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Plazma v prirode, v laboratorich a technologickych procesech se
vyznaduje velice Sirokou Skalou dosahovanych parametru. Pres
mnoho radu se meni kineticka energie a koncentrace Castic.

| kdyz jenom urcita podmnozina plazmatickych prostredi je v
termodynamickeé rovnovaze, ¢asto se pouziva pro
charakterizovani plazmatu pojem teplota, teplota elektronu,
teplota iontu, kineticka teplota, rotacni teplota a podobné ...

Pri vysokych energiich je vhodneéjsi pouzivat jednotky eV, pri
nizkych energiich je prejit vztahem E/k na vyjadreni ve stupnich
K.

E<>KT

1leV ~ 11 604.5 K
1K ~ 9x10~eV




Energy levels of H atom SE NI Al =+1; Am, =0,£1
Grotrian diagram H Angular momentum of photon is s=1

13.6eV

5.2 ’ Atomic structure and
atomic spectra

12186 cm 1

Fig. 15.12. A Grotrian diagram which
summarizes the appearance and
analysis of the spectrum of atomic 7414 cm7=2
hydrogen. The thicker the line, the
more intense the transition.
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Fig. 15.1. The spectrum of atomic
hydrogen. The spectrum is shown on
the left, and is analysed into its
overlapping series on the right. Note
that the Balmer series lies in the visible
region.

13.6eV x 8065,5 cm1=> 109000 cm1=>{91nm

He energies
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Scientific American 1981

Rydberg atom

Highly Excited Atoms

They are floppy, fragile and huge. Some of them have been found
to have a drameter of almost a hundredth of a millimeter, which is

100,000 times the diameter of an atom in its lowest energy scate
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ELECTRON-CHARGE DENSITY OF HYDROGEN is graphed
on & plane passing through the single proton that forms the nucleus
of the atom (colored dof), The states of hydrogen are described by the
three quantum numbers o, f and m; » s & positive Integer that desig-
nates the energy level of the clectron, / is an integer beiween 0 and
u — 1 that corresponds to the magnitede of the eccentricily (or angu-
lar momentum) of the electrom’s orbit and m is an integer between
—{ and +1 that describes the orbif's orientation. In the state where
n =8, I =0and m = 0 (upper graph) charge density is a series of con-
centric wavelike peaks. In three dimensions the charge density can be
'Irhjﬂlil:lrd as a series of spherical shells formed by rolating the gra E

aboul ;-;l.l.!.'.i-; i:l-.ﬂ.-i-.l-;li.l.'l-:l.rnpgl the nucleus, The noe [rom the nu=

by Daniel Kleppner, Michael G. Littman and Myron L. Zimmerman

Bohr radius ~ 0.5 A (angstrom)
1A =10%cm

cleus 1o the edge of the plane corresponds to 2 X 10 -% centimeter,
which is 380 times the Bohr radius (the radius of a hydrogen atom in
ihie lowest energy stalek In a weak electric field (Jower graph) the elec-
trom in an o = 8 state of hydrogen “stands” far to one side of the pro-
ton, forming an clectric dipole. (In this state m = 0 and the angular
momentum is & mixture of all possible values of /from zero to 7.) A di-
pole consisis of two equal and opposite charges separated by a fixed
distance. Many atoms act 55 dipoles, but most of them are not true di-
poles: there ks no separation of charges bul only a slight distortion of
the charge cloud. In the dingrammed state the separation is real An
atom whose sutermost electron has been excited to 2 high energy lev-
&l Is often called a Rydberg atom. All Rydberg atoms are true dipoles.




Rydberg atom in electric field
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n=8, 1I=0,m=0 All Rydberg atoms are true dipoles.



Properties of Rydberg atoms

Table L. Properties of Rydberg atoms.

" Numerical values

Property dependence n=1 #=10 n=100 #= 1000

Bohr radius ', 53x107%em 5.3x1077em 5.3x107%em 5.3x107%em
Binding energy R/r 136eV____ 136 meV L36meV 13.6 yeV
RMS velocity of

Rydberg electron  vy/n 22x100cms™ 22x107cms™' 22x10%cms™ 2.2x10°cms™
Orbital period 1.5%107"%s 1.5%10" s 15x 1070 ¢ 1.5%1077s
Classical field ‘

1onization
threshold ' 32x10°Vem™ 3.2x10*°Vem™ 3.2Vem™! 32x107*Vem™

Bohr radius ~ 0.5 (angstrom)

1,06\ =108 cm




Small differences in zero point energies ....

not sufficient to describe IMR @ low T E&OKT
nuclear spin selection rules 1eV ~ 11 604.5 K
1K ~ 9x10-%eV
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E/in K
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170.6

510.6

1009.5

1682.6

2494.9

0 0.552
84.71 0.329
255.29 0.114
510.6 0.004
835.5 0.0001
1253.2 0
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H, and D, are taken from O. Wick dissertation
HD is calculated using B, from Herzberg and comparison with H, from table




Energy levels
Rotational states

E¢>KT
1leV ~ 11 604.5 K
1K ~ 9x10~eV

106 EXCITATION, DISSOCIATION, AND ENERGY TRANSFER

meV
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Figure 2-2-1. Vibrational-rotational levels {(quantum numbers v and J) of a few diatomic
molecules. The (v =1, J = 0) level of H, lies 0.54eV above the ground state (v = 0,
J = 0). Rotational level spacings for H, are uniquely large, about 15/ meV, where J is the
quantum number for the upper level. For the ortho species of H 2(0-H3), the nuclear spins
are parallel; for the para version (p-H,), the nuclear spins are antiparallel. [From
Shimamura (1984).]
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Energy levels
Rotational states

