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Fig. 2. The momentum transfer cross-sections for electron

et Jiie
argon [20] and electron-helium elastic collisions [21].
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P Dependence of u on the ratio E/p for different gases: (u) velocity of the
directed motion of electrons under the action of the electric field E, (p) gas

pressure referred to the equivalent pressure at 0° C
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Einsteinuv vztah Diflize

Tok castic




Zavislost difuze na tlaku a na teploté

D — KT
mv,

Dp ~ const. = Dp =D, p,

KT KT (KT)? 1
D = ~ ~— e~ —
mv, mMNvo mkTN~To P




Drift nabitych castic v elektrickém poli Drift

= function of (%)




Weees! Pohyb elektronu v elektrickém poli
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The reduced mobility u, m? st V-1 is the value
at a gas number density of 2.69 x 10% m3.




Interpretace transportni rovnice pro plazma

s Pohyb elektronti v elektrickém poli

Electron/ion plasma

Electron/ion/neutral plasma

vodivost :
Treba postupovat’ vel’mi opatrne

Dolezité bolo, Ze jedné su tazké a elektrony I'ahké .... z hPadiska zameny iont € =» neutralna Castica




Transportni rovnice pro plazma — vodivost

b) Pro systém nabitjch Sastic {plazma jako celek):

1) Rovnici kontinuity

?
(3.209) a—g +V,.(ev0) = 0,

zékon zachovani naboje

do, .
(3.210) —t+V,.]=0.

2) Pohybovou rovnici (zakon zachovéni impulsu)

0 s
(3.211) e = _Vp4jixB+ Ty

or
R A
3) Rovnici pro proudovou hustotu j R
' .
o _ene L ixB- V-
a_tFI(E+UOXB)+mEJX . o= 2

= 280 5 (m V) — e m V),
ny

e

protoZe podie (3.199) a (3.201) plati

2
Z,,eznk -
—— P =

2
[ne

£
me
2 j Zm
VL P SN A (1 + ~—e)] =
m e m;

e

(3.213) .

. - r .
Pravou stranu (3.212) mZeme je¥t déle upravit, proto¥e (3.608) miZeme psat jako

nm,

(3214 n,8{mV) = —n8(m¥) = —

Potom ale miZeme psat, Ze

(3215) 2% 5 (m, V) - fn’:— 8(m,V,) = —
e

13

= - e 5i("ﬂeVe)
",

— zobecnény Ohmiuv zikon

a rovnice pro proudovou hustotu j{zobecn&nv Ohmilv zikon) ma nyni tvar

8 én,

(E+vy%xB)+ —jxB—2V,p, —
ot . m m

tvar pravé stranygovnice (3,216} je
[

(3.217) "

[

kde j je sloZka pzoudové hustoty ve sméru magnetickéhopole a j, je sloZka, proudové

hustoty ve smérugkelmém na magnetické pole. -
Rozdil mezi (3.217) a (3.215) resp. pravou stranou (3,216}, si ukaZerhe na-

zorn& na piikladh. Pfedpokladejme staciondrni stav, tj. 8f/ét = 0 a nechf F, = 0.

Z rovnice (3.2 ak dostaneme

E'=-J-+—1—ij,
o ne

(3.218)

kde

(3.219) E'=E+(r, x B) + 1
n.e

a

(3.220)

(3.221)

kde
(3222)

je elektronova cyklotronova frekvence.




Transportni rovnice pro plazma - vodivost

a rovnice pro proudovou hustotu j {zobecnénv Ohmiv zikon) md n

51’—"(E+v{,xB)+iij—iV,p,—
m m

Zde je oviem nutno poznamenat, ¥¢ zol senény Ohmiv zikon (3.216) je
pouZitelny pro pln& ionizované plazma op&t pouze | prvnim pfibliZeni. Obecng toti¥
miZe pravé strana této rovnice zviset na magnetic ém poli uvnitf plazmatu a gra-
dientu teploty elektronil. Jestlize zanedbime V,T,, 11k je prava strana (3.216) stile
jesté sloZena, ze dvou Cleni; jestliZe systém neni d \eko rovnovéhy, pak presn&j¥
tvar pravé strany rovnice (3 216) je

VA s
(3.217) (1,96 + j_L) , ]
kde j je slozka proudové hustoty ve sm&ra magnetickéh s pole a j; je sloZka proudové
hustoty ve smé&ru kolmém na magnetické pole.
Rozdil mezi (3.217) a (3.215) resp. pravou stre wou (3.216), si ukéd¥eme n4-
zomn& na piikladu. Pfedpokladejme staciondrni stav, tj|87/6t = 0 a nechf F, = Q.
Z rovnice (3.216) pak dostaneme

(3.218) -1+ L, JestliZe nyni pouZijeme na pravé strang (3.216) vyrazu (3.217), dostaneme, Ze

c  ne
kde

(3.223) =l 4 +~—(]><B)
oy 0L ne

(3.219)

E' =E+ (v, x B) + !
n

v.p.
e
kde

a

(3.220) (3.224)

je vodivost plazmatu. Vyjadfime-li z (3.218) j, dostaneme pq yu Jich fipravach, Ze

(3.221) j = oE| + 2— {EL + w.tdh x E)}, (3.225)

ce g

kde

Qdtud jiZ vidime, Ze i v tak jednoduchém pFipadg, kdy V,T, = 0 a systém je blizko
rovnovahy, je vodivost plazmatu zavisla na smeéru magnetického pole.

