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Interactions of electron
Rotational and vibrational excitation

Rutherford atom Excitation energies

Overview
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Vibrational
Transitions: .,

AE=0.1-1eV ™.

Infrared

Rotational

Transitions:

AE =0.01-0.1eV

(sub)-Millimeter

Electron: leV = v=5.9x10’cm s1
1~8,/V ~10-%/ 5.9x107=2x10-16s




Transitions between molecular
potential energy surfaces

. . " Excited State
During an electronic transition

the complex absorbs energy [

/ }molecular rotations
lower energy
microwave radiation

electrons change orbital 3

the complex changes energy state

electron transitions

higher energy <

visible and UV radiation Ground State

Electron: 1eV > v=5.9x107cm st
t~a,/v ~10-8/ 5.9x107=2x10"16s

Timescale : 2101 sec

medium energy
IR radiation

Timescale of geometry changes \
(vibrations): =10-1% sec

As aresult, observe vertical (Franck-Condon) transitions

} molecular vibrations

In other words, we assume that we only have to consider the electronic
portion of the ground- and excited-state wavefunctions to understand
these transitions: Born-Oppenheimer approximation




James Franck
1882-1964
1925 Nobel prize

The probability (or amplitude) of a simultal
electronic and vibrational transition to a new
“vibronic” state depends on the overlap betweer
the wavefunctions of the ground and excited
states.

ous

or:

Electrons move much faster than nuclei. For an
electronic excitation to occur, the nucleic
configuration should be optimal (the same).




Potential Energy Surface Description of the
lonization of Dihydrogen
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Dynamics studies of O 4 D; reaction using the time-dependent wave packet
|
Ziliang Zhu®®, Li Li®, Qiju Li® and Bing Teng? 20 19

2College of Physics, Qing dao University, Qing dao, People’s Republic of China; ®Shandong Peninsula Engineering Research Center of
Comprehensive Brine Utilization, Weifang University of Science and Technology, Shouguang, People’s Republic of China

method

ABSTRACT ARTICLE HISTORY

Based on the potential energy surface (PES) reported by Li et al. (Phys. Chem. Chem. Phys. 20, 1039 Received 15 November 2018

(2018)), the initial state dynamics calculation of O* + D; (v = 0,j = 0) reaction was con_ducted usi_ng Accepted 7 May 2019
KEYWORDS

Reaction probability;

the time-dependent wave packet method with a second order split operator. Dynamics properties
Ot + D, reaction; integral

such as reaction probability, integral cross section, differential cross section, and distribution of prod-
ucts were calculated and compared with available experimental and theoretical results. The present

integral cross section values were in good agreement with experimental results. In addition, the cross section;
differential cross section indicates that the mechanism of the complex-formation reaction plays a time-dependent wave
packet

dominant role during the reaction.
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Figure 1. Minimum energy path of O + Di\PESforQU 120, and \
180 degrees.
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Kinetics of elementary process

k(D=<vo> K = | T(v).v.o(v)dv=K(T)

Max (T)




OD +H, » OH + HD, AH = 24.0 meV.
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OD- + HD = k> OH- + D,.

T
& OH™ +D; (Mulin, 2015)
I OH™ +D; (present)

® 0D +HD

100/T (K™1)

Arrhenius plots of the rate coefficient k¢, and k.,
Arrhenius function K¢, = Ke a€XP(-E¢ a/KgT)

Keqro(T)= K /K,

Combining the well-known formula for the Gibbs free energy of reaction
AG® = A H® —TA,S°,

where S is the entropy of the system, with the Gibbs free energy isotherm equation:[?!
A.G° = —RTIn K,

we obtain

n Ky =~ 2 A57 - Van 't Hoff equation

Van 't Hoff plot for reaction

Keq = kik; of OD™+ HD = OH ™+ D;