E¢>KT
1leV ~ 11 604.5 K
1K ~ 9x10~eV

106 EXCITATION, DISSOCIATION, AND ENERGY TRANSFER
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Figure 2-2-1. Vibrational-rotational levels {(quantum numbers v and J) of a few diatomic
molecules. The (v =1, J = 0) level of H, lies 0.54eV above the ground state (v = 0,
J = 0). Rotational level spacings for H, are uniquely large, about 15/ meV, where J is the
quantum number for the upper level. For the ortho species of H 2(0-H3), the nuclear spins
are parallel; for the para version (p-H,), the nuclear spins are antiparallel. [From
Shimamura (1984).]
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Potential energy curves for Ny and Np*.*
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PLASMA

Simple definition:
a quasi-neutral gas of charged particles showing collective behaviour.

Quasi-neutrality: number densities of electrons, n,, and ions, n; , with charge state Z are locally

balanced: n,= Zn,

Collective behaviour: long range of Coulomb potential (1/r ) leads to nonlocal influence of

disturbances in equilibrium,

Macroscopic fields usually dominate over microscopic
fluctuations, e.g.:

p=e(Zn —ng) = V.E = p/eg

Plasma Shielding



Debye shielding

What is the potential ¢(r) of an ion (or positively charged
sphere) immersed in a plasma?

For equal ion and electron temperatures (T, = T;), we have:

1 5 1 3
Emevé — Ema""'a'g = ERETE (2)

Therefore,
\ 1/2

+ 1/2 o
Vi (meg\ T mg \'T 1_ Nt
v = (__.m,- ) = ( ) =5 (hydrogen, Z=A=1)

Amg

M,/m,~1836
lons are almost stationary on electron timescale!
To a good approximation, we can often write:

n —~ n[l:-

where the material (eg gas) number density, mp = Napm/A.



Viktor Martisovits
2 Plazrma ako fyzika priestorového niboja

2.1 Zikladna termincldgia . . . 0.0 Lo Lo 0L oL Lo

ZAKLADY FYZIKY PLAZMY 2.2 Vyznammé vlastnostiplazmy . . . . . . .. ... o oL
23 Viskyt plazmy . . . . L e

2.4 DebyeovaHiickelova tedria tienenia naboja
241 Pocet nabitych éastic v Debyeovej guli

2.4.2 Fluktudcie niboja v plazme — kvdzineutralita plazmy
25 Plazmova frekvencia . . 0 . 0L 0 o0 0L Lo

Predstavme si teraz, ze budeme v ionizovanom plyne postupne zvysovat pocet nabi-
tych éastic. Pri parovom vzniku bude koncentricia priestorového niaboja zanedbatelna.
Péasobenim elektrického pola vak budi kladne nabité éastice sa pohybovat smerom k za-
pornej elektride a elektrony zasa opatnym smerom. Vdaka tomm sa pri zapornej elektrade
objavi prebytok kladného niboja a pri kladnej zasa prebytok zdaporného niboja: hovo-
rime, e nastiva polarizdicia ionizovaného plymu. Takto vytvoreny priestorovy naboj
generuje elektrické pole, ktoré je opaéne orientované ako pole od elektrdd — v centre
ionizovaného plynu nastdva odtiefiovanie vonkajgicho elektrického pola. Preto v central-
nej éasti je elektrické pole slabiie a naopak v blizkosti elektrod zasa silnejiie nez bola
pivodna hodnota, ako to vidime na obr. 2.1b. V tomto pripade nie sme u# ale schopni
toto pole jednoduchym spésobom uréit. Vplyv priestorového niaboja teda zmenil pévodné
vlastnosti ionizovaného plynu a hovorime, #e ionizovany plyn sa stal plazmou.

+
A+

a) b)

Obr. 2.1: Vplyv koncentricie nabitych éastic na priebeh elektrostatického potencidlu o :
a) priestorovy naboj sa neuplatfiuje; b) priestorovy niboj nemofno zanedbat



Integracné konstanty A a B uréime z asymptotického priebehu elektrického pola

r T r r T
EO) =5 [A(+g)ee(5) B ( 7)o (7))
Nekoneene daleko od vlozeného niboja je elektrické pole nulové

lim E(r)=0,
z foho vypliva B = 0. V blizkosti vlozeného niboja sa vplyv priestorového naboja plazmy
neuplatimje a preto elektrické pole tu nadobiida rovnalké hodnoty ako v pripade naboja

ulofeného vo valkun
g T

dmeg 2’

% toho A = g/4ms; a teda
-
o(r) = e (1) (2.4)

dmegr

Dlzka _

_ [ =k TLT

N 1||' e2ng T4 + T-
sa nazyva Debyeova dlzka. Jej fyzikilny viznam je zrejmy z obr. 2.3, kde sit vynesené
funkeie (7] a elektrostaticky potencial ndboja g vo vikuu

