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INTRODUCTION

THE diffusion and mobility of ions are important
parameters characterizing the motion of ions in a
gas. These parameters enable us to describe the mo-
tion of an ion in a gas over long periods of time
{compared to the average time interval between col-
lisions) in the presence of an external electric field
and in its absence. Since diffusion and mobility are
determined by the collisions of an ion with particles
of a gas the value of these parameters, their depend-
ence on the gas temperature, and also the dependence
of the mobility on the intensity of the electric field
give us the possibility of investigating the nature of
the elementary act of collision of an ion with a gas
particle and the cross section for this process.

The mobility of ions in gases has been a topic for
investigation over a period of several decades. The
case that has been investigated in greatest detail is
the case of low intensity of the external electric
field 178! when the velocity acquired by an ion over
a mean free path under the influence of the electric
field is much smaller than its average velocity. In
this case the mobility of the ion K is related to the
diffusion coefficient D by the Einstein relation tr

eD

K == (1)
(e is the charge of the ion, T is the gas tempera-
ture), so that a measurement of the mobility enables
one also to determine the diffusion of the ions in the
gas. Of independent interest are the cases of inter-
mediate and high intensities of the electric field which
are realized in a gas discharge and in an electro-
static generator. For example, it is specifically a
measurement of the mobility at high fields (83 that
first provided the possibility of correctly establishing
the dependence of the cross section for resonance
charge exchange on the velocity and of determining
the magnitude of this cross section at low collision
velocities for a number of inert gases.

Mobility of ions in gases has been discussed in a
number of reviews and monographs (1-6,9-11] p
writing the present review we have utilized the more
complete information on the mobility of ions obtained
recently.

FORMULATION OF THE PROBLEM AND GENERAL
METHODS FOR CALCULATING THE MOBILITY

In order to obtain the mobility of ions in a gas it is
necessary to take into account the effect of collisions

of the ions with the atoms of the gas on their directed
motion in an electric field. For this purpose it is
convenient to utilize the kinetic equation for the
velocity distribution function for the ions. In this
chapter we investigate the kinetic equation for the
velocity distribution function for the ions and discuss
the approximate methods commonly used to solve it.
In obtaining the kinetic equation we shall assume that
the density of ions in the gas is considerably lower
than the density of the gas particles N. Then the
presence of the ions in the gas will not upset the
Maxwellian velocity distribution of the neutral parti-
cles of the gas, and it is possible to neglect collisions
between the ions in writing down the kinetic equation.
If we restrict ourselves to elastic collisions of ions
with gas particles, then the velocity distribution func-
tion for the ions f(v) in a gas in a constant electric
field of intensity F satisfies the kinetic equation [1%:13]

eF  Jf (v { ! ;
T Ny U)o

—Jf vy (w)lglaly, g)|*dcosydDdv,. (2)

Here ¢(v) = (m/2rT)%? exp(-mv¥/2T) is the
Maxwellian distribution function for the gas particles,
T is the gas temperature, M and m are the masses
of an ion and of a gas particle, v and v, are the
velocities of the ion and of the gas particle before the
collision; v’ and v{ are their velocities after the
collision, as the result of which scattering occurs
which is characterized by the scattering angles x and
$ in the center of mass system; a(yx, g) is the scat-
tering amplitude, g = |v — v;| is the relative velocity
for a collision between an atom and an ion.

We multiply Eq. (2) on the left by Mvyx (the x
axis is directed along the field) and integrate over
velocity space. Utilizing the relation

2n 2%
= Y 4D (v} 1) }W(\) (8 —-x) dD 85 (1 —cos )
(g’ is the relative velocity after the collision), we
obtain the formula 12!

fj—, \ f(v)e (v ggx0™ (g) dvdvy, (3)

where p = mM/(m + M) is the reduced mass,

o*(g) =J(1 ~cosx)do =/ |a(x, g)|*(1 - cosx)

X d @d cos x is the transport cross section for the
scattering of an ion by a gas particle. For low in-
tensity of the electric field the distribution function
for the ions differs little from the Maxwellian distri-
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bution function. With an accuracy up to the first term
in the expansion in powers of eF the distribution
function for the ions has the form

f(vy==@(v)[1 +h(v)vcosb], (4)

where 6 is the angle between v and F, and this form
of the expansion of the distribution function follows
directly from the kinetic equation (2). The drift
velocity of the ions w and their mobility K can be
expressed in terms of the function h(v):

! i Vg (v) h(v)dv;

5\ K=—. (5)

w= \ Uef (V) dv == F
The exact value of the function h(v) can be obtained
by solving the kinetic equation. Usually the mobility
is obtained by means of the Chapman-Enskog
method (141 which, in spite of its simplicity, usually
gives a result close to the exact one. The Chapman-
Enskog method is associated with an expansion of
h(v) in terms of suitable Sonine polynomials and is
particularly simple in the case of evaluating ionic
mobility. The first Chapman-Enskog approximation
corresponds to the assumption that h(v) = const. If
the value of this constant is obtained by substituting
(4) into (3), then from formula (5) we obtain for the
ionic mobility Kj and for the drift velocity wg

1/2
K - _L%__ wy - K,F, (6)
sy erwt/ie
where
= AN or)ei2de, _? (6a)
0»—2~(\0(z) ; ST
b

v is the relative velocity for the collision of an ion
with a gas particle.

