) M 545,
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K,  —iKx 0 E,
+iKx K, —K, 0 E, | =0 (195)
0 0 0 .

MEBNE, AT E OlETRNERTHD, E, = E, =0, E. #0 £\ 5 i (solution) b0,
UL, DR (polarization) OFFZRL TH D, HREHZDHFANTESN T (electric field parallel
to the magnetic field) 235 % Z & 2R LTV, BEMIE k= Niw/c = \/Kw/c=Z2HWT,
E, « ehev=wt 2ifi7- i3, ZAUIMTH D, I (KD 3L (aribitrary complex coefficient)
TH%, ZOWEIERIK (ordinary wave) LR, K| O BAENLRRAZHWZEOHEICOWTIIR
s 5,

% 5~/ O (the other solution) i, N? = N2 = KL% w5 n ket (191) 1 cheft

ATBE
KJ_ —iKX 0 E:v
+viKy K%K, 0 E, | =0 (196)
K2 _K2
0 0 KH — 7LKL X E,

HEshs, 2. E, =0, E,/E, =iK,/K, £\ f# (solution) % &2, DRI zy FHEHMN
(polarization is in xy-plane) T® D, fiitH (phase) 234, 374D H 90 £ (90 degrees) INTWVWEH T L
M5 (K8) MR (circular polarization) L TW2 D305, EOHEIT/T I x 771 (propagating
along x) TH 3 Z L ITIHFE,

R & L # (R-wave and L-wave)

6 =0 DF/E. MO FATHR. Thbb 2 HIANZEM$ % (propagating along z (i.e., magnetic
field)) & 2 ICHE, Ni =0 THEDT. 2 (191) i

K, — N”2 —iKx 0 E,
+iKx Ki—-N} 0 E, | =0 (197)
0 0 K|
£ 72%, 57N (dispersion formula) X (193) 12 0 = 0 ZRA L T#EL &
K N* - 2K K, N*+ K/RL =0
K| (N*~R)(N*~L)=0 (198)

v 72D, # (solution) &, K| =0, N2=R, N2=L ¥ %%,
NS (Firstly), K| =0 OREEZ 5, ShER (197) 1KRAT 5L

K, —-N?  —iKx 0 E,
+iKx K —-N} 0 E, (199)
0 0 0 E.

LY, E, =E,=0,E, #00R¥ 725, $7. KOIEHK. REKLEZD (different from the
oridinary and extraordinary waves)N| = k.c/w I3fEE (arbitrary k.) TH 2, $74bb5, (w p9)
K| =0 ziifi7- 2, EEDOWE (arbitrary wavelength) 27F(EL 5 %, Z4UZ Sec. 1.8 TRAL 727
7 X< 4&H) (represents plasma oscillation) Z%#3, I ZiL (For example), k = 0 THERHIER KT
U, L OZERFBFE CMHTIRE T %,
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R, N> =Np =R, N> =N =LOBEEZ 2, X(197) 25, B, =0rR%%. ¥, ZORD
247H (2nd line in the Eq.) 22 &
iKxE, + (K. - N{)E, =0
iB, _ Nj—Fu

200
#h, N2=R, N? = LIZHIELTZ2ODH (corresponding two waves are)
. iE, R-K, Ky
RK: —|—= =—=1
B BT TRy K
; iE, L—-—K| Kx
Ly Er_ — =t _ 201
153 E, Tx Tx (201)

8%, TN DPEIXEIRITA (propagation direction)(z J71A) 2k LEE %Y (perpendicular
electric field) 25, Z DR/ (polarization) 1% zy T 90 EE 341 (90 degree difference) TH D,
xy FHIN TR A R REE PN [EE5 3 % (polarization direction rotates in xy-plane), ffil 2% (For
example), RIEDHE E, = !>t v 332 B, = jellhz—wt) = eilkz—widn/2) v 7z 24U,
Ey(z =0) = coswt THAUF Ey(z = 0) = cos(wt — 7/2) =sinwt TH S, LEdo>T. R LK
FARE%Z R T (R- and L-waves represent circularly polarized waves).