Calculated
fit AH=(17.7 £ 1.1 £ 2.55%°) meV

Kgflqulin — kf/kpllulin

100/T (K-1)
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Figure 2. Probabilities of vibrational excitation from the ground vibra-
tional level {00°} to several excited vibrational levels calculated using the
vibrational frame transformation only. Energies of vibrational thresholds are
labelled with arrows and the corresponding vibrational quantum numbers.
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Rovibrational excitation
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Figure 1. Probabilities of rovibrational excitation of the HQ’ ion calculated
using the full rovibrationa]m. Only transitions from the
ground vibrational level {00°} are shown. The {00°}) — {01!} probabilities
oscillate a lot below 3000 cm ™! and become less energy-dependent above.
The oscillations are due to the strong rotational coupling between individual
rotational levels of the initial and final states of the ion. When averaged over
the initial and summed over the final rotational states and averaged over
the appropriate energy distribution, the resulting probabilities are similar
in magnitude to the probabilities shown in Fig. 2. The labels on top of the
figure indicate different rovibrational ionization limits. Note that the zero of

energy in the figure is set to the energy of the forbidden rovibrational level
{009}(00).
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Figure 2. Probabilities of vibrational excitation from the ground vibra-
tional level {00°} to severalmvels calculated using the
vibrational frame transformation only. Energies of vibrational thresholds are
labelled with arrows and the corresponding vibrational quantum numbers.
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Chlazeni elektronu v plazmatu
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Abstract

The electron energy distnbution functions for electron thermalization in helium and argon afterglow plasmas have
been calculated taking into account electron-neutral and electron—electron collisions. This work shows that electron—
electron collisions can lead to the Maxwellization of the electron energy distribution function and thus to different rates

of electron thermalization.
© 2003 Elsevier Science B.V. All rights reserved.




Boltzmann equation

2. Boltzmann equation

The time rate of change of the electron distri-
bution function, f(v,¢), is described by the Boltz-
mann equation | 16]

where (., 1S thc’mllﬁmn term for electron-neutral

collisions ‘e,
*

*
= * .
m. 1 0O - _ T, 10f
Cen = tn— —— [ t*ar(M] 1 - (2)
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where n, is the number density of neutral gas, T, is
the gas temperature, m, is the mass of neutral gas
atoms and o is the momentum transfer cross-
section for electron-neutral collisions. A = Ap/by
(4p 1s the Debye length, by is the impact parameter
for a 907 scattering). For our conditions (see be-

low) In.A = 10. As can be seen from Eq. (2)., only
elastic collisions are taken into account. The dis-
tribution function has the normalization

. = 41 [ v (v)do. (4)
i

s0 that the function

is a velocity distribution function.
The initial distribution for the calculation was
chosen as

f(0,0) = —=— —ex (“m““)_

with vy = 1.19 % 10° ms~'. This 1, corresponds
to electrons with energies in a narrow peak round
4 ¢V. The peak width is 2kT,.

o,(e) [107°° m’] R
o » 3 @

S

e [8V]

Fig. 2. The momentum transfer cross-sections for electron
argon [20] and electron-helium elastic collisions [21].




3.2, Electron-—neurral collisions

Let us study first the energy relaxation due to
electron-neutral collision only. For simplicity let
us consider that the molecules of neutral gas are at
rest (7, =0 K) and that the momentum transfer
cross-section does not depend on the velocity,
which is good approximation for helium.

Thus we obtain the cquation

(6)

This equation can be solved analytically; the so-
lution is

. 1 1
.f[I‘:f;'=Ij.ﬁ:(ﬂt’—;): (7)

where a = n,
which must 1t:H: determined from initial condition.
For our initial condition (5) we obtain

—egr and g is an arbitrary function,

e 1
Ak To /T v2(atw — 1)°

_I_
xcxp(—(%)). (8)

The time development of this distribution function
is shown in Fig. 1.

flo.t) =

El.-neutral collisions only

Fig. 1. The time dependerce ol the elecyron distnnbution func-
tion 1n helium alterglow plasma. The n¢utral gas number den-
sity s n, = 1.65 = 01 ¢m—'. the neutral gas temperature:
dotted hne, T, = {'}/K:_ full line, T, = 293 K. The time 1n seconds
15 given by the numbers near each curve. Electron-—electron
colhisions are not taken in the account.