Usually mobility is expressed relative to a particle
density of N =2.69 % 10'* ¢m ™3 which corresponds to
a pressure of 1 atm at a gas temperature of 0°C. If
in formula (6) the temperature T is measured in de-
grees Kelvin, the reduced mass p is measured in
units of the proton mass, and the average cross sec-
tion in units of ra§ (0.88 x 107¢ ¢cm?), then this
formula assumes the form [5]

2,1-108  cm /ﬂ_ (7

ST sec [ em

The second approximation of the Chapman-Enskog
method yields 12!

w=wy(1+4+A),

2( dlnQ 2
- m—5— 5T
A::,5____’1l_f®—, where Q= %0,
o
m?2 4 3M2- 2mM ——
c
{2 == S (1—cos®y)do. (8)

In order to determine the degree of accuracy of
the result obtained in the Chapman-Enskog approxi-
mation we shall compare formulas (6) and (8) with the

B. M. SMIRNOV

exact result in those cases when an exact solution is
possible.

1) If M > m, i.e., the ionic mass is much
greater than the mass of the gas particles, then
A~ (m/M)? < 1, and the result (6) is asymptotically
exact in the limit m/M — 0.

2) In the case of mobility of ions in a gas com-
posed of the same atoms, when m =M, and the cross
section for resonance charge exchange depends
weakly on the velocity and considerably exceeds the
cross section for elastic scattering (x =7), we ob-
tain A = 1/40. The discrepancy between formula (6)
and the result obtained by solving the kinetic equa-
tion [15] exactly is approximately of the same amount.
In Table I we give the ratio of the exact value of the
function h(v) to that obtained in the first Chapman-
Enskog approximation.

3) In the case M <« m the situation coincides with
that which occurs in considering an electron moving
in a constant electric field in a gas. In this case the
kinetic equation can be solved [1416-20] by expanding
the distribution function in terms of the small
parameter M/m << 1. If the potential for the interac-
tion between an ion and a gas particle is given in the
form U =cR™, then the ratio of the exact solution
for the drift velocity to that obtained in the first ap-
proximation of the Chapman-Enskog method (6) will
turn out to be equal to

w 16 1/ 2 .2
LT (343) T (2 T7> .
The correction associated with taking into account the

second Chapman-Enskog approximation (8) is equal
to

(8a)

4 N2

A=y (1=
A comparison of the result of the second approxima-
tion in the Chapman-Enskog method with the exact
result is made in Table II (the data are taken from [10])_

Until now we have been investigating the first term

in the expansion of the mobility and of the drift ve~
locity in powers of eF/TNo*. The mobility at low
field intensities taking into account the first two
terms of the expansion has the form 122!

K=K, +KF*+ ... (9)
For high electric field intensity
eF
Twer > | (10)

the drift velocity of the ions turns out to be much
greater than the thermal velocity of the ions and of
the gas particles. In this case the relative velocity
of collision between an ion and a gas particle coin-
cides with the velocity of the ion, and relation (3)
assumes the form

:Z = S F (V) bveo* (v) dv.
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Table I
} . I
{v;V % 02 |04 | 0.6 ]0.8 1.2 114 |18 118 j2.6 2.2 ’
! h/hene | 1.51 ' 1.44 ! 1.39 | 1.31 | 1.22 ‘ 1.15 | 1.05 | 0.98 1 0.91 | 0.89 ‘ 0.86 |
S S IR N S RSO SN
Table II ultraviolet radiation or by « particles if the mobility
of ions is being measured in a gas of the same sub-
n - 12 6 l 4 9 stance, or by a heated filament onto which an appro-
priate salt has been deposited if one measures the
G |1asz|tosel ol 1 [543 mobility of, ions in a fhfferent gas.
14+A [1.100{1.044|1.014] 1 [1.100 Tyndall’s method is less accurate compared to
other modern methods for measuring ionic mobility

Since in the limiting case under consideration the
only parameter having the dimension of a velocity on
which the distribution function depends is the drift
velocity, it follows from the last relation that

eF/uN ~ w%*(w). Therefore, if the law for the de-
pendence of the cross section on the velocity

(U = cR™) has the form o*(v) ~ v-*1 then we
have

n n

7 eF \2(n-2) K 1/ eF N\2n~D)
LN ’ F < ui )