BT LA UDDH 5556 (cases with ions and electrons)
R FREDSEE D 5 55413 (In the case of several sorts of particles), & (176) TR L& 512, X T
(summation) ZHAUI RV, ZZTid. BT 1EHOAF U0 H25E%2%E X 5 (consider electrons
and a sort of ions),

gl

Hg Hf 9 Ne 1 Z2€>
K” =1- E — E (He,i = ) (202)

WBWT, me < my, > 11 BRI T 2 DT

I
ELTRW,
- K.
112 112 qB
K, =1- < — ! Q=— Qe Q, 204
+ w2 -0 w2-Q? (‘m’ [€2e] > > (204)
w > Q| DI, Kj_zl—g—;—g—z~ —E—E

w ~ Q| OIFIEEE ZIH (2nd term). w ~ Q; ORI 38 (3rd term) 23FEHEL 3 2 ATREME (can
be infinity) 23 D EH TRV, COXSIKEF. A AV 2oMlE s 77X~ Tid, w L HE
(density) ZKML$ % 11, II;. 5% (magnetic field strength) % KL 3 |Q.|. Q; & OR/DBEFR
(magnitude relation) {2 & D#k & o — & (J%) (variety of waves) 3% %,
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o IEHIKE A1y b4 7 (ordinary wave and cutoff)
w ~ II, > TI; T. BJ1%8 & BEFT7A (perpendicular to the magnetic field)(0 = w/2) &3 2 1IEH
% (ordinary wave) & 2 %, 7D (solution of dispersion formula)

Ak 112

%, ZZT, Il x \/ne THZDT, HZETI (in vacuum), ne =00 N=1THH, THIIE
HOEMIK (normal electromagnetic wave) TH 5, 77 X< D56 AGH L 72iId (wave injected
toward a plasma), 77 XHICRALEEN DB LA > T, EITFROZF N2 2D (N?
decreases along the propagation due to the increasing density) w = II, DFRIZ N2 =0 ¥ 4%, Z
DD % H % % (Consider such situation with N? = 0), 77 X~H D (wavenumber)k &
B2 T DAL (wavenumber in vacuum)ko & JEHTH (refractive index) % FWT

2 27’(’)\()
Y 0 (206)

tRINB, EoT
N2 >0 DR, N IZERK (real). k IXERT. HiZ eTh® 22,
N? < 0 O, N IZHEE (imaginary), &k 3MERT, Bid etmPWr vz,
%% (The latter) XZEMMNICIRE T % (decays along propagation) T34t > b (evanescent) 72K %
x5,
TRHBEDOEWT 7 A IZHEP O IEHKEZ AT 255 % % X 5 ¢ (consider a wave launched
toward a plasma with sufficiently high density). N? ¥R &ICFAD (decreases). BT/ % FHIT
B 3 ICIE T % (the wave decays at the negative N2 region), 132 Z TR XN 3 (the
wave is reflected), ZAU. i (mirror) ()8 (metal)) TOHDKE (light reflection) & [ CHEKT
HH. BTFNFECBIT BTG (particle reflection in quantum mechanics) ERICTH %5, ZD
EOWCEPRATETRMNT 2L % H v b4 7 (cutoff) EFER, MUTF. BFNEICBIT 5 WKB &
& EE O FMME: (analogy between WKB method and dispersion relation) Z7R L. &1 DA
Z FWWT AT (reflection) % b & F LRI (tunnel effect) 2% 2 %,
o WKB IS & % #f# (WKB approx.)
L, PROERTO WKBIEBITH D, HOBERDZEIDZEMRA 7 — AR LD bR
(assuming that the scale length is much longer than the wavelength) ¥ WS RE% L TW5%, & T
BT 5 WKBIEBE A UFEEZH - TIhERT,
HAAHEE (phase velocity)v & b2 1 XITDHKDOHKE X (1-dimensional wave Eq.) &
2 2

887]23 = 1}2% (207)
CITHIEABERw DAEEZ, E=E(x)e” ™ ¥ UTERDHE (separation of variables) #475 &
BRI

w2

E'+ SE=E"+kNE=0 (208)
v

TIT, N =< =5 3% (refractive index) ZF 5,

v
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—7%, BFS%¥ T, Schioredinger /250 (Eq.)

o, _
S (B = V)& =0
IZBEWNWT
(I)Zeis/h7 S:S()-F?Sl—f—
LML Tz ZHRRFIEL T E(x) = @) 5L e i#FER (wave Eq.) 13
¢ —i¢ — N?*k2 =0 (209)
B, ZIT, d=¢do+¢1 £BLLORX, 1XDK (0th and 1s order Egs.) i