V obecném Bi"iaadé ma vodivost Blazmatu tenzorovx’ charakter.*l

(3.222) h=

W | by
-5
e
K

3 &

7

je elektronova cyklotronova frekvence,

Vodivost a ani netuSime EEDF..? Je to vobec mozZné...? A ¢o o(Vv) ??

Ja tomu neveri, .... Ale tie podmienky su asi iné nez plazma v nasej leborke....



Transportni rovnice pro plazma - vodivost

(3.208) n,8{(m,V,) = — n,8,(m;V;) = "<
T

kde 7, je stfedni doba mezi sraZkami mezi elektrony a ionty resp. mezi Gasticemi riiz-
nych druhti; 7, ' = v je pak sraZkova frekvence.

JestliZe nyni pouZijeme na pravé stran& (3.216) vyrazu (3.217), dostaneme, Ze

(3.223) =l hy L,

o) 0L ne

kde

(3.224) : oy =190 a g, =0;

vyloucenim j pak dostaneme

. ' / . v, =2xNv | (1 — cos y)aly, v)sinyd
(3.225) j=o,E ﬁ L+ otk x Y} ‘ L( x) o, v) sin y dy

Odtud jiZ vidime, Ze i v tak jednoduchém pfipadé, kdy V.7, = 0 a systém_je blizko
rovnovahy, je vodivost plazmatu zdvisld na sméru magnetického pole.

V obecném Bﬁﬁadé ma vodivost Blazmatu tenzorovz charakter.* I _ Treba pOStU povat’ velPmi op atrne

z hPadiska zameny iont € =» neutralna Castica
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Figure 9 lity i um. as a function’of the reduced
electric field. The lines are dalculations at T, = 300 K (solid) and
17K (dashed), obtained using a two-term Boltzinann solver with the
cross sections from the following databases; ‘BIAGI-v8.9 ( ),
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et al (2005) (» ), Crompton et al (1970) (77 K, L), Pack et al (1992)
(77K, (D). The inset is a zoom in the 1-1000Td region.
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Figure 9. Reduced mobility in helium, as a function of the reduced E/N (Td)
electric field. The lines are calculations at T, = 300 K (solid) and E/N (Td)

77K (dashed), obtained using a two-term Boltzmann solver with the Figure 3. Reduced electron mobility versus £/N. The symbols are
cross sections from the following databases: BIAGI-v8.9 (—), experimental data and the solid lines are calculations using the
BIAGL-v7.1 (—), IST—L]SBON ( ), MORGAN ( ), ) two-term Boltzmann solver, BOLSIG+. The inset is a zoom to
PHELPS (——). T_he points are measurements from the following illustrate the differences in the calculated results in the region of the
authors: Stern (1963) (W), Crompton ef al (1967) (293K, @), knee at E/N ~ STd. The colour code is BIAGI-v8.9 (——): BSR
Milloy and Crompton (1977) (293 K. &), Kiictikarpaci e al (1981) ( ): HAYASHI ( ); IST-LISBON ( ) MORGAN ( )
(¥), Pack et al (1992) (300 K. #), Dall’ Armi et al (1992) (), Sasi¢ PHELPS ( ): PUECH ( ). The legend refers to the first

et al (2005) (»), Crompton et al (1970) (77 K, [J), Pack er al (1992) |l author and year of publication of references reporting measurements
(77K, (). The inset is a zoom in the 1-1000 Td region. shown in the figure.

Figure 7. Measured and calculated reduced electron mobility versus
/N in krypton. The symbols are experimental data referenced in

the table 5 and the solid lines are calculations using a two-term
Boltzmann solver. The inset is a zoom to illustrate the differences in
the results in the 1 to 1000Td region. The color code is:
BIAGI-v8.9 (——): BIAGI-v7.1 ( ): BSR+ (——): SIGLO
(——): MORGAN (——).
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Figure 13. Reduced mobility in neon, as a function of the reduced
electric field in the most relevant region of E/N = 1-500 Td. The|
lines are calculations at 7, = 300 K, obtained using a two-term
Boltzmann solver (solid lines) or Monte Carlo simulations (dashed
with the cross sections from the following databases: (a)
BIAGI-v8.9 (——), BIAGI-v7.1 (——), BSR { ), MORGAN
(——): (b) BIAGI-v8.9 (——), PHELPS (——), PUECH (——),
SIGLO ( ). The points are measurements from the following
authors: Robertson (1972) (293 K, W), Kiiciikarpaci ef al (1981)
(@), Dall’Armi ef al (1992) (A). The insetin (a) is a plot over the
entire E /N region analysed here. The BIAGI-v8.9 results
(Boltzmann) are repeated in (a) and (b) for comparison purposes.
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Klectron swarm experiments in dense rare ﬁ'asc-.s: a review. elektrony
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Trochu teorie



Maly Kracik.