Collision frequency is ~107 st




Time scale of relaxation of EEDF
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Fig. 3. The tim@ dependence of the electron distribution func-
tion in argon afterglow plasma. The neutral gas pressure is
0.5 Torr, the neutral gas temperature is 7, = 293 K, the elec-
1 number density is n. = 107 cm™? 1 = 6 x 107, The
time in seconds is gnenm
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Fig. 1. The timf§§ dependence ol the electron distribution func-
tion in helium afterglow plasma. The neutral gas number den-
sity is n, = 1.65 = 10" ¢m~=3, the neutral

gas temperature:
ted line, 7, = 0 K; full line, T, = 2 The time 1 seconds

15 given by the numbers near each curve. Eleciron-—eleciron
collisions are not taken in the account.
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Fig. 4. The time dependence of the electron distribution func-

tion in argon afterglow plasma. The neutral gas pressure is 0.5
Torr, the neutral gas temperature is 7, = 293 K. the elects

10=". The time

Fig. 3. The time dependence of the electron distribution func-
tion in argon afterglow plasma. The neutral gas pressure is
0.5 Torr, the neutral gas temperature is 7, = 293 K, the elec-
tron number density is n. = 107 cm™, n./n, =6 x 1071°. The

time in seconds is given by the numbers near each curve.




Time scale of relaxation of EEDF
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. 4. The time dependence of the electron distribution func-

tiomNQ argon afterglow plasma. The neutral gas pressure is 0.5
s neutral gas temperature is 7, = 293 K. the electron
number densiy is 7. = 10'° em™>, He/Hy = 60 X 10~7. The time
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Cross sections and plasma parameters
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Ambipolar diffusion

The Townsend (symbol Td) is a physical unit of the reduced
electric field (ratio E/N), where E is electric field and N is
concentration of neutral particles. It is defined by the relation

V.m® =10""




Drift of ions - experiment
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Fig. 1. Section through the main part of the apparatus. A, anode; K, cathode; D].’, 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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Drift of ions- time of flight
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Drift of elektrons in He, Ne, Ar...
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Fig. 2. The momentum transfer cross-sections for electron
argon [20] and electron-helium elastic collisions [21].
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Drift of ions and electrons — comparison of experimental data
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Dependence on mass of buffer gas and ions
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Runaway mobility of ions H* and D* in He
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Fig. 1. Section through the main pari of the apparatus. A, anode; K, cathode; DP, diffu-

sion pump; 8M, shift mechanism (nol used in this work); HP, hole probe; DT, drift tube; D’ in He \d
G, pressure gauge; @, quadrupole. *e s .'
»
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L h LY A

Reduced mobility #g tcm?vs™)
N
a0

EIN (Td)

Figure 2. Measured mobilities of H" and D" ions in helium at 300 K. The lines represent
the data of earlier studies and the symbols are those of the present study. ——~, Orient
(1971,1972); -~ , JIohnsen etal {1973); , McFarland eral (1973); present results: &,
0-38 Torr; M, 0-41 Torr; &, 0-44 Torr. The vertical bars denote the estimated uncertain-
= 0.16 Torr ties. The sharp increases in the mobilities with increasing E/N are interpreted as the
e 0.22Torr ‘runaway mobilities’ predicted by Lin et al {1979) (preceding paper}. These high E/N data

. . . - are, of course, only ‘apparent’ mobilities, since as E/ N increases, more and more of the ions

40 60 80 100 120 140 are accelerating, rather than drifting at a steady-state drift velocity. (1 Td=10""" Vem?)
E/N [Td]
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H* and D" ions in He: observations of a ruanaway mobility

F Howorkat?, F C Fehsenfeld and D L Albritton
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Einstein formula

v, = 2anj (1 — cos x) a(x, v) sin x dx
0 .

The reduced mobility g, m? s7! V1 is the value
at a gas number density of 2.69 x 102> m3.