A T
#olr) = dwegr

Vidime, #e pomer () o(r) klesa exponencialne s pomerom r/k, takie uz vo vadialenosti
3h potencidl dosahuje iba 5% 2z hodnoty vo vikuu — nastiva odtiefiovanie elektrického
pola vlozeného niboja. Ako sa ale sprava elektrostaticky potencial v blizkosti vlofeného
niboja g7 K tomm pou#ijeme Taylorov rozvoj exponencialnej funkcie, priom ponechame
len prvé dva Eleny

o(r)=

q T q T q q q
— )~ 1— )= - = () — :
4ﬂ£urm( h) dwegT ( h) dwegr  dwegh 7o) dwegh

Vidime, #e odtieneny potencial sa v blizkosti ndboja odlifuje od niboja ulozeného vo
vakuu len o aditivon hodnotu —gq/4wsgh. Vianam tejto diferencie si objasnime vypoétom
limity

i () a0l =~

]

Obr. 2.3: Elektrostaticky potencial o(r) v ckoli vloZzeného naboja do plazmy. Na porov-
nanie potencial @y(r) rovnakého naboja vo vakuu



2.4.1 Pocet nabitvch ¢astic v Debveovej guli

Teraz sa vratime k analyze podmienky (2.2). Z obr. 2.3 vidno, #e pre v & h potenciil
iw — 0, tak#e obidve podmienky (2.2) =i splnené a teda riedenie (2.4) je spravne. Aj
v opainom pripade, ked r < h rieSenie (2.4) je opiif spravoe i ked podmienky (2.2) teraz
nie s splnené. To znamend, Ze kritickym miestom, kde treba testovaf potencial (2.4)
a ndsledne aj podmienky (2.2), je v &= h. Vypoditame teda (h), pricom predpokladiame
u# |g| = e a vysledok dosadime do [2.2)

eplh) e e 1 ) eplh) e e 1
W, A mehe =V R WM amehe & U




_ngye Sf 1]ejr_lmcr | The effect of potential — perturbing charge in a plasma are generally much
shorter- range than in vacuum because the charges in plasma tend to
distribute themselves so as to shield the plasma from the electric field the
perturbing charge generates.

The effect can be deduced readily from Poisson’s equation by assuming, for
example, that ions do not move but that electrons adopt a thermal equilibrium
distribution in which electron distribution is determined by the Boltzmann

factor: ne =n,_ eXp(eV/kTev)

unperturbed

n, is electron density far from the perturbing charge where potential V is
talken as a zero. Poisson’s equation is:

VI ="L -0 —n)="%n [-exp(3)]
& & kT,

----------------------------------------------------------------------------------------------------

If we suppose that eV<<kT, exponential term can be expressed by 1+eV/ kT,
and we obtain:

= —elV e eV vV
vy = _€ 2V . 2 1/2
o T T | Ao =(EkT / en,)

Linear approximation just to understand problem, signs are oughly OK
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Predpokladajme, #¢ mame vytvoreni homogénom plazmu (t.j. jej viastnosti sa neme-
nia s polohou). Omaéme koncentricin elektronov ako n_ a koncentraciu kladnych ionov
ako n,. Pokial na plazmn nepésobia vonkajsie elektrické polia, koncentricie elektrénov
a idnov si rovnaké a rovnaji sa ng. Ak teraz vlodime do plazmy nepohyblivy nédboj
o velkosti g, elektrické pole niboja pésobi na nabité éastice plazmy: Eastice so sihlasnim
nibojom s odpudzované a s nesihlasnym prifahované (pozri obr. 2.2, kde vloZzeny néboj
mé kladni polaritu). Takto sa plazma polarizuje a nastiva tak odtiefiovanie elektrického
pola vlozeného naboja. Z predpokladu homogénnej plazmy vypliva, Ze rozlozenie na-
bojov v okoli vloZeného niboja ma stérickn symetrin. Vietky velidiny st teda funkeion
vedialenosti r od vlofeného niboja. Preto zavedieme sféricky siradnicovy systém, ktorého
podiatok je umiestneny v pevne vlozenom naboji.

Teraz budeme hladaf priebeh hustoty naboja o(r), elektrostatického potencialu o(r)
a dalsich velidin v zavislosti od r. PretoZe nabité fastice sa pohybujii len teplelnym po-
hybom, ktory je charakterizovany teplotami T_ a T, ich koncentracie st opisané Boltz-

mannovym zakonom
Ug
n=n —-—=1,
e [ kT] |
kde [/, je potenciilna energia astice vo vonkajsom poli. Je to analdgia rozlozenia kon-
centracie moleknl plym v zemskej atmosfére pod vplyvom graviticie. V nafSom pripade

namiesto gravitaéného pola pésobi pole elektrické. Potom koncentricie nabitych Eastic
budi nasledovpé

B ep(r) e[ e
o= non 2 =m0 |

Tu e je elementarny niboj a & Boltzmannova konitanta. Polarizéicion plazmy venikne
priestorovy naboj ofr) = e[n.(r) — n_(r)], ktory vyvola elektrické pole E opainého
smern

kde = je permitivita vikua.
Ak vyjadrime elektrické pole pomocou znameho vatahu E = —Vip(r), tak dostaneme
diferencidilon rovnicu pre elektrostaticky potencial

() o e¢lr) e¢l(r)
wo= -5 o (51 - ()]

Martisovic

Obr. 2.2: Polarizacia plazmy v okoli kladného naboja



Zaklady fyziky plazmatu - Uvod

Uvod CVUT

Elektrostatické pole kolem naboje ¢p umisténého v poéatkn je dano Poissonovou rovnici
[