ResSeni B. rovnice




Reseni B. rovnice = Maly a Velky Kracik.

Lorentzovske priblizeni pro

dvouslozkovy systém tvoreny jednak neutralnimi ¢asticemi a

jednak casticemi, které maji elektricky naboj....

Zavislost na rychlosti

<

Vo F Vo o,
+V, -V _(f,(v,T,1) to fl(v,r,t))+ﬁ'-vvi(fo(v,r‘,t) o f (v,F,1)) :EI

o(f,(v.F,1) +‘\7/- fVED),)
ot




Reseni B. rozklad do dvou rovnic s Velky Kracik

v, = 2nNv Jm(l — cos x) a(y, v) sin x dy | ' = Rovnice (A) a (B)

Drzime se Velkého Kracika proto:

V.70 = o (WED +V- f.(v, Tt
f( ) fO( ) fl( ) (5.95) f(k)=0 pro k=2,
E EEEEEEEEEENI

redukuje se rozklad (5.55) resp. (5.55") na

Velitinu v/(v) definovanou rovnici (5.11) resp. (5.12) mbZeme interpretovat
jako relaxa¥ni frekvenci I-tého fidu pro riizné anisotropic plynu lehkych &stic. (596) f (”s r, t) = f Q(U, r, t) + v f l(v: r, t)
Specialng

(5.14) vy = 2nNo }'"(1 _ con ) ey, o) sin dy a rovnice pro funkce f; a f; maji tvar

[

: 2
(597) ??aff 4 %v, it 51—2 S Wr.£) = halfe)

nebo rozepiieme-li pravou stranu podle (5.40)

- dfo v? 1 6
Yo Uy fi+= 2
S 31?2 av

5.97

r.f)=

s (jo 4 2T T
Vv (fo + m 5(02))]




=Cexp)— | ———1 .,
fﬂ' P ﬂ.-}‘ ‘.?{I'IJ

m 3y

a)| Necht vn&jf elektrické pole je nulové, tj. I' = 0. Potom

(5.133) : %(v,) = 0

B moZe byt nenulové
a pro f(v) mime Maxwellovu rozdlovaci funkei

2
5.134 e Cexpf ™ ’
(5134 ) p( 2kT),
kde

(5.135) c- ( r )

2rkT
b) [Nechf vn&jii magneticks pole je nulové, t]'. @ = 0. Potom 7
(5.136) ‘ %(v,) = I? ¥y 17

a (5.131) miZeme upravit na tvar

vvi

(5137) fo = Cexp — dv

kT 2 Fzm
v +
3pkT

Bude-li nyni sra¥kova frekvence v, nezavisla na rychlosti, tj.

(5'138) vy = v = konst,

pak f, bude op¥t maxwellovské rozdéleni

2

muv mu2
G19) - fo=Cemp| - m T Cew (— 1)
2k T+ y~2
3vk

ale s teplotou

2 2
(5.140) o=+ P (LY L M [ZeE
Ik \v) 3\ my

To ale znamen4, e pfi v, = konst je kinetick teplota lehkych nabitych &astic (elek-
tront) vy&i ve stovnani s teplotou neutralnich &4stic. :

Pfedpoklad, Ze sraZkova frekvence elektront s neutrdlnimi &sticemi je kon-
stantini, nezavisla na rychlosti, je p¥ili§ ostry. V obecném piipadé& toti¥ plati, Ze v,
na rychlosti elektroni zdvisi. Predpokladejme, 7e

(5.141) vi(v) = 4o,

odo Interpretace

kde I je libovolné &islo*) a A je konstanta (pro I = 1 mame
(5.141) : v, = 40
atedy 471 = A, kde A je stfedni volna dréha elektrond).

Rovnice pro f, (5.137) ma nyni tvar

u2l+l

(5.142) Jfo=Cexp)— T T—W
v ——
‘ ) 3y ARKT

dv

Pro I = 1, tj. pfipad modelu dokonale pruZnych kouli (viz kapitolu 2), kdy

{5.143) v = A,

je integral v (5.142) snadno spotitatelny a f; m4 tvar
3A2 ET (mI}ART)2.(1/67)
(5.144") 0 = C[l +Tz";vz:| .exp

Po kratsich dpravach pak dostaneme

‘M /ZeE 2 1 (mM/6k2T2) . (ZeEimA)Y? (
. =Cl[v*+ = [—) — .e
(5.144) | £, [v 3 (mA) kT]

co¥ je rozd&lovaci funkee, kterou jako prvni odvodil Davydov.**) Pro silné elektrické
pele, kdy

(5.145) 'm _ M (

3yAKT  3kT

(‘;)10-4) = Cex [“ a (%3)2"-4]