Tok castic




Zavislost difuze na tlaku a na teploté

p- X
mv,

KT (KT)?
D= ~ ~
my, mNve mkTNVTo

Dp ~ const. = Dp =D, p,



Drift nabitych castic v elektrickém poli
V ==uE

o=

u = function of (E)
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educed mobility in helium. ag a function of the reduced
electric fielfl. The lines are dalculations gt T, = 300 K (solid) and
7T K (dashed), obtained using a two-term Boltzmann solver with the
cross sectipns from the following databages: BIAGI-v8.9 ( ),
BIAGI-v7/1 (——), IST-LISBON { ), MORGAN ( ),
PHELPS ). The points age measur¢ments from the following
authors: $tern (1963) (W), Crompton ef l (1967) (293K, @),
Milloy and Crompton (1977) (393 K, &), Kucikarpaci er al (1981) o b
(W), Pack et al (1992) (300 K, 4), Dall’ Armi et al (1992) (<), Sasi¢ N N NC
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.

Cross sections (10
Cross sections (10 a7’}
Cross sections (107" m

Figure 2. Comparison of the total eross sections for electron seattering from He, Ne, Ar, Kr
and Xe. Arrows in each figure indicate the positions of the Feshbach resonances for each target
atoms.

The reduced mobility x, m? s™! V1 is the value
at a gas number density of 2.69 x 102 m3.

Loschmid number ~2,687x101°%cm-3
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Conductivity

— — Pohyb elektronu v elektrickém poli
V =xuE

Jo= €NV,

The reduced mobility u, m? st V-1 is the value o
at a gas number density of 2.69 x 102> m=3, con d ucthlty
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Figure 10. Characteristic enésgy in helium, as a function of the
reduced electric field. The solid{dashed iines are as in figure 9, for

At 300K =»kT~.025eV

{ IEJE:'.TJ (%), Warren and Parker (1962

zoom in the 1-1000 Td region.
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Figure 9. Reduced mobility in helium, as a function of the reduced
electric field. The lines are qalculations at T, = 300 K 4solid) and
17 K (dashed), obtained using a two-term Boltzmapsi solver with the
cross sections from the following databases: BIAGI-v8.9 ( ),
BIAGI-v7/1 (——), IST-LISBON ( ), MORGAN ( )
PHELPS | ). The points are measurements from the following
authors: Stern (1963) (M), Crompton et al (1967) (2903 K, @),
Milloy and Crompton (1977) (293 K, &), Kiicukarpaci ef al (1981)
(W), Pack ef al (1992) (300 K. 47 Dall’ Armi et al (1992) (<), Sagi¢
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 10. Characteristic encggy in helium, as a function of the
reduced electric field. The solid{dashed iines are as in figure 9, for
the following databases: BIAGI-VE.9 ( A\ BIAGI-v7.1 { ).
IST-LISBON { ). MORGAN (——), PHELPS { ). The
points are measurements from the folldwing authiors: Warren and
Parker (1962) (W), Crompton et al (1967TW\(293 K, @),
Lakshminarasimha and Lucas (1977) (4A), Al-Amin and Lucas
(1987) (), Warren and Parker (1962) (77 K. TJ). The inset is a
zoom in the 1-1000 Td region.




N I T Interpretacion
(5.131) Jo=CexpJ— KT 90 (’
j— + _'-..i_
1 m . 3}'?1 j
a)| Necht vn&jii elektrické pole je nulové, tj. I' = 0. Potom

(5133 =0 B oze byt nenulove

a pro f(v) mime Maxwellovu rozdlovaci funkei

2
5134 = Cexp| - T2,
( ) fq p( 2kT),
kde

32
(5.135) C=n( T ) .

2nkT

b) [Nechf vn&jii magneticks pole je nulové, t'. @ = 0. Potom 7

(5.136) 9(v,) = I* Yy 17

a (5.131) miZeme upravit na tvar

(5.137) fo = Cexp

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

o

pak f, bude op¥t maxwellovské rozdéleni

muv*
(5.139) Jo = Cexp| - = Cexp (— E“)

ale s teplotou

(5.140) =7+ 2 (5)2 T+ (@)2 _

Ik \v) 3k \ my -
To ale znamen4, e pfi v, = konst je kinetick teplota lehkych nabitych &astic (elek-
tronti) vy3¥i ve srovnéni s teplotou neutralnich &stic. :

