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In afirst step, we assume that the magnetic field s inhomogeneous, but that the field
lines are straight and parallel. The influence of field line curvature will be discussed
separately below. The particle experiences a Lorentz force F = gv x B. In the
‘geometry shown in Fig. 3.6, the y-component of this force is given by

F

—gviB.(y) [EX0))

where B.(y) is the true magnetic field at the position of the particle. This can be
estimated from the field at the guiding center by Taylor expansion, B.(y) = By +
Y()(@B./3y), yielding

v is the orbit velocity of the gyrating particle in a plane perpendicular to the mag-
netic field. The upper sign in this expression corresponds 10 positive. the lower sign
to negative particles. When we put By outside the brackets, the small expansion
parameter becomes visible
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According to the recipe g ove, we now need (o average the force over one
‘gyroperiod and make use of the fact that the average of a sine function over one
period is zero whereas the average of the sine-square is 1/2, giving

8., 8.1
(F) = Fqrin = in'ton) = evir 5= (.20)

INTRODUCTION TO

J.A.BITTENCOURT PLASMA PHYS]CS
AND CONTROLLED
FUNDAMENTALS OF FUSION

SECOND EDITION

Volume 1: Plasma Physics

Francis FE Chen

Engineering De
d Applied Seimee
nia, Las Angeles

ment

FOURTH EDITION

3. NONUNIFORM MAGNETOSTATIC FIEL]

s o8 PLENUM PRESS
NEW YORK AND LONDON

A increases as r*. Therefore, elements of plasma exert a force on one
another even at large distances. It is this long-ranged Coulomb force
that gives the plasma a large repertoire of possible motions and enriches
the field of study known as plasma physics. In fact, the most interesting
results concern so-called “collisionless” plasmas, in which the long-range
electromagnetic forcesare so much larger than the forces due to ordinary
local collisions that the latter can be neglected aliogether. By “collective
behavior” we mean motions that depend not only on local conditions
but on the state of the plasma in remote regions as well

The word “plasma’ seems to be a misnomer. It comes from the
Greek mhdope, —aros, 6, which means something molded or fabricated
Because of collective behavior, a plasma does not tend 1o conform to
external influences; rather. it often behaves as if it had a mind of its own.

1.3 CONCEPT OF TEMPERATURE
Before proceeding further, it is well to review and extend our physical
notions of “temperature.” A gas in thermal equilibrium has particles of
Fig. 2 The magnetic field components B, and By at the points all velocities, and the most probable distribution of these velocities is
(1,0,0) and (0,1,0), near the origin known as the Maxwellian distribution. For simplicity, consider a gas in
- which the particles can move only in one dimension. (This is not entirely
Since we are focusing attention only on the divergence terms of B, and ; ; 3 ;
3 frivolous: a strong magnetic ficld, for instance, can constrain clectrons
since in the region of interest the field is considered to be mainly in the + 4 : ;
3 S e . to move only along the field lines) The one-dimensional Maxwellian
direction, we may expand By and By in a Taylor series about the origin i aliaa s s b
(sce Fig. 2), as follows. ’
flu) = A exp (—gmu’/KT) na2)
(20,0.0) = \ (2.10) N
B,(1.0,0) = B, (0,0,0)+ (2.10) where fdu is the number-of particles per. m? with velocity between u
9B, and u + du, imu” is the kinetic energy, and K is Boltzmann's constant,
B,(0,41,0) = B,(0,0 n)—(du )“‘=<W>“’ (2.11) K = 138 %10 |/°K

where the second and higher order terms were neglected. Note that at
the origin B, = B, = 0. Therefore, the magnetic field line crossing the
0 plane at the point (zy,:,0), when projected on the (z,z) plane
0) and on the (y. ) plane (z = 0), satisfies the following differential

The density n, or number of particles per m’, is given by (see Fig. 1-2)

n=[_fod s

]
equations, respectively,

The constant A is related to the density n by (see Problem 1-2)

B: _ 1 (3B,
‘(‘ )., y=0) (2.12)
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The width of the distribution is characterized by the constant T
which we call the temperature. To se the exact meaning of T, we can
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Vyvoj slunecni erupce podle modelu Sweet-Parker:.
a. Dipdlové pole korénové smycky je spojeno s meziplanetarnim magnetickym polem.
b. Propojenim antiparalelnich magnetickych ¢ar se uvolni napéti magnetickych &ar.
c. a d) Uvolnujici se magnetické pole zrychluje zachycené plazma. (credits: Piel)

Proton protonovy cyklus: 26.21MeV se uvolni ve formé tepla, 0.51MeV odnese neutrino.