Zavislost (5.141) pro [ = 0 vystihuje s dobrou piesnosti srazky elektronii s atomy

a H,, pro /=1 pak srdZky ]\r)ﬁ a déle pL°_l=_3.h3‘_5 itt_pa_kiréikLpgméLc
elektronii v Ar, Kr a Xe; viz arbiere: Phys. Rev. 84 (1951), 653; S. C. Brown:
Handbuch der Physik, ed, §, Flige, Vol. 22 (Berlin 1956), 531; G. L. Braglia: Phys.
Lett. 17 (1965), 260,

B. Davydov, ZETF 6 (5) (1936), 463; viz t¢2 B. Davydov, Uspéchi fiz. nauk 93 (1967),
401.




Odvozeni difazni rovnice z B. rovnice Rovnice (A)

F@F,0) = f,(WF,0) +V- f,(v,F,1)

Rovnice B

V() v (m=-D""
nov, 3n v




Odvozeni rovnice pro drift z B. rovnice

Drift

Per-partes
+ conditions of limits for




Drift elektronu v He, Ne, Ar...

i o)

Pro dany plyn

v = fungtion of (—)
h 20 X 108
E o” e : canc- 2
,: B ’0 o
E 107 "‘ ) A,;ﬂ;’/i.;.w 5 bt o Alr 104 Cm/S
fg - .‘ e i 80 .: - “‘ N
= S ‘J,/ 4oy Xe “ ;
104 cm/s &7 fg 3t =
12
. v gl I
’]%"l r,r()"i

B 10 12 14 18 18 20
e Efp in volti/em-mm Hg

Dependence of u on the ratio E/p for different gases: (u) velocity
of the directed motion of electrons under the action of the
electric field E, (p) gas pressure referred to the equivalent

pressure at 0° C
Velocity 10*cm/s

Fig. 2. The momentum transfer cross-sections for electron
argon [20] and electron-helium elastic collisions [21].
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Drift ionti - experiment rychlost
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TABLE II. Reduced zero-field mobilities s, and free and ambipolar diffusion coefficients, D and D,, times buffer
gas pressure and number density, p and N, at 300°K, for a variety of ions in helium and in argon,

o p bN Dy DN
Buffer (em?/v-sec)  (em?- Torr/sec} (101 ¢m™t- sec™)  (cm?.Torr/sec) (101 em™! - sec™!)

Helium  30,5:2.4 658 2,12 1320 24
Helium  22,0+1.8 475 53 949 06
Helium  19.5+1.6 421 35 842 71
Helium  19,5:1.6 421 35 842 71
Helium  20,5%1,6 442 42 885 85
Helium  19.4%1.6 419 35 837 89
[ I Helium  21.8+1.7 470 51 241 03
10 2 ]4 B 18 20 *  Hellum  19,5+1.6 421 35 842 71

* Helium 18,5 +1.6 399 28 798 57
E/p (Uons/cm xmm Hg) Helium 23.0+1.8 496 60 993 20

. . . o Helium  21.8+1.7 470 51 941 03
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For polarizable neutrals, the point-charge, induced-
dipole attraction always contributes to the ion-—neutral
interaction. The reduced zero-field mobility for the
polarization force alone is given by (Ref. 12, p. 146)

Reduced Mobility ie [cm%V-sec)

N +
. " N
‘\‘.\‘x H30'2H,0
COH PHa0 /K
0; ARy
0 +

i e
i where « is the polarizability in A® and m, is the reduced
TR— mass in g/mole, Since the polarization force is often
the strongest long-range interaction and therefore may
be the dominant contribution to the mobility at low E/N,
it is instructive to test how well the polarization, i.e.,
Langevin, mobilities agree with the experimental zero-
field values, for use when only an approximate value is

needed,

& po(Langevin) = 13, 876/ (am,)' /2 cm?/V - sec, (6)

tonic Mass {amu)
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Fig. 1. Section through the main part of the apparalus. A, anode; K, cathode; DP, diffu-
sion pump; 8M, shift mechanism (not used in this work); HP, hole probe; DT, drift tube;
G, pressure gauge; &, quadrupole.
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EEDF from Boltzmann equation

a) Necht vnéjéi elektrické pole je nulové, tj. I' = 0. Potom

(5.133) F(v,) = 0

a pro fo(v) mame Maxwellovu rozd&lovaci funkci

2
Ji = Cexp (— my s
2kT ] .

372
C=n i .
: 2nkT

b) Nechf vnjsi magnetické pole je nulové, tj. @, = 0. Potom Vi

(7 risd

(5.134)
kde
(5.135)

(5.136) 9(v,) = I v

a (5.131) miiZeme upravit na tvar

vv?

kT 2
v (Em
3ykT

(5.137) fo=Cexp |- dy

Bude-li nyni srd¥kova frekvence v, nezdvisla na rychlosti, tj.

(5.138) v, = v = konst,

pak f, bude op¥ maxwellovské rozd&leni

2
Jo = Cexp| — i =

2
2% (T+ m -2
Ik

2 2
T*=T+ﬁa(£) g M(ZeE
vk \v dk\mv ) -

To ale znamen4, Ze pfi v, = konst je kinetick4 teplota lehkych nabitych &astic (elek-
trontt) vy$i ve srovnani s teplotou neutralnich $4stic. .