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

(5.141)
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Figure 6. Comparisons of calculated and measurcd,!}l_ JIL. jhe
open symbols are measurements as indicated in tth@ge1=rd‘fl]1c
closed symbols (W) are Monte Carlo (MAGBOLTZ) results at 293 K
and the lines are results of calculations using BOLSIG+. The
ordinate in the inset is linear. The colour code is BIAGI-vE.9
(——): BSE (——): HAYASHI (——); IST-LISBON (——);
MORGAN (——): PHELPS ( 1. PUECH { ). The
measurements are referenced in the text.
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Figure 7. Measured and calculated values c::ﬂ:DT { x-'gyrsu:; E/N.
The open symbols are measurements, the closédsynfbols (H) are
Monte Carlo calculations and the lines are results from two-term
Boltzmann calculations. The inset shows results at low E /N for 77,
88 and 288 K.. The colour code is BIAGI-v8.9 (——): BIAGI-v7.1
(- ---) BSR (——); HAYASHI (——); IST-LISBON (——):
MORGAN ( 1. PHELPS ( 1 PUECH ( ). The
measurements are referenced in the text.




10P PUBLISHING
J. Phys. D: Appl. Phys. 46 (2013) 334002 (22pp)

Comparisons of sets of electron—neutral
scattering cross sections and swarm
parameters in noble gases: II. Helium
and neon

L L Alves', K Bartschat?, S F Biagi’, M C Bordage*?, L C Pitchford*>,
C M Ferre s IM Morgan®, S Pancheshnyi*>,
AV Phelps’*, V Puech® and O Zatsarinny?




Figure 9. Measured and calcu{alcd Dy /e vérsus E/N in krypton.
The open symbols are experiménfal dega,r&(crcnccd in the table 5.
The lines are results from a two-§frm Boltzmann solver. The
symbols () are for Monte Carfh calculations with BIAGI-v8.9 s Experiments

dataset. The inset shows resulyf at low E/N. The color code is: O Koizumi et al 1986
BIAGI-v8.9 ( ). BIAGI-vp.1 ( ): BSR+ ( ). SIGLO / ) o Kobayashi et al 2004
(——): MORGAN (——). ) Kobay ashi et al 2006

(& 05MPa  w1.0MPa)

Emﬁmrts _ 10. Measured and calculdted Dt/ p \'CI}{I'{ E/N in xenon.
©  HKoizumi stal 1936 ymbols are experimental d;n?ﬂ‘.fs:_u:nmd'il the table 5. The
4 Al-Amin and Lucas 1987 ¥ are results from two-term Boltzmann calculNgjons. The inset

Calculations /s comparisons between calculations using BIAW-v8.9 dataset;
® Monte Carlo
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Figure 12. Calculated and measureq Dy /u vérsus E/N in xenon.
The symbols are experimental data réferenced in the table 5. The
lines are results from a two-term Boltzmann solver. The inset shows
the comparison of Diy/pe and Dy /e calculated using BIAGI-v8.9
dataset. The color code is: BIAGI-v8.9 ( ); BIAGI-v7.1 ( );
): HAYASHI (——): SIGLO (——); MORGAN
(——): FUECH ( )

Figure 11. Calculated and measurdd Dy /pu Versus E/N in krypton.
The symbols are experimental data Paferenced in the table 5 and the
lines are results from a two-term Boltzmann solver. The inset shows
the comparison of D¢/ and Dy /g calculated using BIAGI-vE.9

dataset. The color code is: BIAGI-v8.9 (——); BIAGI-v7.1 ( ):
BSR+ (——); SIGLO (——); MORGAN (——). BSR+(
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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 5. Reduced electron mobility versus E/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 (——).