P € qr
Ap=—=—(ne — Zn;) — —0(7) . 7
v £p £n [: ¢ I) Ep (_'] [ )
Ve velké vaddlenosti je v homogennim plazmatu vliv bodového naboje zanedbatelny, a proto
pro r = oo je e = ng = Zn;. Bez jmy na obecnosti lze v nekoneénu polozit o = 0.
Budeme predpokladat, ze plazma je nedegenerované (T, = Ey) a miuzeme tedy uzit Bolt-
gmannovi statistiku pro elektrony i ionty. V Boltzmannové statistice Je Pravdépodohnost obsa-

zeni stavu ~ exp(—U/kBT), kde U je energie dancého stavu. Rovnovainé elektronové a iontové
[ ]

koncentrace v elektrostatickém Boli jsou tedy nasledujici

e i Jep ®)
e = Tig €X ni=—exp| — .
H e P P77 P\ kT
Stejné vztahy byvchom mohli odvodit také ze silové rovnovahy mezi elektrickou silou a pradienty
parciilnich tlakn.
Hustoty elektronii a ionti lze ted dosadit do Poissonovy rovnice a tuto fedit. Redeni si
zjednodusime linearizaci, budeme predpokladat, ze potencialni energie < kineticka. Pro |z| < 1
je exp(x) =~ 1 4 = a rovniel (7) prepiSeme ve sférickych soutadnicich pro r # 0 do tvaru

1 d / ,dyg eng [ 1 Z i
Ap=5—|r—|c— |7+ v=F . 9
=T (’" d-r) o \LL"T)Y™33 ©)
Po substituci ¢ = @/r prejde rovnice do tvarn d2@/dr? = ¢/ )%. Potencidl statického naboje gp
v plazmatu je tedy

qr T
olr) — . 10
w(r) dregr P ( )«;)) (10)

Na Debyové délce Ap je potenciil odstinén na 1/e vakuové hodnoty. Stinéni je souétem elektro-
nového stinéni s Ape a iontového s Ap;. Debyova délka Ap je

kpT.c kpTic kpT:c
_9 _n 9 Bleco BLico Blicp
Ap = Ape T Ap; ADe = n.,_,.-:Q Api = \/Zgn:,gz - \/Zn_:,.gﬂ : (11)

Pri T: = T;/Z dominuje iontové stinéni statického naboje. Statickym ndabojem jsou napfiklad

o - I -
riirna condr mictand da nlarmatn




_ngye Sf 1]ejr_lmcr | The effect of potential — perturbing charge in a plasma are generally much
shorter- range than in vacuum because the charges in plasma tend to
distribute themselves so as to shield the plasma from the electric field the
perturbing charge generates.

The effect can be deduced readily from Poisson’s equation by assuming, for
example, that ions do not move but that electrons adopt a thermal equilibrium
distribution in which electron distribution is determined by the Boltzmann

factor: ne =n,_ eXp(eV/kTev)

unperturbed

n, is electron density far from the perturbing charge where potential V is
talken as a zero. Poisson’s equation is:

VI ="L -0 —n)="%n [-exp(3)]
& & kT,

----------------------------------------------------------------------------------------------------

If we suppose that eV<<kT, exponential term can be expressed by 1+eV/ kT,
and we obtain:

—e —elV e eV V

2V = — _ 2 1/2
ViV . nw[k];] 80 AT A, =(e,kT /e’n)

Linear approximation just to understand problem, signs are oughly OK
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-~

Debye shielding 2

n,=n,exp(eV /k1)) vy ="L_"° (n,—n,)= _—enoo[l—exp(i)]
Z & E, kT,
eV<<KT,, exponential can be _ _
approximated by linear term=> VWV = —° n| eV] _ < eV _¥

n, =—
g, kT " & kT 2

2 \1/2 i
Iy =T en)”
_E 1

%
%
/
.
%
.
%
.
é
0

In one dimension the solution indicates exponential decrease of potential
=>» perturbing effect of a charge will tend to penetrate into the plasma only
to the distance of the order of the Debye length A,

Linear approximation just to understand problem




De.)/e SIIEIGITIGES
=n_

e 2 X
XP(V/kT) VV:V | > V~exp—|—_

Ao=|l, =69 I TinK,ninm™

For laboratory plasma with T,=1eV and n,=10"cm= =»  A,=23um

n,=10%cm=3 =» “distance” between particles ~ 2um;

For plasma with T,=0.001eV (~10K) and n;=10"cm= =  A,=0.7um
n,=10%cm=3 =» “distance” between particles ~ 2um;

For plasma with T,=0.001eV (~10K) and n,.=10’cm= =» A =74pum



Potential of a Uniform Sphere of Charge

o OV 1 JV I 9V 29V cotBdV —p
? V + J . 7 9 + — + =
ot r 20> r’sin“@d¢> rdr r? 90 g,
9’V 29V _ =P

+_
o’ ror g




Plgoye seilelelinie; 2 (not in SI1):

In spherical symmetry Poisson’s equation gives (not in SI!):

1 d° 4
= ”e”ew Vi) > - —exp( rl ) + —exp(r/ﬂm)
= (kT /47ze *n, )"

Applying the boundary condition that as r tends to infinity VV must tend to zero gives B=0,
V must tend to e/r as r tend to zero =>»

e
V=—exp(—1/ Ay )

(not in SI):

=(g,kT /e’n,)"”



Ak napigeme Laplaceov operdtor vo sférickych suradniciach a zvigime sférickd symetrin
problémm, dostaneme pre (r) nelinedrou diferencialou rovnicu druhého radu

1A (e em [ ([ epl)) _(eplr)