W~ (11)
Formula (11) gives the qualitative dependence of the
mobility on the field intensity in the limit of high
field intensity. More exact expressions for the ionic
mobility at large values of the field intensity can be
obtained by solving the kinetic equation for a specific
form of the scattering of ions by gas particles, and

this has been carried out in a number of cases
in (13,15, 22-24]

EXPERIMENTAL METHODS FOR MEASURING
IONIC MOBILITY

We consider the methods available for measuring
the mobility and the diffusion of ions in a gas. The
most exact of the old methods of measuring mobility,
which gave the most information on the mobility of
ions and which is still being used at present, is
Tyndall’s method [-25],

Figure 1 shows a block diagram of an apparatus
which is typical for this method (263 At the moment
when the first pulse is applied the grids x, and x4
are opened and the ions penetrate into the drift re-
gion between the grids x3 and x,. At the moment the
second pulse is applied the grids x4 and x5 are
opened. If the time between the two pulses (which
can be varied under the conditions of this experiment)
coincides with the time of passage of the ions
through the drift region a maximum is observed in
the current measured by the collector. The sources
of ions in the experiments on the measurement of
ionic mobility are provided by a gas discharge, by

in a gas. Nevertheless, it is the only method in use

at present which enables one to measure the mobility
of ions in a foreign gas since it utilizes a continuously
acting source.

The development of pulse techniques has enabled
one to measure by a direct method the mobility of
ions in a gas of the same substance (26-28]

The method consists of measuring the time inter-
val after which a decrease is observed in the current
arising as a result of a pulse of ionization near the
cathode. The circuit in which the current is meas-
ured contains a gaseous gap, while the pulse of ioni-
zation which leads to the production of electrons and
ions near the cathode is produced either as a result
of irradiating the cathode or with the aid of a glow
discharge. The time after which a decrease is ob-
served in the current in the circuit is determined by
the time taken by the ions to traverse the drift re-
gion. If two kinds of ions are formed near the cathode
two decreases in the current are observed in the
circuit, and the accuracy of the method is sufficiently
great to enable one to separate ions of different types
if their mobilities differ by not less than 10%.

Modern methods of measurement of ionic mobili-
ties in a gas utilize one of the methods described
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the first pulse. S~ !
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FIG. 1. Block diagram of Tyndall’s apparatus and the potential
distribution in it.
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above supplemented by various improvements. The
most important of these improvements is the com-
bination of a drift chamber with a mass spectrome-
ter [29730) and this in the case of not too low drift
velocities enables one to determine directly the kind
of ions to which the measured mobility corresponds.

The most exact method of determining the diffusion
coefficient for ions in a gas of the same substance is
based on studying the decay of a plasma in the case
when conditions for ambipolar diffusion are satisfied.

We assume that in a finite volume a weakly ionized
plasma is produced in which ions of one kind are
present. Then the flux of ions j, and the flux of
electrons j. will turn out to be equal to

jo=—~D_Vn_—K_Fn_, j,=—D,Vn LK. Fn,, (12)

where K,, K_ are the mobilities of the ions and the
electrons, D,, D_ are the diffusion coefficients for
these particles, and n,, n_ are their densities. The
intensity of the electric field F which arises as a
result of the action of the space charge satisfies the
Poisson equation

(12a)

divF=4n(n,—n_)e.

In the case when ambipolar diffusion occurs the value
of this field is sufficiently great so that the densities
and the currents of the ions and of the electrons are
close to one another. If one assumes that the temper-
ature T of the ions and of the electrons coincides
with the temperature of the gas, and if one utilizes the
Einstein relation (1) one obtains in this case for the
particle current (j. ® j,, h=n_=n,):

D_K,Vn_+D,K_V
jo o DR Vr A DRV o, v,

K (13)

The result (13) is valid if the condition |n, —n_| <n
is satisfied. It follows from (12a) (|n, —n_|

~ (F/4rL)e) and from (12) (eF ~ T/L) that ambi-
polar diffusion occurs when

. T
L>ro=V grner -

where L is the characteristic dimension of the
plasma, and rp is the Debye-Hiickel radius.

The experimental method of obtaining the coef-
ficient which is based on ambipolar diffusion is
associated with measuring the time dependence of
the density of the electrons in the plasma decaying
after the cessation of the discharge [3733), The
weakly ionized plasma is produced in a resonator.
The change in the resonance frequency of the reso-
nator is measured, which is associated with the
presence of plasma in the resonator, and it is pro-
portional to the free electron density. The high de-
gree of accuracy of measuring the frequency shift
enables one to determine the relative density of the
electrons as it varies over several orders of magni-
tude. The result so obtained is compared with the
solution of the diffusion equation

on_

TR — 2D, An_ (14)

under boundary conditions corresponding to the
resonator being utilized. As a result of such a com-
parison the diffusion coefficient for the ions in the
gas is determined.