Piedpoklad, %e sraZkova frekvence elektront s neutralnimi &dsticemi Je kon-
stantni, nezavisl4 na rychlosti, je p¥ili¥ ostry. V obecném ptipadd totiZ plad, e v,
na rychlosti elektron zdvisi. Pfedpokladejme, Ze

(5.141)

(5.139)

ale s teplotou

(5.140)

Y1(”) = 4v',

kde I je libovolné &islo*) a A je konstanta (pro I = 1 mame

(5.141) v, = Av

atedy 471 = A, kde A je stfedni volna dréha elektrond).
Rovnice pro f, (5.137) ma nyni tvar
QU+
kT a1 m
vy ——
‘ ‘ 3y ARKT

(5.142) fo=Cexp)— dv
Pro I = 1, tj. pfipad modelu dokonale pruZnych kouli (viz kapitolu 2), kdy
vy = Av,

{5.143)

je integral v (5.142) snadno spotitatelny a f; m4 tvar
2 (mIART)2.(1/67)
fo=¢C l+ﬁ—k—TUZ .exp
r?m

Po kratsich apravach pak dostaneme

. 2 (mM/6k2T2) . (ZeEimA)Y?
(5144) fo=¢C o+ M(ZEYy L .¢
3 \mAd,) kT

(5.144")

co¥ je rozd&lovaci funkee, kterou jako prvni odvodil Davydov.**) Pro silné elektrické
pele, kdy

> v,

2 2
(5.145) I'’m M (ZeE)

3yAkT  3kT \mA

piechaz{ Davydovova rozdélovaci funkce na znamou rozdélovact funkei Druy-
vesteyna (o tom je mo¥no se ptesvédéit z (5.142), kde poloZime ! = 1 a provedeme
piisluiné zanedbani), kterd ma tvar .

3 74AN? 3m fmAN?
5.146 =C “Za{fY Y =cC L2m mAN
(5.146)  f, exp( 4?(1")”) exy[ 4M(ZeE)v:|

*) Zavislost (5.141) pro [ = 0 vystihuje s dobrou piesnosti sraZky elektroni s atomy He
a H,, pro /=1 pak sraZky v Ne a déle pro { = 3, 3.5 a 4 pak srdzky pomalych
elektroni v Ar, Kr a Xe; viz D. Darbiere: Phys. Rev. 8¢ (1951), 653; S. C. Brown:
Handbuch der Physik, ed. S. Fliige, Vol. 22 (Berlin 1956), 531; G. L. Braglia: Phys.
Lett. 17 (1965), 260.

B. Davydov, ZETF 6 (5) (1936), 463; viz t¢2 B. Davydov, Uspéchi fiz. nauk 93 (1967),
401. _




Srovnani drifta iontu a elektronu Drift iontu
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Ambipolarni diflaze
on[0t = D, V*n

Velikost D, miZeme odhadnout, vezmeme-li pu_
muZeme vidé&t z rov. [5-7]. Pon&vadz v je Gmérn¢
je zase umérnad m~'2, je yu Gmé&mé m~ /2,
davaji '

a]
ﬂf

D .~ D, +

T
D, = D, + =D,
T,

Pro T, = T, dostavame




Pole v plazmatu, odhad Ambipolarni diflze
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Collision phenomena in ionised gases
E.W. McDaniel




Rovina
Separace proménnych n(r,t)

Diflze v rovinni geometrii

S = Acosi+ Bsin X
A A




FIG. 10-8-1. A one-dimensional cavity with plane parallel walls.

independent of position in order that £ may be constant. The extrapola-
tion distance is neglected, and N, is required to vanish at the geometrical
boundaries of the containers,

A. INFINITE PARALLEL PLATES. As the first example of the solution of
the time-independent diffusion equation, consider the case of a one-
dimensional cavity whose walls are the infinite plane parallel plates shown
in Fig. 10-8-1. In this simple case the diffusion equation (10-6-6) becomes

diN D(x) N ﬂ(w) = 0
da? Dr

Since 27 is positive, the sokution of (10-8-1) is
+ Bsin—==

Nol=) = \/ : N

where 4 and B are constants of integration which must be determined
from the boundary conditions and from the requirement that we shall
impose for symmetry about the midplane. If the width of the cavity is L
and the origin of the coordinate system is located at the midplane, the
boundary conditions are Ny(x) = 0 when # = +L/2. :

The symmetry requirement makes B = 0, and the boundary conditions
orce T to assume one of the infinite number of values 7, (k = 1,2,3,...)