Sluneéni korona T.ah]e l.IZ Pmpcrcics of the Quantity Fast SW T Slow SW
high-latitude solar wind [24] =
converted to conditions al 1 Vsw 773 ~(300-500) kms
AU Proton density | 2.47 x 10° (5-15) % 10° | m—3
Proton 1.86 x 10° K
temperature
~“ s - Electron 0.84 x 107 K
Slunecni vitr . pperature
Het™ 0.044 Table 1.1 Characteristics of the Sun
IOI'ISJ'pI‘OtDI'IS Mass, me 1.989 x ]0.1(] kg
Radius 6.955 x 108 m
Pressure (center) 1.3 x 107 bar
Temperature (center) 15 x 10° K
Korénové smycky naplnéné horkym plazmatem, které zafi v oblasti mékkych rentgenov (surface) | 15,000 K
paprsku. Pozorovano na vinové délce 17.1 nm satelitem pro prizkum piechodové oblas (corona) (1-2) % 10° K
korény (TRACE). (Credits: NASA/TRACE) (prominences) (5.000. .. 10,000) K
Luminosity 3.90 x 10%° W
N N Magnetic field (polar) ~1074 T
. . s , e X . - Te10-3 -2 ]
Differencialni - - (prominences) |~107...10 | T
t - . e ' p - (sun spots) =203 T
rotace = squator SRR . = ) 1 e Plasma density (corona) 1.7 x 10 m~?
mag . p0|e tfj I 5% (prominences) (ote . 10! m~?
. -
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Plazma v okoli Zemé...
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Figure 2: Neutral and plasma density in equatorial (left) and polar (right) orbit as a function of altitude
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electrons of hundreds of keV energy.
Credits: Lafleur [4]
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protons: beta decay of neutrons produced by
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« Sheath & plasma gas
interaction
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Pipdlové magnetické pole Zemé zachycuje energetické nabité éastice. Caéstice v ném gyruji

bouncuji a driftuji a vytvareji prstencovy proud. Oblasti zvy$ené koncentrace téchto ¢astic v

okoli Zemé& se nazyvaji van Allenovy radiaéni pasy.
« Flow of neutral and

Byly objeveny pfi analyze dat z Geigerovych—Muellerovych &itach, které byly umisténé na
charged particles prvnich americkych satelitech (Explorer 1 a Pioneer 3, r. 1958). Citate mély za kol méfit tok
« Drag on the satellite kosmického zafeni ze vzdalenho vesmiru (zdroje mimo nasi sluneéni soustavu). Cilem bylo
* Charging of platforms Zjistit jaky je tok kosmického zafeni ve vesmiru v porovnani s tokem méfenym na Zemi.

South Atlantic Anomaly (SAA)
Figure 1: Satellite-ionosphere interaction overview

Figure 5: Damage caused by the ESD
Credits: NASA

—

22000

32000

42000

52000

62000

nT

The strength of Earth's magnetic field, as of 2020 (102 T) ¥

Radiaéni davka ve van Allenovych pasech. Blue = 0.0001 Rads/sec Green= 0.001

Rads/sec Yellow= 0.005 Rads/sec Orange= 0.01 Rads/sec and Red= 0.05 Rads/
sec. Credits:NASA