The method based on ambipolar diffusion guaran-
tees that the measurements will have the highest
degree of accuracy, but according to the idea of this
method it can be utilized only in the case when ions
of one kind predominate in the discharge. This
method was utilized to measure the diffusion of inert
gas ions in the same gas. In an inert gas both atomic
ions are formed of the type He* and also molecular
ions of the type He,, with the molecular ions being
formed as a result of triple collisions of atomic ions
with gas atoms, so that the ratio between the number
of atomic and molecular ions depends on the gas
density. Therefore by varying the density of the
inert gas one can create conditions when either
atomic or molecular ions are predominantly formed
in the discharge, and one can then measure the dif-
fusion coefficient corresponding to a given kind of
ions.

MOBILITY OF IONS IN A DIFFERENT GAS

In the case of motion of ions in a different
monatomic gas the distribution function for the ions
is determined primarily by the elastic scattering of
the ions by atoms. If in this case the main contribu-
tion to the cross section is made by collisions with
large impact parameters in which the scattering is
associated with the polarization interaction between
the ion and the atom the scattering cross section is
inversely proportional to the relative velocity of the
collision and does not differ appreciably from the
cross section for polarization capture. It follows
from (3) that if the elastic scattering cross section
is inversely proportional to the velocity then

w="£ K==, (15)
wy uv

where v = Ngo*(g) is the collision frequency. Ap-
parently in the case of polarization interaction be-
tween an ion and an atom the mobility of the ion de-
pends neither on the field intensity nor on the tem-
perature. The case of polarization interaction be-
tween an ion and an atom investigated in the papers
of Langevin (3 and Hasse [%! has been investigated
in detail in the review by Dalgarno et al.[3 1f at the
same time the polarization capture and small angle
scattering are taken into account this leads to the
following formula for the diffusion scattering cross

section:
2
a*:2.21n]/ e,
pg?

Here p is the reduced mass of the ion and the atom
and a is the atomic polarizability. Substitution of

(16)
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Table III. Polarizability and dipole moments of atoms and

molecules of gases.

2 Dipole Dipole Polariza- Polariza-
i Gas moment moment Gas bility bility
(Debye) (Debye) (at. un.) (at. un.)
He 0 1,39 NO 0.16 11.5
Ne 0 2.76 HCI 1.03 17.4
Ar 0 11.1 HBr 0.79 23.6
Kr 0 16.8
Xe 0 27.2
CO, 0 17.5
s 0 5.52 ol 0 e 548
D v 5.39 N,0 0.17 19.7
O 0 10.6 2 : )

2 1S 1.02 24.4
N v 1.8 s6 1.62 25.6
co 0,1 13.1 2 . .

Table IV. Polarizability of atoms in the ground state
Polariza- Refer- Me;?od Polariza- Refer Meélfmd
Atom bility ences deter- Atom bility ences deter-
(at. un.) mination (at. un.) mination
H 4.5 37 1 Mg 130 48 VII
Li 165 38 II K 281 38 I1
150413 40 111 2604-27 40 I
135420 ar 18% 25030 41 v
183 43 v 23012 2 1301
110420 46 VI 300 43 \%
Be 45 47 VII Ca 130—156 45 11
30 50 VIl Rb 296 38 11
31 49 VII 257427 10 111
B 34.5 39 VII 270+34 a1 1v
C 14.2 39 VII Sr 340 42 I
N 7.65 4 \4 Cs 158—218 45 11
8.8 39 VII 363 a8 11
0 5.2 44 A4 325+40 40 111
F 27.5 39 vII 3550+44 a1 1v
Na 166 38 II 285-+-14 42 111
145-+14 40 It Ba 410 43 v
135+17 41 v 420440 48 At
182 13 \4 Hg 210—310 45 11
Mg 35—60 45 It 7 VIII
1 — quantum mechanical calculation.

II — calculation on the basis of a spectrum and atomic oscillator strengths.

III — method of electrical deflection of a beam.

IV — method of a gradient balance of an electric and a magnetic field.

V — optical Stark effect.

VI — electron microscope.

VII — calculation by the Hartree-Fock method.
VIII — measurement of the dielectric permittivity of a gas.

(16) into (15) gives for the mobility of the ion corre-
sponding to the atomic density N = 2.69 x 10'? em 3031

_ 35,9  cm? 1
Vgﬁ V-sec ’

where the reduced mass is expressed in units of the
proton mass, and the polarizability « in atomic units.
The values of the polarizability of atoms and mole-
cules of certain gases* and also dipole moments of
these molecules are given in Table III (361 In Table
IV are given values of the polarizability of a number

*The polarizability of a molecule is a tensor. In Table III the
average value of this parameter is listed.

of atoms and an indication is given of the methods on
the basis of which these quantities had been obtained.
In Table V a comparison is made of the experi-
mentally measured values of the mobility of gases at
room temperature with those calculated by means of
formula (17). The experimental values of the mobility
of the ions of alkali metals are taken from [:52:%3]
those for Ne* are taken from (54! and those for the
negative oxygen ion are taken from (551, In Table VI
the experimentally measured values of the mobility
of molecular ions of inert gases in the same gas are
compared with those obtained by means of formula
(17). Theoretical values of the mobility are quoted
without citing the references.
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Table V. Ratio of the experimentally measured mobility at
room temperature to that calculated by formula (17).