2= N2k, —¢y=k=+Nk
i}

20000 =igg , — Py = p (210)
0
Z Z7T, %L (under the condition)
1 ;j-\ro)IE“ // 1
swod| |57 €
d|1 d |1
“mlol— @ k‘ <1 (211)

THhiuE, ZoiEfl (BF) 1ZE LW (the approximation is valid), Z4UZ, HEDOZEIEEICH
NRCT BN TH2 I 2EKT 5, O,

(150 = :t/NkodJS
i L
61 = 5 log|h] = 5 log [Nk (212)
&b, HOIRMER (amplitude)
E = eid) —_ 1 e:tikaodx (213)
Nko

oT, AW WKB Bz Lz EOMHEZRBR LS DTH 5 (the dispersion relation
express the phase term in WKB approx), WKB A EIL L 72 W& 212, X (208) Zf#Ed 72T
72570

BFNFCEBT S by 2R (tunnel effect in quantum mechanics) (&, K7 ¥ & v )L FEEE
(potential barrier) Z V — E & L7z & &I

|\P02ut| _Qf \/ 2;:“ (V-E)dx (214)
Ei2%, TAUSHIET 2 EBEDORIX (wave Eq.)
EOU — T
||E2t _ =2 [|k|d (215)

e b. ZOR kEHE (imaginary) TH 2, V — E =0 27 2%MHE N2 =0 & 723 5&F it
L. ZOMHET V BEFICELT % (linear spatial variation) 2 {RET % &, EEIBIE DR (solution)
3= 7V —BIE (Airy function) TRE N 3,
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o IEHE DG (application of ordinary wave)

HEHEE (ionosphere) 1355/ 7 2 X< (weakly ionized plasma) T» b, TERIEMHGE (short wave-
length broadcasting) DK 4T (reflected) TN 2, FEIRMBOXTIXEREE & H_E o CHRD RS 2 1%
DiRF Z 22 & D (multiple reflection between the ionosphere and the earth), Fif L OWERT &7
WK S e RIEEEOINRIENFIREL 72 %,

FHMDKEZEARE (space ship during atmosphere entry) IZEENTERLKRZ20H, FHMOED
DICTTRIPTEDTDTH b,

TIRATDEERWEST 5 TR LT~A 7 nilTHitA R AVoi s (microwave interferometry
for density measurements), ZHUI T T X~ %2 FEilE L ROMHOZ N2 5 EEZ KD 2 FIETDH
% (phase variation of the wave penetrating a plasma), IEH{EDEITHED 3 (squared refractive
index of ordinary wave) & N2 = 1 —12/w? TH 22, AFT 2~ 4 7 alEOREEE (microwave
frequency)w 2% w > I, 27z 3T E T UL (for sufficiently high frequency). JB#T3 &

(refractive index)

I12 1112 nee?
N=y/l—- —Ctx]-—--"=1-—-_—°"_ 216
w? 2 w? 2meeqw? (216)

¥78%, %A 7 nEONMEREEEES (path integral)2r [(42 = [kdz TRINZDT, 77X~
DTIET 20 L FE LR WIF DA UAERE T O D 2 (phase difference between with and without
plasma cases)A¢ &

Ad / kodz / kda = k / (1 - N)dz ~ k / nee® . Koe’ / Ned (217)
= — = — ~ = el
0 0 0 2meeqw? 2meeqw?

b, COFET () HEDEE (line integrated density) [(n.dz G515,

o R K L DA (application of R- and L-waves)
WHDH 2 75 X< P THIG AN S 2 ORI %Z%E Z % (consider the polarization of wave
propagating along magnetic fields), B5 DA = % (direction of magnetic fields)z AMl & L. &l
M (propagation direction) % z 7 [Al. {&iJ7 M (polarization direction) (F#; (electric field) D F7 M)
ZaximeT 5, WOEBEDHIEL w> 1, |Q| £ T2, ZDKF

I
KJ_%l—p

nm Q I12Q
Kx ~ € Ty € 218
XU 202w w3 (218)

W FEATICEM S 21K TH % (wave propagating along magnetic fields)R . L D EITHRD — I
(squared refractive index)R. L &