P I az m a V Ze mSké atmosfé":e TLS Table 1.3 The Earth’s atmosphere

Neutral atmosphere Altitude regime (km) | Tonized atmosphere Altitude regime (km)
Exosphere =300 | F-layer 120 - 500
Thermosphere 85 - 500 | E-layer 90-120
IONOSPHERE m Mesosphere 45 -85 | D-layer 50-90
. . ELVES <
Barometana . Stratosphere 12-45 |
formule: i i‘ ” Troposphere 0-12 |
SPRITES
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T — fio
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Hy $s0 e+A— AT +2¢ Collisional ionization
S [ER— hv+A — AT +e Photoionization
upward
Skalovaci BLUE JETS \ P orveriond At +2e—> A+e Three-body recombination
cloud-to-air
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Fig. 1.9 a The electron density profile in the daytime and nighttime ionosphere given by IRI-2007
for the author’s location (54.3N, 10.1E). For comparison the profile of neutral oxygen atoms from
IRI-2007 is shown. b The ion composition in the ionosphere



1. Magnetické udrZeni: Typicka zafizeni

’ s, vyuzivajici damyslnych kombinaci 5 5 3
Fuz 8] pIaZ ma elektrickych a magnetickych poli jsou ITER "D + —D =¥ ) T +p+ 40MEV ]
tokamaky a stellaratory. e e 2p4+2D — 3He + n + 3.3MeV
Wendelstein 7-X stellarator e : = 23 3
Total Height 30 m “D+-T - He + n + 17.6 MeV
Plasma m.ajor rad{us 6.2 m :D + "HE i 4He +p+ 18.3MeV
Plasma minor radius 2.0 m
Plasma volume 840 m’
Plasma mass 0.5 g lod . .
Magnetic field 53 T
Maximum plasma current 15 MA &
Neutral beam heating 33 MW £ 10’
ITER lon cyclotron heating 20 MW "\,‘o
Electron cyclotron heating 24 MW — 3
Fusion power 500 MW ;' 10
Energy gain 10 ©
Mean plasma t t 2x 10} K D
Major plasma radius 5.5 m Stea::]] P asm;: cmperature :00 8 10
Minor plasma radius 0.53 m gady-operation il 2 w
Magnetic field 3 T 3
Discharge time 30 min e 1
Plasma heating power 15 MW v
Plasma composition H,D S
-4 -1
Plasma volume 30 m? o 10
Plasma temperature =10% K E
Plasma density =3x 102 |m7? P
Energy confinement time 0.15 s 10 . F]
1 2 5 10 2 5 107 2
. Inercidini fize c.o.m. energy (keV)
Myslenka inercialniho udrzeni vychazi ze Prod )
stejného obecného principu jako vodikova @) (b) roc ne:
bomba — palivo je zahfato tak rychle, Zze % + X temperatur Tem
dosahne podminek k zapaleni fize a zactne b i tritium beam
hofet predtim, nez se rozleti p >
B
1. 2- ‘ l f 3- 4. \ —.__
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o- -0 - o 0 s r R Dz ice
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Zdroje plazmatu.....
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Plazma je...

Definice:

Plazma je kvazineutralni plyn slozeny z kladné a zaporné nabitych éastic, ktery vykazuje
kolektivni chovani.

Zaporné nabité Castice jsou obvykle elektrony, kladné jsou ionty. V elektronegativnich plynech
se mohou vyskytovat i zaporné nabité ionty vzniklé navazanim elektronu na neutralni atom
nebo molekulu. Pfitomnost neutralnich castic v plazmatu je ¢asta, hlavné v pozemskych
plazmatech.

Definice plazmatu obsahuje dva pojmy, které je nutné vysvétlit:

Kvazineutralni: znamena, Ze v makroskopickém objemu je stejné mnozstvi kladnych a
zapornych naboju. Takovy systém nabitych ¢astic neni zdrojem makroskopického
elektrostatického pole.

Kolektivni chovani: znamena Ze nabité ¢astice v plazmatu se nechovaiji jako jednotlivé
nezavislé ¢astice. Kazda nabita Castice v plazmatu interaguje s mnoha dalSimi nabitymi
¢asticemi najednou. Kolektivni chovani je dusledkem dalekodosahové Coulombovské interakce
nabitych cCastic.