Gas
He Ne Ar Kr Xe Hy Na CcO
Ion

Li* 1.27 1.17 1.06 1.07 1.06 1.02 0.89 0.58
Nat 1.38 1.24 1.07 1.06 1,09 1.13 0.97 0.82
K+ 1.35 1.28 1.08 1.10 1.07 1.14 0.98 0.89
Rbt 1.29 1.26 1.08 1.08 1.07 1.14 0.99 0.90
Cs+ 1,19 1.18 1,07 1,08 1.07 1,15 0,99 0,80
NO+ 1.12 1.25 1.36 1.12
(02 0.75 0.88 0.89 0.88 0.76 0.91 0.90

Table VI. Mobility of molecular ions of inert gases in the same

gas at room temperature.

Hew2L (20} Ne; (6) Ar-z*' 2.1 Kr%L (1.16) Xe%" (0.74)
20,91 %) 16,264 6.5 28, 59, 64 2.6528 1.1—1.227
20.328 16.465 5.8 57 *x) 1.79 87 ¥%)
19 58 16.7 66 5.858 1.958,64,68 1.2128 0.67—0,77 27
20.3 59 7.560 2.759 0.79 28
20.3¢60 6.167 2.6%0
16,261 6.4131
16.7 62
16.263

+
[*)]In these papers the He, ion is inc

T

in 1),

**)Values are with reference to a density corresponding to 0°C and 1 atm.

+
orrectly classified as He , as was shown

As follows from Table V the polarization potential
gives not a bad description of the interaction of an
ion with an atom in those cases when its value is of
the order of magnitude of the gas temperature. For
large distances R between the ion and the atom the
long range potential describing their interaction has
the form

/. S R SN (18)

2RT RS ’

where the first term corresponds to the polarization
interaction, and the second term corresponds to the
sum of the interactions of the dipole of the ion with
the dipole of the atom and of the charge of the ion
with the quadrupole moment of the atom. If we use
the long range interaction potential (18) and assume
that over the range of distances where the interaction
potential is of the order of magnitude of the tempera-
ture the second term in (18) is small compared to the
first one we obtain (3] for the ionic mobility the ex~
pression

K=K, [1+2 (L)) (19)

where K; is the mobility of the ion (17) correspond-
ing to the polarization interaction potential. The
values of the coefficient b in the case of the interac-
tion of ions of alkali metals with atoms of inert gases
and with certain gas molecules have been calculated
by Margenau %!, As calculations have shown for

these pairs the difference between (19) and (17) at
room temperature is small (thus, for example, for
the pair Li* — He it is equal to 1.3%, and for the
pair Li* — Xe it amounts to 0.5%).

The deviation of the value of the ionic mobility
from the value given by formula (17) is related to the
short range exchange interaction between an ion and
an atom. In the case of the interaction between ions
of alkali metals and inert gas atoms which possess
closed electron shells the exchange interaction leads
to repulsion. Therefore in the case of the motion of
ions of alkali metals in inert gases the presence of
an exchange interaction between the ions and the
atoms leads to a reduction in the effective cross
section for the scattering of the ions, and conse-
quently to an increase in the mobility compared to
the value (17) obtained in the case of a polarization
interaction.

Definite information on the interaction between an
ion and an atom can be obtained from the tempera-
ture dependence of the mobility at low field intensity.
We assume that for distances between an ion and an
atom at which the potential representing the interac-
tion between an ion and an atom is of the order of
magnitude of the temperature this potential can be
approximated by the expression U~ R™™, Then at
low field intensity the dependence of the mobility on
the temperature, as follows from (6), has the form:
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FIG. 2. Ratio of the experimentally measured ionic mobility to
that calculated by means of formula (17) at different temperatures.

K~ T®W® =02 Figyre 2 compares the ratio of the
experimentally measured mobility of the ions of
alkali metals in inert gases [67,70-72] t, the value cal-
culated by means of formula (17) at different tem-
peratures. As may be seen, the comparison usually
yields n < 4, i.e., due to the exchange interaction the
effective attraction increases as the ion approaches
the atom slower than in the case of polarization inter-
action. The exchange interaction depends exponentially
on the distance between the atoms so that its contri-
bution to the interaction potential between atomic
particles increases sharply as the distance between
them diminishes.