Zar\’ “ar )T & TP\ ) P\ )|
Rovnien moino riefif numericky. Debyeova-Hiickelova tedria vyufiva linearizdacin neli-
nedrne] diferencidlne] rovnice. Linearizdcia spodiva v rozvoji exponencidlne funkeie do
Taylorovho radu. Pritom v rade ponechime iba prvé dva éleny: absolitny a lindrny.
Tento postup je moiny pri splneni nasledujicich podmienck (s kritériom na ich splnenie

sa budeme zacberat neskor)

ey el
1 — 1. 2.2
L (22)

Po vykonani linearizdcie pévodna diferencidlna rovnica nadobudne tvar

1d(2de()) _enmo(1 1) . 1
2 dr (r &) "k \T; ) P =gl

pricom sme zaviedli oznadenie

eng 1 1 1
_Eﬂ.ji (T_.,. + f) = F . {2.3}

Je zrejmé, #e fyzikalny rozmer b je meter. Zavedenim substiticie r = hr ziskame linedrnn

1 d [ .dgy
s (P E) -+

Jej riegenim je funkeia (pouiijeme substiticiu o = z/7)

plx) = 2 exp(~2) + o-exp(),

diferenciilnu rovnicun

kde A" a B' sii integracéné konitanty. Ak sa vritime znova k nezivisle premennej r,

dostaneme pre elektrostaticky potenciil vyraz

1= e () + Lo ().

Martisovic¢



elelieie; 2

Apx = (KT, /4me’n,)"?

0

|

m The solution indicates exponential decrease of potential

V =>» perturbing effect of a charge will tend to penetrate into the plasma only
to the distance of the order of the Debay length Ay




Plge)ye suilelelipier &

Just rewritten

<\ AmEEEEEEEEEEEEEEEEESE

- |
> neoo

Ked elektron vleti do plazmatu, zmeni sa v jeho okoli rozlozenie elektronov, Vlastne dojde k vytlaceniu elektronov - energia na
to potrebna je Ne¢ a ta je prave rovna ~ kinetickej energii castice, inak povedano plasma ma energiu nato, aby sa chovalo jak
sa chova.... Zaujimave je, ze pokial pokladame ionty za nehybne, tak na umiestnenie elektronu treba energiu a pri umiestneni

kladnej castice sa energia ziska...=» Pri ionizacii fotonom a vzniku + a — castice vlastne netreba ziadnu dodatocnu energiu. ..
TO VSETKO MOZE BYT PRESNE NA FAKTOR 1-3... ale urcitu predstavu dava...

Dalo by sa to chapat aj inak: ionizujem casticu a potom + a — vzdialim na vzdialenost A castice uz na seba neposobia ...
energia potrebna na separaciu bola e.e/ ., vsetko samozrejme urobit v SI




JCSICHAY e Stinéni v plazmé

e Ustanoveni debyovského
stinéni

Vypocet:

Martisovic

o(r) = (Zieldmeg)/r ™ |, = 69ﬁ  TinK,ninm™
n

o.(v) =2/ b db at 1000K, n=4.8x10'’m=3= 4.8x10° cm-3
;=1 mm =0.001m

at 10K, n=1x101%m-=3= 1x10% cm3

|,~2 mm ~ 0.002m



Dalsi kroky

T.(eV)

m, electron Debye length.
ne(m—3)

I'/q
4mnA3, -
| Debye

---- shielding

brrl.!:'ﬂ n T = |K _ Kj|

Figure 1.1: Potential ¢; around a test particle of charge ¢; in a plasma and
Coulomb potential ¢cou, both as a function of radial distance from the test
particle. The shaded region represents the Debye shielding effect. The charac-
teristic distances are: Ap, Debye shielding distance: -n.e_lfg, mean electron sep-
aration distance; bSl. = ¢?/({4meo}T), classical distance of “closest approach”
where the e¢/T << 1 approximation breaks down.

. TinK,ninm™




Debye lengths

Figure 1.1: Plasma parameters.
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Debye lengths

1 Basies of Plasma Physics

L aremd
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white
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electron Debues]

Fig. 1.4. Lines of constant Debye length Ap and plasma parameter Np, respec-
tively, in the diagram of typical plasmas




Debyeho stinici vzdalenost Debyeho stinici vzdalenost

Potencial kolem naboje v plazmé.

AY= - 1/g, €57,

EVAYE
Ag= - 1le, (Z1ny + Z50y)

Uvazime-li, Ze koncentrace jednotlivych slozek plazmatu jsou dany
Maxwellovym-Boltzmannovym zakonem:

n=n,,e-2iekTj

Dostaneme:

Pro Z.e¢<<kT;




Debyeho stinici vzdalenost
Debye-Huckel radius

Debyeho stinici vzdalenost.
Debyeovsky polomér

Ap=-eley {(Ziny + Z;Ny0) —0(Z,%€ Ny /KT, + Z,2 Nyo/KT, ) }

=0 = 1/1 2

A(I) — (I)/|d2 E goleTz

d — 2,52 2
e”(Z; NoT, +2; nZOTl)
Vzhledem k symetrii problému... kolem bodovéeho naboje.

Ur d2(rg)/dr2 = ¢/1 2

¢(r) = Ur(Cie + Ce™™)  4(inf)=0-> C,=0,

O(r) = (Zeldmeylr) e | e




Shriite, co se od ucastnikl o¢ekava — pochopit, co je plazma.