+ (10-8-1)

A cos (10-8-2)

which satisfy the equation
L L
08 ——= = —
2\/ @Tk 2\/ @Tk
Now define a quantity A, which represents the characteristic diffusion
length for the kth mode of diffusion:

A
A = = (Zk— 1;)

The diffusion length is useful in describing the shape of a cavity in the
diffusion process. The solution for the kth mode can then be written

or = 2k — 1)- (10-8-3)

(10-8-4)

No(@)e = A4y cosf (10-8-5)

k
The function cos /A, assumes negative values in certain regions within
the cavity for all modes of diffusion except the lowest, or fundamental,
mode corresponding to k = 1. Therefore, if we consider each solution
singly, we must discard all but the fundamental mode on physical grounds,
since the particle number density can never be negative. However, since
the diffusion equation is linear, the total solution of the diffusion problem
consists of an infinite number of modes, many of which may be excited
simultaneously. Any sum of these modes is then a possible solution,
provided the constants 4, have values which prevent the number density
from becoming negative. The use of an ionization source that provides
uniform ionization throughout the cavity will ensure that the fundamental
mode predominates.

After the ionization source is abruptly turned off at # = 0 each diffusion
mode decays out with its own characteristic time constant 7. The total
solution of the time-dependent diffusion problem is thus given by

(10-8-6)

N(=, 1) = ZAk cosi—e“”’k

k=1




In slab geometry,
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In general, 4
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Decay of an initially nonuniform
plasma, showing the rapid disappear-
ance of the higher-order diffusion
modes.
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Diflize ve valci Valec

Pohyb plazmatické vrstvy pki rovinné a cylindrické konfiguraci. Obrazek slouZi k ilu-
straci rozdilu mezi kosinem a Besselovou funkei.

Ny 1oN, 0Ny N
o’ r or 022 Dr

1(d2R lde 1d%Zz 1

— +—— |+ +—=0
R{dr® rr Z dz° Dz

N(r,z,t) =GllJ0[

2,405rj L i
[ — COS 11

0




positive. The solution of the z equation is then
Z(z) = Ccos fiz (10-8-40)

The boundary conditions that N, must vanish at z = 4 H/2 require that
B, = =/ H for the fundamental mode.

The time-dependent solution for the lowest mode of diffusion can now be
written

N(r, 2 1) = Gy J“(2.405r) cos ™

0s — ¢t (10-8-41)
o H
where

Lt (2-405)“4_ (1)2 (10-8-42)

H

The total solution, containing the radial higher modes as well as the
fundamental, is

N(r,z,t) =3 ¥ G,; Jo(a;r) cos (% ;{l)ﬂ e~ (10-8-43)

g=1 §=1

= = —
11 -@Tu v Fp

The diffusion length is given by

1 1 2 I:(Zj — 1)11']2
= = 10-8-44
A?j Dy o H ( ‘

where «,r, is the ith root of J,.




(10-3-2)
we find that
+ -
0, g X KT
K e
When T+ = T— = T, on the other hand,
Dy~ 2 = ET e (10-10-6)
e
B. EXPERIMENTAL RESULTS. The time-dependent diffusion equation for
the ambipolar case is

x>+ (10-10-5)

Z—N =V-(2,VN) © (10-10-7)
t

If @, is taken to be constant and the particle number density is assumed to
decay as e, the time-independent ambipolar diffusion equation is

obtained:
VN, + % =0 (10-10-8)

T
This equation is solved for specific problems by the methods of Section
10-8. &, is given in terms of the decay constant 7, and the appropriate
diffusion length A, by the equation
2
2, = A (10-10-9)

r
Hence &, may be evaluated from a determination of the rate of decay of
the charged particle density in a cavity after the ionization source has been
turned off.

Gas in a cavity may be broken down to form a plasma by the application
of microwaves, and the electron density may be determined by measuring
the shift in the frequency of resonancel® (see also Section 12-7). The
experimental values of N are then plotted as a function of ¢ on a semi-
logarithmic scale. If the plot is linear, indicating that the decay is exponen-
tial as assumed, the diffusion coefficient may be obtained from the slope.
Since the sensitivity of the microwave method is not great enough to allow
determination of electron densities below about 107/cm3, the diffusion
coefficient measured is Z,. Here we assumed that the effects of electron
attachment and recombination are negligible, as is frequently the case in
practice. The techniques of analyzing diffusion data when attachment and
recombination must be considered are discussed by Brown in Chapters 6
and 8 of his book and in Section 12-8 of this book.

" AMBIPOLAR DIFFUSION 813

Sometimes the plots are not linear ona semilogarithmicscale even though
diffusion is the controlling mechanism. Nonlinearity, in this case, indicates
the simultaneous presence of more than one mode of diffusion. (The higher
modes may be excited by breaking down the gas in an asymmetric dis-
charge.) The discussion in Section 10-8 shows that the higher modes decay
faster than the fundamental mode, and regardless of its initial complexity

II[I|[III|iII[|III||FII[|I1II
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05 1 . 2 25
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FIG. 10-10-1. The influence of the initial spatial distribution on the decay of electron
density. K. B. Persson and S. C. Brown, Phys. Rev. 100, 729 (1955).

the plot will approach linearity for large values of . Two plots corre-
sponding to different discharge conditions and different combinations of
modes are shown in Fig. 10-10-1."" Note that the curves become straight
and parallel to one another at large r, each having the slope corresponding
to the lowest mode of diffusion. The “light distributions® shown in the
figure are qualitative measures of the initial spatial electron density at the
start of the decay period. They were obtained by scanning the discharge
with a photomultiplier and slit system and displaying the signal on an
oscilloscope.