The effect of the exchange interaction on the poten-
tial describing the interaction between an ion of an
alkali metal and an inert gas atom can be determined
if we study the dependence of the ionic mobility on
the intensity of the electric field at high fields. In the
case when the effective potential for the interaction
between an atom and an ion is given by U ~ R the
mobility of the ion at high values of the field intensity
F is related to the field intensity by the expression
K ~ Fi4-0/20-2  gince the experimentally measured
mobility of ions of alkali metals in an inert gas 1) jp-
creases with increasing field intensity for high fields,
then n S 4.

Thus, from the experimental data on the measure-
ment of the value of the mobility of the ions of alkali
metals in inert gases, and also from the dependence
of the mobility on the gas temperature and on the in~
tensity of the electric field one can establish certain
properties of the effective potential describing the
interaction between an ion and an atom. Over the
range of distances between an ion and an atom where
the value of this potential is of the order of the aver-
age energy of the ions in the gas this potential does
not differ much from the polarization potential, and
this difference is associated with the short range
exchange interaction between the ion and the atom.

In the case of the interaction between ions of alkali
metals and atoms of inert gases the exchange inter-

Table VII
-
C (A2)
System v leq@olev) Tm@® ro () -
empir, theoret.
|
Lit—He 0,10 4.74 2.22 1.94 0.73 0.78
Nat—He 0.15 4,03 2.35 2.06 1.30 1.17
Cst —He 0.42 1.40 3.36 2.96 10.9 7.03
K*+*—Ar 0.2 12.1 3.00 2.63 3.00 2.85
Rb+—Kr Q.2 11.9 3.34 2.93 3.72 3,72
Cst—Xe 0.2 10.6 3.88 3.40 5.02 5.52
Hei —He 0.25 9.9 1.93 1.70 1.66 2,29
Nej —Ne 0.4 1.0 4.3 3.80 16

action leads to a repulsion. In this case utilizing
experimental data on the mobility of ions in the gas
one can calculate the value of the exchange interac-
action for the range of distances between an ion and
an atom indicated above. Thus, in 1] the potential
for the interaction between an ion and an atom was
represented in the form

vt [a+n () = () —sa—n ()]

Here 3¢ (1 - y)r‘rin is the atomic polarizability, while

two other relations for the parameters in this poten-
tial in the case of a number of interacting pairs of
ions and atoms were determined by comparing the
experimentally measured values of the mobility at
different temperatures (1,57,59, 70-72) with the values
calculated with the aid of this potential. The results
are shown in Table VII. In this table the values are
given of the coefficient of the term involving r~¢

C =4vyrl,/3(1 —y) as calculated by Margenau %) by
a quantum mechanical method (the theoretical value),
and also as obtained from the condition that the ex-
perimental and the theoretical values of the mobility
at different temperatures should agree (the empirical
value). The distance ry is determined by the relation
V( I'o) =0.

MOBILITY OF IONS IN THE SAME GAS

The mobility of ions in the same gas consisting of
atoms is related in an essential manner to the reso-
nance charge exchange between an ion and an atom.
As a result of the resonance charge exchange the
electron which is initially associated with one atomic
core goes over to another atomic core. After a col-
lision between an ion and an atom as a result of which
resonance charge exchange occurs the ion moves
along the trajectory of the atomic particle which was
neutral before the collision. Therefore a resonance
charge exchange leads to the scattering of an ion
even in the case when the colliding ion and atom move
along straight line trajectories and affects in a sig-
nificant manner the diffusion of ions in the same gas.

The probability of resonance charge exchange can be
determined in the following manner. The eigenstates
of the quasimolecule consisting of an ion and the
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corresponding atom can be divided in virtue of the
symmetry of the problem into even (g) and odd (u)
states depending on the property of the correspond-
ing wave function of preserving or altering their sign
under a reflection of electrons with respect to the
symmetry plane (the plane perpendicular to the axis
joining the nuclei and; bisecting the distance between
them). For large distances between the atoms the
eigenfunctions of the quasimolecule have the form
Yg,u = ( 1/\/3)(4)1 £ ¥y), where the functions ¥, and

P, correspond to finding the electron near the first or
near the second atomic core respectively in the given
state. The eigenfunctions of the quasimolecule satisfy
the Schrodinger equation: Hiy g =€y gdu,g where

€y and €g are the energy levels of the quasimolecule
which depend on the distance between the nuclei
treated as a parameter. When the distance between
the ion and the atom is infinitely large the energy of
the quasi molecule €y = €g and coincides with the
electron energy of the isolated atom.