Debyeho stinici vzdalenost

2o GKhT, EE—
d ez (le nlOTZ -+ Zzznonl) For quasineutral plasma,

Nyo= Nyo= N/2= with T,=T, we obtain

DEFINICIA:




Debyeho stinici vzdalenost Jiny pohled

= B2 o B o .
e (Z1 nlOTZ -+ Z2 nZOTl) For quasineutral plasma,

Nyo= Nyo= N/2= with T,=T, we obtain

je pocet Castic v ,,debayove sfére

The problem is that b, is for individual collision
|, is for many particles...

It is equivalent to condition edp<<kT



Pievod jednotek, plazmaticky parametr

kT~1leV = T=11600K
300K =»kT~25.8meV, 3/2kT=38.8meV

Plazmaticky parametr:; 1eV/~8065.5cm

Idealni plazma --- potencialni energie Castic je << kineticka energie

U(r)<<kT
=ne®/(kT)3<<<1
r3~1/n

=plazmaticky parametr

debyeovo stinéni plati jenom tehdy, pokud

| 1.38X10°T 2

TVvK

2

Debye-Hiuckel radius



Oscilace plazmatu
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Langmuir, or plasma, frequency

|y, = 2T/ me)%zthermal electron velocity



Introduction to Plasma Physics

B Gibbon

1.4 Plasma oscillations

So far we have considered characteristics, such as density and temperature, of a plasma in equilibrium.
We can also ask how fast the plasma will respond to an external disturbance, which could be due to
electromagnetic waves (e.g. a laser pulse) or particle beams. Consider a quasi-neutral plasma slab in
which an electron layer is displaced from its initial position by a distance §, as illustrated in Fig. 3. This
creates two ‘capacitor” plates with surface charge o = +en 4, resulting in an electric field

o end

E=—=

£ £p
The electron layer is accelerated back towards the slab by this restoring force according to
dv d’s :

r.nEF = —M.—r = —eF =
i

~dt”

Electron plasma frequency

is the eleciron




Critical density

This quantity can be obtained via another route by returning to the Debye sheath problem of
Section 1.1 and asking how guickly it would take the plasma to adjust to the insertion of the foreign
charge. For a plasma of emperature T, the response time to recover quasi-neutrality is just the ratio of
the Debye length to the thermal veloc

Radiation with wavelength A o Will be reflected. In the pre-satellite/cable era, this property was
exploited to good effect in the transmission of long-wave radio signals, which utilizes reflection from t
ionosphere to extend the range of reception.
T\"PlL-dJ g njett. have P~ 1barandn, = 10 10" em™, and the
. Gas-jet plasmas are therefore underdense, since .
) 1, where 7, is some characteristic interaction time, :uLh
as the duration ut a laser pulse or particle I:-e.im entering the plasma. For example, if 73, — 100 fs and

-3

n, = =10 em . then . = 1.2 and we will need to consider the plasma response on the interaction
time-scale. Generally this is the situation we seek toexploit in all kinds of plasma applications, including
short-wavelength radiation, nonlinear refractive properties, generation of high electric/magnetic fields
and, of course, particle acceleration.

(a) (b)

“I A A

Fig. 5: {a) Overdense plasma, with w, showing mirror-like behaviour. (h) Underdense plasma, with w >
which behaves like a nonlinear refractive medium.




Plasma response time w,“;‘ dictates type of interaction § The critical density
with time-varying external fields - eg: laser

To make this more quantitative, consider ratio:
Underdense plasma, w > wp: Overdense plasma, w < wp:

= slow plasma response = radiation shielded out wh  ne A2

= nonlinear refractive medium = mirror-like optics w?  goMme A4m2c?

Setting this to unity defines the wavelength for which ng = nc, or

Critical density

ne ~ 10%'\7% cm=2 (9)

above which radiation with wavelengths A > A, will be reflected.
cf: radio waves from ionosphere.

Introduction Plasma optics Introduction Plasma optics

= |deal, thermal plasmas possess intrinsic length scale: Ap

» Characteristic timescale: w;,‘

= Frequency ratio wp/wo determines nature of interaction:
- wp/wo < 1 — propagation
= wp/wo > 1 — reflection




Standard formulae

MName

Formula (31)

Formula (cgs)

ﬂ’D = (8Ok]; /eznw )1/2 Debye length

615
N, =n e 1880 Particles in Debye sphere

Plasma frequency (electrons)

Plasma frequency (ions)

Thermal velocity

Electron gyrofrequency

Electron-ion collision frequency

Coulomb-logarithm

:
( cokals ) 2
e2n,
4‘?1' 3
n—=x
5 D
.1

(&)
5
EpMg
(zﬂezn,-)% »
5
EpMm

1
(RBTQ)E —1
ms
Mg

eH,.-’mas_1

3 4
T2 ngZe” In A

1
272 (4mweg )2 m2 vy,

.

1

( kgTe )E om
ei’.rn'-;'Ef'l,El

9 o

1
"1-".'|"I'E’2 Mg 2 —1
5
Mg

(41-1-2292:1,-)% B
_ 5

my

1
(kHTQ)E —1
cms
Mg

eB/mg, 51

1
4(2m)2ZneZe* InA |

5

3mvi,

aNp
In —



Useful formulae

1
Plasmafrequency wpe = 5.64 x 10*nZ s—1

Critical density ne = 102"\ 2 cm—3

L
i1
Debye length Ap =743 T2 n, % cm
Skin depth 6 =c/wp =5.31 x 10°n, 2 cm
Elektron-ion collision frequency v = 2.9 x 10~ °ne TE._:E InA s~
1

mp\ 2 —3
—F’) nT, 2InAs™!

lon-ion collision frequency vi = 4.8 x 107824 (
m;

mec  \ 1.37 x 10'8Wem—2m?