Theory predicts that 2, will vary inversely with the pressure if the elec-
trons and ions are in thermal equilibrium with the gas at a temperature that
is held constant as the gas pressure is varied. A verification of this predic-
tion taken from a paper on ambipolar diffusion in helium by Biondi and
Brown,’® is presented in Fig. 10-10-2. (The identity of the iors to which
these data refer is uncertain. The £ ,p products for Het and He,* ions in
helium are given in Table 10-10-1.) Figure 10-10-3, taken from the same




5.3 Steady state solutions

on
~— D V*n=0(
at (04 Q( )

on

In steady state, we have 5=0

vn :—%Q(F)
* For constant lonization function, Q=Zn

Vzn:—én
D

The solution i1s Cosine or Bessel function.



Plane source

Q(r) =Q,5(0)

Line source

1o
r or
n=n,In(a’r)

on
r—)=0
( ar)

X
—L 0 ks
The triangular density profile

resulting from a plane source
under diffusion.

r
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a a
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CALCULATION OF PLASMA DECAY IN

DIFFUSION AND RECOMBINATION
15=60 ms, a=1x10-"cm3s* and a.=5x10-cm?3s-!

O atthe probes location
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Lt
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Tt
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Time evolution

after 8 ms



Decay In diffusion and recombination governed plasma
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Recombination of H;*(v=0) in He/Ar/H,
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Rate Law

rate = kK[A]*[B]Y
rate order =x +y
knowledge of order can help control reaction

rate must be experimentally determined
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Figure 1.1: The basic principle of FA and FALP techniques.
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Techniques for study of IMR — FALP
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Fig. 1. (Color online) Schematic of FALP apparatus. Buffer
gas flows from discharge region (upper left corner) towards the
Roots pump (right). The plasma formed in the discharge is
driven along the flow tube. The plasma parameters on the axis
of the flow tube are measured by an axially movable Langmuir
probe (from the port P2 up to the end of the flow tube).
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Non-Maxwellian electron energy distribution function
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Table 1. Table of reactions taking place in He/Ar plasma. The values in the middle column are calculated for 80 K if temperature dependence was known.

Rate coef.
N Reaction [cm3s~1], [cm®s™1] Ref.
1 He* + He + He —» He," + He 1X1073 [Ikezoe et al., 1987]
2 He™ + He™ — He* + He + e~ 5Xx107° [Deloche et al., 1976]
3 — He,* + e~ 5Xx107° [Urbain et al., 1999]
4 He,* + e~ — 2He <5Xx 10710 [Deloche et al.,1976]
Ar+ formation and destruction
5 He* + Ar » Ar*+ He <1Xx10713 [Johnsen et al., 1973]
6 He™ + Ar >Ar* + He + e~ 7 X107 [Glosik et al., 1999]
7 He,* + Ar - Ar* + 2He 2X10710 [Ikezoe et al., 1987]
8 Arf+e +e > Ar+e- 1.1x10°" [Kotrik et al., 2011]
9 Art+e” +He — Ar + He 2.7X107% [Bates et al., 1965]
Ar,* formation and destruction
10 Art+ Ar + He — Ar," + He 1.3X1073 [Smirnov, 1977]
11 Ar," + e — 2Ar 8x1077 [Okada et al., 1993]
12 Ar,* + Ar + Ar — Ar* + Ar 3.2X107%0 [Hiraoka et al., 1989]
13 Ar,* + Ar + He — Ar;* + He 5.5X1073 [Smirnov, 1977]
14 Argt + e — 3Ar 3.6X10°° Estimate
15 Ar;* + Ar + He — Ar,* + He 5.5X107% Estimate
16 Ar,t +e” — 4Ar 3.6 X107 Estimate
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Two faces of a flowing afterglow.

(Opening picture to a seminar in Boulder, 1980)
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FLOWING AFTERGLOW lon-molecule reactions

FA FA E.E.Ferguson, Fehsenfeld, ~1965
FALP J. Hasted, D. Smith, N. Adams, ....
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[A"]=[A"], exp(—k[B]t) =[A" ], exp(—K[B]L, / v) D. Smith, N. Adams, ....
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Flowing Afterglow Langmuir Probe - FALP Recombination
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Diffusion in FA Diffusion losses
Ambipolar diffusion
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Positive 1on/electron dissociative recombination

EXp(Vt)_1+iexp(Vt) v =D_/A*
v N,




L0 S RIS 8 Note very different time scale!!!
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Microwave P1 P2

Movable probe
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Fig. 1. (Color online) Schematic of FALP apparatus. Buffer
gas flows from discharge region (upper left corner) towards the r X T ! I a4
Roots pump (right). The plasma formed in the discharge is L p = 1600 Pa,T = 250 K ] = 1.I:Ix1|:}‘){.‘rn \
driven along the flow tube. The plasma parameters on the axis E [H]=1.6:10" o’

of the flow tube are measured by an axially movable Langmuir F 8- [Xe] = 4.3%10" cm”
probe (from the port P2 up to the end of the flow tube). ) o