Ze statistické mechaniky....(termodynamicka rovnovaha, o teploté T)

Koncentrace (number density n;), degenerace gi, energie stavu W, teplota T

Relativni populace stavi:

n; gi W, — W, < Jaka cast stavll prekona bariéru Wi-Wi
_ - exp —
Nk | 8k

B kel

1 m(v: + v% + V?ﬁ)
Maxwell-Boltzmannovo rozdéléni: Imlvx, vy, v) = 7 P\ T 2kgT

Kineticka energie: W =m(v: +vi+v?)/2

5s  ag ok /T = 0S/oW — » A = (kgT)~"

on; on; on; Celkové energie systému

S =k > nilnn, Podminky: ~ g(n) =D nW; =U and h(n;) = ni=1

Maximum entropie:




Sahova rovnice:

3/2
exp (-U/kpT),

1

Pfidavanim energie do systému bude dochézet k disociaci molekul plynu, a k postupné ionizaci.

e+A=A"+2e
Rovnovéha procesii: pro plyn v roynovéze 0 teploté T s ionizacni
5 energii U. Vliv rekombinace méa na svédomi

nena S(T) = ngna+ R(T) pfitomnost n; ve jmenovateli. Konstanta

a = 2.405 x 102 m 3K 3/2,

n.n S(T
Sahova rovnovaha: anA+ = R((T)) =: fsana(T)
27 Wion
T) = exp | —
Stupen ionizace:
Parti¢ni funkce pro Z.a Za:
n;
0= — : , g
ni + My Za = D grexp(=Wi/kgT)

(koncentrace iontd a neutrall

Priklad: Odhadnéte stupen ionizace vzduchu za atmosferického tlaku a pokojové teploty (300K). Vypocet
opakujte pro teplotu 8000 K. Predpokladejte, Ze hlavni slozkou vzduchu je dusik s ionizacnim potencidlem
14.5 eV.

_199 0 5000 10000 15000 20000
[asoox = 10779, asooox = 0.0012] T (K)

10



Plazma jako stav hmoty

-
F

(4

kinetickd energie ndhodného pohybu —_—p =
Pa{a{net’r vazebnd energie I 4_,-'( E[]a“.-SkB TI
sprazent:
i _Seitz: 4
Wigner-Seitz: ”iT “‘f’fs =
" < 1 Slabé sprazené (plyny)

] < I < 18( Silné sprazené (kapaliny)

I’ > 180 Silné sprazené (pevné latky)

Plazma mize existovat ve vSech hodnotach sprazeni.
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Proc je plazma kvazineutralni?

Otazka: Jaky je maximalni polomer koule, ktera vznikne pouZije-Ii se cela tepeina energie
¢astic v plazmatu na separaci naboje?

Stinéni v plazmatu

Predpokladame nehybné ionty a elektrony o teploté 1" a hustoté n. Tepelna energie v kouli o

poloméru R je: Schopnost plazmatu odstinit elekirostatické pole je jedna
Z jeho zakladnich vlastnosti. VloZime-li do plazmatu

o 3 4 5 . . : testovaci naboj @, v plazmatu kolem néj vznikne vrstva
L 2 nekyT - 3 AL R 2 LR L LD naboje opaéného znaménka, tak Ze v jisté vzdalenosti od
naboje bude elektrostatické pole tohoto naboje
vykompenzovano oblakem opacného naboje, ktery jej
Energie v elektrostatickém poli: obklopuje. Tomuto procesu se fika stinéni.
2 2
W = 1 B2qv = n 20t
(koule) 2 4me

Elektrony utec¢ou kam jim vznikajici elektrické pole dovoli.
Jejich pavodni kineticka energie se pfeméni na enegii
elektrostatického pole.

Z rovnosti mezi Wy a W dostaneme polomér Kvazineutralita plazmatu je dusledek toho, Ze nabite

castice v plazmatu nemayji dostate¢nou tepelnou energii
2 — - - ®
R =47 B~Tho na to, aby se prostorovy nédboj mohl vyskytovat na
Tepelna energie elektrond jim dovoli vytvofit oblast kde je vzdalenostech vétsich nez /€ AD
poru$ena kvazineutralita. Charakteristicka délka na které
poruseni kvazineutrality plazmatu muize nastat se nazyva

Debyeovska délka a je zakladni prostorovou Skalou pfi
popisu plazmatu.