Relativistic focussing threshold P, = 17.5 (ﬁ) GW

Ne

, ' IN2 \ :
Quiver amplitude a = Posc _ (—L)

Tein eV, Ne, Ny incm—2, wavelength A; in pm
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In the momentum equation we have assumed that the rate of momentum
loss from the electron gas due to collisions is negligible. Considering singly
charged ions, the charge density is given by

p(r,t) = —e[ng + nl(r,t)] + eng = —en,(r,t) (1.4)

where the ion density was considered to be constant and uniform, and
equal to ng (neglecting ion motion). Therefore,

Ve By = P iy (1.5)

€0 €0

Egs. (1.2), (1.3), and (1.5) constitute a complete set of equations to be
solved for the variables n/(r,t), u.(r,t), and E(r,t). Taking the divergence
of (1.3) and using (1.2) to substitute for V - u., we obtain

9°nl(r,t) enUV«E(r.t) -0 (1.6)

ot? Me

Combining (1.5) and (1.6) to eliminate V - E, yields

0*nl,(r,t)

9% + wzené(r, t)=0 (1.7)
where (mge?y 1/2
_ npe
Wpe = (—mefo) (1.8)

is called the electron plasma frequency. Equation (1.7) shows that nl(r,t)
varies harmonically in time at the electron plasma frequency,

n,(r,t) = n,(r) exp (—iwpet) (1.9)

In fact, all first-order perturbations have a harmonic time variation
at the plasma frequency wp.. To justify this statement it is convenient to
start with the assumption that all first-order quantities vary harmonically
in time, as exp (—iwt). Egs. (1.2) and (1.3) become, in this case,

nl, = ~L1noV-u. (1.10)
w

E (1.11)

272 FUNDAMENTALS OF PLASMA PHYSICS

which can be combined into

’ no€
= - V-E )18
= - (112

Substituting this expression for n into (1.5), yields

w2,
(1-%)v-E=0 (1.13)
which shows that a nontrivial solution requires w = wp,. Therefore, all the
perturbations vary harmonically in time at the electron plasma frequency.
Further, for all variables there is no change in phase from point to point,
implying the absence of wave propagation. The oscillations are therefore
stationary. Also, (1.11) shows that the electron velocity is in the same
direction as the electric field, so that these oscillations are longitudinal.

The electron plasma oscillations are also electrostatic in character.
In order to show this aspect of the oscillations, consider Maxwell curl
equations with a harmonic time variation,

V x E = iwB (1.14)
VxB= [.lo(J = iu)EoE) (115)
The electric current density is given by

: 2
J=—enpu. = 2°E (1.16)

WM

where we have used (1.11) for u.. Therefore,
V x B = —iwpgeoer E (1.17)

where we have defined a relative permittivity by

2

= (1.18)

w,

e =1-—

For the electron plasma oscillations we have w = wpe, so that ¢, = 0, and
(1.17) reduces to
VxB=0 (1.19)

Since the curl of the gradient of any scalar function vanishes identically,




Vlastni oscilace a srazky

Podminka idealnosti plazmatu

ZD.p /wcollision > 1

Many types of collisions .....

T

collision

~1/w

collision



Jp= 9\/ ;L(&ucm%) GHz

=ne®/(kT)3<<<1

n

1 Basics of Plasma Physics

redativistic
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Fig. 1.4. Lines of constant Debye length Ap and plasma parameter Np,, respec-
tively, in the diagram of typical plasmas




Zvlastnosti coulombovského rozptylu Coulombovsky rozptyl

Zaklady klasické a kvantove fyziky plazmatu
,» Velky Kracik*

J Kracik, B. Sestak a L. Aubrecht

Academia Praha 1974

Coulombovsky logaritmus

kde suma pfes i zna¥i se¥itani pfes viechny Sastice svazku. Vyraz ) (dg./df) je mozno
a

celkem snadno uréit: fyzikalng toti¥ znamen4 zménu relativni rychlosti svazku &4stic
za jednotku &asu, nebo — coZ je toté? — zménuy relativni rychlosti jedné astice svazku
vlivem srdZky, vynasobenou poftem sri¥ek za jednotku %asu (pfedpokladame, ¥e
interakei svazku miZeme rozdé&lit na jednotlivé bindrai srazky).

Ag-gg , ig-g"

z

Ag=-g( 1=-cos x2

Zminu relativni rychlosti jedné &astice svazkn Ag, urfime snadno z obr. 2.10,
Snadno Zjistime, 7¢

(2.136) Ag, = —g{l —cosy) = —2g siuzi.

Polet sraZek za jednotku &asu zavisi zfejmé& na priifezu svazku; za jednotku fasu
»dosahnou* silového centra pouze ty ¥stice, jejich? vzdalenost Z < ¢ - 1 sec. Polet
&astic, které projdou elementirni plochou b db ds za jednotkn &asu a ,,dos&hnou*
silového centra, pak zfejm& bude i

(2.137) gnbdbde,

kde n, je koncentrace istic svazku. Vyndsobime-li nynf (2.136) vyrazem (2137)
a zintegrujeme-1i vysledek pfes celon rovinu &, dostaneme, 7e

w0 F1]
(2.138) Y= [Cab [ as(-2g sin? Lanb
@ dt o Jo 2
a odtud
(2.139) F=9%242 1y j b sin? %‘db .
g

1]

Uvézime-li nyni, Ze podle (2.106) tg 2 = b,/b, miZeme déle psat, Ze

g 2.2 [ bdb
2.140 F =% ydnn,g%b —_
( ) I g H# 19 0o ‘L bﬁ Y

Integral

(2.141) | L=J _bdb |

o bE + b?