* Xe

p=1600Fa, T=250K

Penning

* AH v H O exp XeH'
O H, ]

time [ms]

[Xe] = 4.5%10" ¢cm™ tion and decay along the flow tube in He/Ar/Xe/Ha
L (A = 1.0%10% em™ o ~ mixture. We do not plot whole evolution between dis-
T charge and port P2, plotted is only the section shortly
] 10 20 before port P2. Data were obtained by solving the
time [ms] set of partial differential equations corresponding to

considered processes. The diffusion and the recombi-

F‘ig. ‘3 {CUI_DF online) The _mea.c,ured decay of clw:tmﬂ density nation IUH:;LE are also included in the model. Plotted
in He; (10Hllllliltﬂ.d plasma in pure He and the increase of t}_lf: is also the electron density decay measured st cor-
L‘lp:t[ﬂﬂ density in the afterglow pl.a;-em&l _aftur injection ﬂf Xe responding conditions (large circles). For comparison
via port P2. Indlc_atf:d are the dominant ions. For comparison the decay measured in He/Ar mixture dominated by
the clw:t_run density decay of argon plasma is plotted. In this Ar* ion is also plotted; this decay is governed by dif-
case Ar is added to the afterglow via port P1. : ’

N o Fig. 7. (Color online) The calculated plasma forma-

fusion losses only.
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Fig. 5. (Color online) The electron energy distribution func-
tion “EEDF” measured in the very late afterglow in the helium
buffered plasma dominated by ions Hey . In first approxima-
tion the EEDF is obtained from the probe characteristic using
Druyvesteyn method (open symbols). Better approximation is
obtained with correction to influence of collisions in vicinity
of the probe (closed symbaols) [7]. The dashed curve indicates
Maxwellian EEDF fitted to measured data for = > 3kgT,..
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Fig. 6. (Color online) The evolution of electron energy distri-
bution function along the flow tube in Art dominated plasma

in He with admixture of Ar. The plotted EEDFs are normali

sed

to 1. In the inset the corresponding electron density n. decay

lotted.
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Fig. 8. (Color online) Evolution of EEDF in He/Ar/Xe/Ha
plasma obtained from measured characteristics of Langmuir
probe. In low energy region (<0.15 eV), the EEDFs are ex-
pected to be Maxwellian [7]. The solid curves correspond to
Maxwellian electron energy distributions fitted to the mea-
sured data for the decay time 7.5 ms and 45 ms. The plot-
ted EEDFs are normalised to 1. Experimental conditions are
indicated.
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Fig. 9. (Color online) The measured evolution of EEDF
in He/Ar/Xe/D2 plasma. The solid curves correspond to
Maxwellian electron energy distribution fitted to the measured
data for the decay times 13 ms and 53 ms. The plotted EEDFs
are normalised to 1. Experimental conditions are indicated.
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Fig. 12. Schematic view of the Rennes FALP-MS [164]




RENNES VIS - FAINP

New FALP-MS measurements

G5

Needles

entry port  piver
GiG4

Microwave
Cavi

Langmuir Prob

Figure 1. Sketch of the FALP apparatus.
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N.G.ADAMS University of Georgia, Viktoria Poterya
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Figure 1. A schematic of the University of Georgia flowing afterglow.
Illustrated are the axially movable Langmuir probe, the downstream mass
spectrometer, a 0.66 m monochromator with red sensitive photomultiplier
for emission studies, a vuv light source and 1 m vacuum monochromator
with uv enhanced photomultiplier for detection of atoms and a YAG pumped
dye laser with doubling and mixing capabilities for detection of radical
species by LIF and REMPI. All photomultipliers are cooled to reduce the
background noise and photon counting is used throughog;. Further details
of this apparatus are described in a separate review.
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2. EXPERIMENTAL TECHNIQUE

reactants




reactants
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e movement system T~

Heating / Cooling | | | |




2.2 Cryo-FALP

Figure 2.6 The detail of a 3D model of the Cryo-FALP II cooling system. The main
copper parts are coldhead. platform and two half-cylinders pressing the copper braids
(not shown in the figure) wound on the flow tube against the flow tube wall. The
interconnecting removable copper blocks are colored magenta, the temperature

grey cylinders embedded in the

<

sensors are black and the heating elements are dark

platform block. Other construction elements are colored green and cyan.
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Figure 2.3 The scheme of the novel Cryo-FALP Il apparatus.
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Recombination in He/Ar Afterglow Plasma at Low Temperatures

P. Dohnal, P. Rubovi¢, T. Kotrik, R. Plasil, and J. Glosik
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FIG. 1. (Color online) Simplified diagram of the Cryo-FALP
apparatus (see text in Sec. II).
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Low Temperature Collisions

in Flow Systems and Traps

(state-of -the-art experiments)






50-100 I/min carrier gas chamber pressure 0.1 - 0.25 mbar
(He, Ar) + reagent + max pumping speed ~ 30000 m3 h-!
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Laval nozzle and isentropic flow
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