For the impact parameters of the collisions be-
tween ions and atoms which determine the cross
section for resonance charge exchange it is possible
to neglect the inelastic transitions between the states
of the quasimolecule. In this case the wave function
of the system satisfying the Schriddinger equation
ihd ¥/8t = H¥ and corresponding to finding the elec~
tron before the collision near the first atomic core
(¥|t=—0 =9;) has the form

¢ t
] —i § ear 1 1§ e ar
VE Pge T —f"v——z—ll’ue «
On the basis of this relation and utilizing the ortho-
gonality of the wave functions of the quasimolecule
for infinite separation between the nuclei
(Zp1l¢2> =0, (lplePj) = <¢2| ¥5) =1 we obtain for
the probability of resonance charge exchange [1%74]

Y=

oo Foo
o4y - §egae = {eat, ’
w— || ¥imm) = rle =" —e = |T=sint (o),

> eu—2g)

-
to)=§ =5 5a

—o0

where p is the impact parameter for the collision.

In order to find the mobility of ions in the same
gas we calculate the diffusion cross section for the
scattering of an ion by an atom taking resonance
charge exchange into account. According to the defi-
nition of the diffusion scattering cross section we
have

o*= S 2npdp [(1—cosy) cos? {4 (1 —cos ') sin® ],
b

where y is the scattering angle in the center of
inertia system for the nucleus with which the ion was
initially associated, x’ is the angle in the system of
the center of inertia between the direction of the
velocity of this nucleus prior to the collision and the

direction of the velocity of the other nucleus after the
collision; the angle X’ characterizes the scattering
of the ion in the case when resonance charge exchange
occurs. Since X + X' =7 and according to the defini-
tion of the resonance charge exchange cross section

we have opeg = J 2npdpsin®t, we have
0

oo

ot = S 2np dp [(1 —cos y) cos? { -+ (1 4 cos ) sin2 §}
8

=20 65+ g 2np dp (1—cos y) cos 2. (20)
by
Thus, if we can neglect elastic scattering compared
to resonance charge exchange, or if this scattering is
associated with polarization capture, then (15]

0* =20 ¢ (21)

The second term in formula (20) is determined by
small angle scattering for impact parameters for
collisions in which resonance charge exchange does
not take place ({ = 0). This term is always smaller
than the first one. Even in the limit of low velocities
when charge exchange occurs as a result of the cap-
ture of the ion and the first term in formula (20) is
equal to the cross section for the capture ocap, the
second term, in accordance with (16), is equal to
0.1050¢ap = 0.217 (a/2€)Y? where «a is the atomic
polarizability, € is the energy of the atom and of the
ion in the center of inertia system.

If the elastic scattering cross section is small
compared to the charge exchange cross section then
in the case when the electron undergoing the transi-
tion is in an s-state the connection between the
charge exchange cross section 7R3/2 and the rela-
tive velocity of the collision of the ion and the atom
is given by the relation (28]

2 1 Ro 1
T T

v 7 \1/2 / Ry ag ¥

0= a8(55) () e :

If the electron undergoing the transition is in a p-
state then the cross section for resonance charge

exchange averaged over the direction of the angular
momentum of the electron is determined by the rela-

tion
_Afp__2 _“_1/_3_ 2
9= [B" vy 2Rov] ’
2.4 Rt
v _ N2 L Ry\Y 2 e W
0.28 -1 — 348 <?\7> (W) e

Here (me?y%/2h?) is the binding energy of the elec-
tron in the atom, ay =h% me? is the Bohr radius,

vy = e¥/H, and the constant A is related to the
asymptotic behavior of the electron wave function of
the atom, so that the radial electron wave function
normalized to unity is given at large distances r be-
tween the electron and the nucleus by

(22a)

(22b)
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Ly
¥ dap ¥ G—JV exp(—-v - (23)
The quantity S characterizes the state of the elec-
tron in the atom. Thus, if an ion on the basis of
which an atom is formed has spin equal to zero, then
S = 1, if the spin of the ion is equal to %, and the
spin of the atom is equal to zero, then 8 =Y.

In formulas (22a)—(22b) the elastic scattering of
ions by atoms is neglected. If the elastic scattering
associated with the polarization interaction between
ions and atoms (V = ~« e2/2R4) is significant, then
the charge exchange cross section is given by the
expression trt

[ nRE

[1_V(_{?0)], Vo > Uy,

! 2 E

L= (3"

where the velocity v; is determined by the relation
Ry (v)) = (%}"‘. (24a)

Here nR%(v)/z is the charge exchange cross section
obtained by neglecting elastic scattering and deter-
mined by formulas (22), « is the atomic polarizabil-
ity, m(2ae¥/E)Y? is the cross section for the polari-
zation capture of an ion by an atom, and E is the
kinetic energy of the ion and of the atom in the center
of inertia system.

Substituting (24) and (21) into (6a) we obtain for
the transport cross section averaged over the Max-
wellian distribution of the ions an expression ana-
logous to that found in (18l jp which, however, the cap-

Ores™

Vo < vy, (24)
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ture of ions by atoms is taken into account incor-
rectly:

n2ae?e™2 (14-2)

%g: Ores(2.24v7) e (1 +z+%2> + 16T, (1. 7507
Fr () [V o) - (1-2)].

where z =v,/vT, vT =V 2T/M, M is the mass of the
ion and of the atom, while vy is determined by the
relation (24a). In brackets it is shown for what value
of the relative velocity of collision the resonance
charge exchange cross section is taken.