2 12Q,
RE(Nl‘Q):Kl-i—KX:l—w—;-i—ﬁ

2 1120
LE(Nl‘Q):Kl—szl—w—;— ZSC (219)

b, x HIANCIRIE U 7RI ERMRIE T H % A% (linearly polarized), Z AU/ D PRI & A8
D PRI DA B (summation of left- and right-hand circularly polarized) ¥ 7R3 Z e TE %, Z
DEEF. RIEE LIEOAK (summation of R- and L-waves) £ AR T Z e TE 3, 77 A<vH%
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B L 7212 2 0 — D QR DAAHBIFRDIE U T HAUIRIEIT NI ZED 672008, (iAE B AU R
FTANZ A5 3 % (their phase difference induces rotation of the polarization), % Z CTfiifH7 (phase
difference)p &3k % &

¢=k0/\/ﬁdx—ko/ﬁdx

2 120, 2 120,
111202,
~ ko/Q X ——¢ dxr
w

_ 5 dz (220)

w3 | mee me
%, LiehoTy ¢ & [ne(x)B(x)ds \ZHH (proportional) 3%, ZDHEGT 7 X< HOHS
%3RD BEA TR WITIED—DTH 3 (a method to obtain magnetic field strength), ZZ TR Y L
RDIEMZ DRSS ¢ THERIC, RN ¢/2 72 EHES 5 2 e 2Rd, ZhZhDESE (each
electric field). X (201) 225

R :E, = Ey, E,=iF,
L% :E, = Ey, E,=—iF (221)
rREZ, ZORE, kAT (before the propagation) T, R iKY LIEDEKIZ.
E,=FEy+ Ey=2E,
By =iBy—iEy =0 (222)

R0 x AR L2 EMRFEE TH % (linearly polarized along x), FEREIINCARA T e~ 2& 2
T Ey % Epe” ™! Y BEHZ TR TR, REAFDPED S FICKRHEINCIREIT 2 2 e 9hd 2k
WCHER, (=i (after the propagation) (&, R DAHHDY +¢/2, L KDNHL —¢/2 L ZLT 2 &5
5t

E, = Eget/? 4 Eye™ /2 = 2F cos ¢/2

E, = iEoe%/? — iEye™"*/? = 2 sin ¢/2 (223)

D AREATAD ¢/2 72T EEE L TWS Z 5357 H % (rotation of polarization by angle ¢/2),

REBFOMEEEA (Wave-particle interaction)

B DR O EHIIIRE) (oscillating electric field) LTHED . IEE > TW AR I L TIFHEEEZ LRV,
L LADs, RFAEEL TWT, KT o RTHOMEZBLAFHICETHIUI, KT IR
H# (systematic acceleration), & % WIiZJE# (deceleration) 2521} %, Z ZTlX, BRI FATH D hE
(parallel particle acceleration) 25| i 2§ 7 > X Vi3 (Landau damping) IZDWTHENR 5,

8.1 Landau B=

WM DM ZE (magnetic field) (z 71) ([ZHELETEN (electrostatic wave) & z TTANZHE (velocity)vg T
£ 2 H T (particle) DMHBAEH (interaction) 2% 2 %, 772 LG5 N2 MERIERSHITKF LRV, TR, &
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5. W5, R OMEE, MEHEEITFATTH S (electric and magnetic fields, particle velocity and acceleration
are parallel), KON (phase velocity)w/k ERFDHEE vy 2LV E KFH 5 R 2OEBHIIIIE
—EE D RFEREIE, BoEE s, KEIES (wave field) 2 E = E x cos (kz —wt) & L. KFD
[ (particle velocity) % v =vg + vy + vy + -+ BT % (expand), 0 XRDIH (0th order) i

v = g, Z0 :/Uodt:ZOO+Uot

by — qE?’ElZO) ’ (21 - /vldt>

E
= =— cos (kvot + kzgo — wt)
m

1 XDIH (1st order) &

= % cos (at + ¢o) (224)