Zvlastnosti coulombovskeho rozptylu Coulombovsky rozptyl

Coulombovsky logaritmus

logaritmicky diverguje pro velké hodnoty parametru b. Abychom dostali pro F
konetné hodnoty, musime v Ln&jakym zplsobem omezit horni integrani mez.

V pfedchozim odstavei jsme si ukézali, Ze efektivni interakéni potencil
tastic je Fadove dosahu I,;; binfrnf{ coulombovské staZky je pak moZno uvaZovat pouze
pro srazkovy parametr b < I;. Za horni integraéni mez L je tedy moZno zvolit ;.
Dostaneme

s 2 2
(2.142) L L \/(ﬁﬂili) :

“ bdb
o b+ b?’

=9 p 4nn,g°bl
g .

In(E.kineticka/E.potencialni)
Ve vzdalenosti Id kde jsme za b, dosadili (2. Z "140), mé nyni tvar

(2.144) P19 A% m
Uz jsme ukézali, Ze plati.... g® dme, u

Velidina L urfend rovnici (2.143) se nazyva coulombovsky logaritmus,
Pfedpokladali jsme, Ze platf

(2.145) li > bo.

Tato podminka viak plyne pfimo z pfedpokladi (2.120), které maji platit pro libo-
volné r. PoloZme tedy r = I, a pfedpoklddejme pro jednoduchost, Ze Z, = Z, = 1.
Sedtenim nerovnosti (2.120) (¢(r) bereme v prvnim pfibliZen! jako coulombovsky)
dostaneme

2
2 1 T+ T,
dne, I,

(2.146)

coZ je moZno piepsat jako

2e®

2.147 Ly ———.
( ) : 4xsok(T) + T3)

ProtoZe ale 3k{T, + T3) ~ pg®, je moino (2.147) déle pfepsat na

6e?
(2.148) ILi» 5~ bo-
4reoug
Odtud ji vidime, ¥e nerovnost (2.145) je jiZ spln&na, plati-li (2.126), nebo jinymi slovy,
pfedpoklddime (stejng jako v 1. kapitole), ¥e interakini energic ¢astic je mnohem
mendi ve srovnin{ s jejich tepelnou energii. K tomuto vysledku je moZno dojit
je¥t& trochu jingm zpisobem. Aby ,,ofezani” integralu L(2.141) m&lo fyzikalni smysl,




Dalsi kroky

=]
(2.140) F=9, 4,:,,“;21,3.[ bde
q ] bg -+ b2
Integral

(2.141) L J' v _bdb
o bt + b?

(2.151) |F| = konst L,

kde L je ddno rovnici (2.142), resp. (2.143). Sledujme dale, jak zavisi |F| na uhlu
rozptylu &astic. Na zékladg (2.106) miZeme tvrdit, Ze pro b » b, je

(2.152) 1= %’ <1

a tedy rozptyl na malé uhly odpovidi dalekym priletim. Hranici mezi dalekymi
a blizkymi prilety stanovme pro b = 2b,. Rovnici (2.151} miZeme nyni psat ve

tvaru

(2.153)

kde
(2.154)

je coulombovsky logaritmus odpovidajici blizkym priletim a

la
@19 L[ S omlomiamitorri
280 D5 + b bo bo

je coulombovsky logaritmus odpovidajici dalekym priletiim. Z (2.153) je zfejmé, Ze
stfedni silu, kterd piisobi na &astici 2 ze strany svazku &astic I, miZeme rozdélit
na dv& &asti a to na silu F, ,, odpovidajici blizkym priiletim, a F, ,, odpovidajici
dalekym priletim; pro F, , a Fs,, plati

(2.156) |Fo.p.| ~ Ly,




Z.avislost na teplOté V jednoduchém pripad®, kdy ug: ~ 3k(Ty + To), T, = Ty = Ta |Z,

je moZno (2.161) ptepsat na tvar

coulombovského logaritmu L. Z (2.143) vidime, % L zivisi logaritmicky na ug*. (2.162)
V disledku této logaritmické zavislosti je mofno v mnoha piipadech nahradit pg®

stfedni hodnotou této veliiny nebo tepelnou rychlosti &stic, tj. mizeme poloZit

#g® ~ 3k(T, + T;). Abychom si utvofili pfedstavu, jak zavisi Lna teplot¥ a koncen-

traci, pfedpoklddejme pro jednoduchost, ¢ T, = T, = T ‘Coulombovsky logarit-

mus ma pak jednoduchy tvar

(2.159) L=In [12_“ (io_kl")m]
nl/2 2 )

V zévéru tohoto odstavee uvedeme jedt¥ nékolik poznimek, tykajicich se 42, 10%\1/2
v ki 4

e

Tabulka 1. Hodnoty coulombovského logaritmu L.

Koncentrace Teplota K
elektronii
{m~3] 5.10%| 10*

10 17,60
101t 16,44
1012 15,29
1013 14,14
1014 12,99
1013 11,84
1016 10,69
1017 9,54
1018 8,39
1012 7,23
102° 6,08
102! 4,93
1022 -

1023 _

]024 .
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