Plazmové oscilace

Uvazujme kvazineutralni plazma s koncentraci

n = ne = n;. Vychylenim sloupce zaporného néboje
(elektronu) dojde s separaci naboje, kde na jedné strané
vznikne prebytek kladného naboje a na druhé strané
zaporného. Tento prostorovy naboj vytvori elektrostatické
pole, které plsobi vratnou silou na vychyleny naboj.

Pohybova rovnice popisujici vychyleni naboje:

d*z Neq’
dt? MeEo

r=0

Jedna se o periodicky pohyb ve kterém dochazi k
prelévani kinetické energie elektronu v potencialni energii
elektrostatického pole. Vzniknou rychlé oscilace fluktuaci
v elektronové hustot8, kdy elektrony kolektivné kmitaji
kolem masivnich iontu.

Plazmové oscilace maji Plazmovou frekvenci

2y 1/2
o (e
=
P M€

- =" T T T TR/ T T T T T T
| | X | | Boundary
a : : : : of surface §
| I E, | | __/
y VL Newral | Positive | Negative | Neutral |
J: (@ (@ (9 s(@e(@)e (8 (® (®
z r ®®@ (9)e(s)e(e)e (8) () (8)
oo Seee & & ©
e(0)e(n)e
® Heon @ @ @ De@e@e © ® ©
Positive (@) (@) (@) (e)e(e)e (0)e (9) () (@)
ion (o) (8) (o) (@)e()e(s)e (s) (o) (v
(@) (o) (o) s(@e(e)e (o) (» (9
(@) @ (9) (@e(n)e(s)e () (9 @
(o (@ (o (e)e(e)e(e)e (o) (o) (9
(@ (@ (o (pe()e(e)e (o) (0 (®
| o | L | I.. .I | o |
Neutral Positive Negative Neutral

~ Ve

Charakteristicka doba stinéni:

1/2
UE HE[]EZ }r
T ~ }'-:Dc/il’!c mpﬂ —— — :
}*-De EpMe

le®| <L kgT thermal velocity ve & (kgT./m.)'/?



Kriteria pro plazma T
1. Fyzicky rozmér systému musi byt velky v porovnani s Ap: -

2. Stinéni v plazmatu je dusledkem kolektivniho chovani ¢astic CV ﬁebyeovske sfére, pocet

elektront v Debyeovské sféfe musi byt velky: x/

4
Np := ?TTHAD >> 1

3. Plazma musi byt makroskopicky neutralni

=Y n,

4. Srazky neutralt s elektrony (e-n srazky) tlumi kolektivni plazmové oscilace. lonizovany
plyn bude plazmatem bude-li frekvence e-n srazek mensi nez plazmova frekvence

Ven < Vp1  (kde vp = wp1/27)



Plazmové parametry

35

Npe =1

Relativistické plazma

Pro tepelnd energie elektrond k1, srovnatelnou nebo vyssi nez je
klidova hmotnosti elektront m.c? mluvime o relativistickém plazmatu.

10 . : . oy
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Kvantové efekty

Kvantové efekty zacnou byt v plazmatu dilezité, bude-li stfedni
vzdalenost astic srovnatelna s termaini de-Brogliho vinovou
délkou

nil?,
kde

v = 2k T /me

je nejpravdépodobnéjsi rychlost v rovnovazném rozdéleni rychlosti.



Dynamika plazmatu (selfkonzistence)

"V xH=J+ 27

D =cE -

V principu Ize ¢asovy vyvoj plazmatu stanovit tak, ze
1. v kazdém ¢ase t, ze znamé polohy x(t) a rychlosti v(t) kazdé nabité ¢astice a
konfigurace vnéjsich E a B poli spoc¢itame fesenim Maxwellovych rovnic E a B pole v
mistech kde se nachdzeji &astice plazmatu.
2. silu pusobici na kaZdou ¢&astici j spocitame uZitim Lorentzovy rovnice
mja; = ¢;(E(x) + v; x B(x))
a jejim fe$enim pak stanovime novou polohu a rychlost kazdé ¢astice v ¢ase t -+ dt.

Cyklus pokraguje zase krokem 1.

di _ﬁ .
— i —_ - JB d
Initial VxE=—-% E. B E
and V-D=p — | p
—_—
boundary V.B =0 Js 0
i T e
| conditions | B=uH J

—

Initial
conditions
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