LB, R L

a=kvy—w, ¢o=kzo
£33, ZIZT. an~0DKT (particle) i&. HESEHDREEAE < (long interaction time), BETH 5, &
T, HESHBERE 2T THES TS (FH% 2 %) (averaged over velocity distribution function) 23, o ~ 0.
TROE v~ w/k HBETCHFS TS (contribute to the average)s ¢o WIHIHANAH (initial phase). FIHAALE
(initial position) Z3R L. & T, 0~ 2 O TV % & % (averaged), vi. 2z ZIFHEFT (time integral)
ZLTKRDB L
_ qE sin(at + ¢g) — sin ¢g

U1 m (6%
2 = 2 (COS $o — 002 (at + o) sin ¢0t> (225)
m (0% (6%

FRRICL T, 12X+ 2KIX (the 1st and the second terms)

. . E(zg + 2 E
v1+’02:w:q—cos(at+¢o+kzl)
m m

(22T 23 /NETH D kz; < 1 23 % (assumption))
E
~ (cos (at + ¢g) — sin (at + ¢o)kz1) (226)
m
o T,

E
Uy = ~% gin (at + o) k=
m

212

__7F Esin (at + ¢o) X <

m2

(227)

cos ¢g — cos (at + ¢g)  sin %t
a2 @

—7i. EET AL ¥ —DZ{tIX (time derivative of the kinetic energy)

d [ mv? . . . .
& T = vmu = vgmu1 + v1Mmuvy + vgmuy

= voqE cos (at + ¢o)

2E2 . t _ .
+qm cos(at+¢0)sm(a T o) ~ sin o

2E2

a
cos g — cos (at + ¢g)  singyg ;
a? e

sin (at + ¢o) ( (228)

—k’qu
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ZZT. ¢o ITBAL TV (average) () 2 5 &

d (mv2> _ ¢PE? ( wsin ot N kv cosatt)

dt 2 2m a? «
(kvo = a + wt ZHWT)
2E? in ot t t
_q _wsina + toosat + wt cos o (229)
2m a?

¥72%, &5 BIE (distribution function) f(vo) 22 THE TN T 5 [ X f(vg)dvy TEITE-T
TIRRHREEE LTINS TR VF —23KD 543 (to obtain the whole energy the plasma get from
the wave),

EXoFE2H, HIHIHE 1 I,E&ZH:’\WC/J\%‘ CEEMHTE2H 2T (the 2nd and 3rd terms can be

neglected as shown in the following), a ZZ# L T2 01K g(a) ZEAT 5,
a+w
flon) = (452 = st
1
/ Floo)dvo = 7 / g(@)da = 1 (230)
55 2 THOE) (integral of the 2nd term) (&
1 1
z /g(a)t cos atda = z /g(m/t) cosxzdr (x = at) (231)
THEM, t = o0 T, ¥rlind, 5 3HDIHES (integral of the 3rd term) 1
w [gla)tcosat  — w [t )
2 /704 da = A / xg(x/t) cos zdx (232)

TH 5D, cosz/x FABIE (odd function) TH D, g(a) DIEBIEL (even function) HBFHE T ITH G LR
W, g(a) DFABIEL (odd function) FIESICHF G T B0, t — o0 T, FEIZER RS, €-oT, F1IH

DHFEEDAEEZT
d [ mv? ¢*E? 1 wsin at
pr (2> = /g(a) 3 do (233)

m k

B, ZOMTITIE o~ 0% E5 35 (contribute)s 5T, gla) Z a~0 (vg ~ (w/k) DFEHT

B dv 8f a@f
o0) = F(0) ~ Fleo/R) + a2 pogmy 2%
CREHL, Moddt
d miv2 B _q2E2gg sinatd B fgi * sinz _ﬂqQEQEQ (234)
d\ 2 )  2m kov a T 2m k Ov |k| x0T 2mlk| k Ov

L%, o, ﬁﬁ%ﬁ@ﬁﬂ@Eﬁ(%>xxnm;b:%w¥~®%bmb®ﬁ§ﬁiﬁ?éovﬁx
VIO LS WCHESADE G, TALF 3L, KTREE» AL X 255, ThET VX
v i#% (Landau damping) & .58, KAMDGE, WKENF2 o1 LF—2BTHIEIN S, Thz oL
v HIE (Landau amplification) ¥ PR,

7V RUBEZE CEET, BEREZREL TWD, —/7. 21 BBNETHD, kzxy <1 EIRELTED,
kzy > 1 22 2ENCHEZENRE Ve, FRROERIZIEL 2\ Z B ITHE,
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