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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Figure 8. Measured and calculated reduced electron mobility versus

/N in xenon. The symbols are experimental data referenced in the
text (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 [1-1000Td] E/N region for which PT calculations
with BIAGI-v8.9 (-B-) are added. The color code is: BIAGI-vB.9
(——): BIAGI-v7.1 ( J; BSR+ (——); HAYASHI (——);
SIGLO (——); MORGAN (——): PUECH ( ).
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Mobilities of various mass-identified positive ions in helium and
argon
W. Lindinger* and D. L. Albritton

Aeranomy Laborotory, NOAA Environmenial Research Laboratories, Boulder, Colorado 80302
(Received 7 January 1975)
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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
Fic. 2. Mobilities of He' and He," in helium at 195°K. Helium  21,021.7 453 46 906
Tyndall and Pearce’s measurements are indicated by the short o 5 Bas

. Helium .49 928
heavy bar. A pressure p*=1 mm Hg refers to a gas density of Helium 2tl.d an .19 742
3.22X 10 atoms/cc. Argon 2,50£0.20  53.9 .173 108
: Argon 2,16+0,17 46,4 .149 92,8
Argon 2,14+0.17 46.2 .149 92.4

o (cm2/volt-sec)
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Drift of ions - experiment

I
lonic Zero-Field Mobilities in Helium Near 300° K
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FIG. 9. Reduced mobilities of N,OH" in argon,
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Fic. 2. Mobilities of Het and He,* in helium at 195°K.
Tyndall and Pearce’s measurements are maicated Dy e short
heavy bar. A pressure p*=1 mm Hg refers to a gas density of
3.22X 10" atoms/cc.
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I n A r Fic. 6. Mobilities of A* and A;* in argon at 195°K.

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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Mobility of ion SH* in He
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EEDF from Boltzmann equation
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Diffusion in plasma
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Ambipolar diffusion
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Pole v plazmatu, odhad Ambipolar diffusion
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FIG. 10-8-1. A one-dimensional cavity with plane parallel walls.

independent of position in order that Z 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

d°’N o("’) Nu(a’)
-0
i o

Since &7 is positive, the sofution of (10-8-1) is

(10-8-1)

No(x + B
o(2) \/ =+ Bsin \/@T
here 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

= A cos (10-8-2)

boundary conditions are Ny{x) = 0 when 2 = +L/2. :
The symmetry requirement makes B = 0, and the boundary conditions
orce 7 to assume one of the infinite number of values 7, (k = 1,2,3,...)

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
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Diffusion in cylinder Vilec

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

NAZ (electrons/cm)
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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
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Decay in diffusion and recombination governed plasma
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The Innsbruck Selected Ion Flow Drift Tube (SIFDT)
converted to Proton Transfer MS
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Cluster formation in SIFT
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flow drift tube QMS / SEM
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=

H,0*+ A AH* + H,0 obeys pseudo first-order kinetics

Ci(AHY) 1
i(H,0%) kt

[A]

The reaction rate coefficients for exothermic PT reactions is close (£ 30%)
to the collisional value predicted by ion-molecule capture theories.
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FIGURE 1 Schematic representation of the current selected ion flow-drift tube (SIFDT) arrangement with designated main operational parts
and the vacuum system. QMF, quadrupole mass filter; QMS, quadrupole mass spectrometer; SDT, source drift tube; VDT, Venturi drift tube;
VOC, volatile organic compound. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Three-dimensional model
cross-section view of the chemical
ionization ion source (left) and ISO63
PEEK flange with the hollow cathode and
source drift tube (SDT) assembly (right).
OP, octupole; VOC, volatile organic
compound. [Color figure can be viewed at
wileyonlinelibrary.com]
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2. SIFT-MS analytical method

Detailed overviews of the SIFT-MS technique have been given
previously in several reviews [5-7|. Briefly, it is based on the
chemical ionization by selected reagent ions, H30", NO" and 03.,

that ionise gaseous analytes present in air/breath samples in trace
amounts. The range of neutral analytes accessible using the SIFT-
MS technique has been extended recently by the exploitation of
five additional negative reagent ions (O~, OH™, 03z, NO3z, and
NO3) [8]. Reactions occur between the selected reagent ion and
the neutral analyte molecules present in sample that continuously




Loschmidt number~2,687x10%cm-3

The Loschmidt constant or Loschmidt's number (symbol: ng) is the number of particles (atoms or
molecules) of an ideal gas per volume (the number density), and usually quoted at standard temperature

and pressure. Recommended value is 2.686780111...x102> m™3 at 0 °C and 1 atm.

The reduced mobility 1, m? s V1 is the value
at a gas number density of 2.69 x 10%° m3.
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