In the limit z — 0, when we can neglect the elastic
scattering compared to resonance charge exchange
we obtain from (25) and (6)

0.331e

TN M6 2.2407)
This result corresponding to the Chapman-Enskog
approximation differs little from the value obtained
by means of an exact numerical solution of the kinetic
equation for the distribution function of the ions in
the limit of low intensity of the external electric field
and of small elastic scattering cross section [13)

K= 10.3416 )

N 20 (2.13v7)

In the limit z — o when the scattering of an ion is
associated with the polarization capture of the ion by
an atom the result obtained with the aid of (24) and
(6a) differs little from that given by formula (17). It
is convenient to rewrite formula (24) in the following
form in order that with its aid we would obtain cor-
rect values of the mobility in the limits of large and
small z:

(25)

K

TesS

Table VIII. Mobility of atomic ions of inert gases in the

same gas
Gas
Temp- He Ne Ar Kr Xe
erature
11.3 4.3 1.64 0.9 0.62
10.5 28, 63, 82| 4 (28,82 0.9—-0,9527
10.8 88, 89 4,498 1.628,59,84 10,928
10.260 4,209 1.63 58 0.8757 %) 0.6—0.65 27
300° 10,761, 64 3,960,67 44 460 1.018 0.58128
10.466 4,164 1.8468
9.667 1.387 0.61 57 %)
1.54 80
0.5581
12.8 5.0 1.83
12,159 4.5 59 1.95%%
195° 11167 4.267
4.3136
15.4 6.2 2.12
77° 13.5 89 5.2 59,67 2.259
13.867 1,8879
*)Values have been reduced to a density corresponding to 0°C and 1 atm.
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n2oe2e% (14-2z)

30 =R s 18 (14345 ) gt )
() (o) e (s+3)]

n ae2 \1/2
o443 (5 (26)

In Table VIII the experimentally measured mobil-
ity of atomic ions of inert gases in the same gas is
compared with that calculated by means of formulas
(26) and (6). The theoretical value of the mobility is
given in the table without citing references. Here the
cross section for the resonance charge exchange of
a helium ion was calculated on the basis of formula
(22a), while in the case of ions of other inert gases
formula (22b) was utilized.

In almost all these cases one can utilize for the
average cross section the expansion (26) for small z

)1/2

(26a)

1 — 40 2ael
5 0= Ores (2.13v7) +W+ 0.14 <

oe?
2 2T

In Table IX obtained on the basis of formula (26a)
the result is compared with the experimental value of
the mobility of metallic ions in the same gas. The
cross section for the resonance charge exchange is
calculated by means of formula (21a). The value of
the coefficient A for mercury turns out to be equal
to 5.5 £ 0.5, as was found by means of joining the
asymptotic value of the wave function of the electron
(23) with the result of the calculation in the Hartree-
Fock approximation (8] 4ver the range of distances
between the electron and the nucleus 5.3a4 < r < 8.7a,.
The initial data for the remaining pairs, just as in the
case of inert gases, were taken from 8/,

Specific calculations of the mobilities of ions in
the same gas were carried out in (% for He*, and
in %) for He** in He, in!%3 for Ne* in Ne, and Ar*
in Ar and in"® for H” in H and also for a number
of pairs in the review by Dalgarno (41, 1t should be
noted that in these references in evaluating the
resonance charge exchange cross section the re-
quired difference between the terms of the quasi-
molecule composed of an ion and an atom for large
distances between them was evaluated by the varia-
tional method. However, as was shown in [%5:%] jn this

Table IX. Mobility of metallic ions in vapors of
the same atoms (cm?/V sec)

Hg Rb Cs
T=2350°K 7 =620—660° K 7==300°K
0.26 0,125~-0.132 0.12; 0.4 87
0.3083; 0.2484 0.075¢8 7 ==630° K. 0,091,
0,075 9%, 0,12 133
0,29 8; 0,22 86 0,18133 T=1400° K. 0,064
0,066 132

case the variational method is inapplicable, and this
affects the correctness of the results of the refer-
ences cited above.

In the case of high values of the intensity of the
external electric field for not very low gas tempera-
tures when one can neglect the elastic scattering of
ions by atoms, the kinetic equation for the distribu-
tion function of the ions is easily solved, and the
mobility of the ions is independent of the gas temper-
ature 131

2e 172
K= (nMFoN) ' (27)

where the charge exchange cross section is taken for
a velocity of collision 1.34 (eF/NM¢)Y2. For medium
values of the intensities of the electric field
eF/TNoyes ~ 1 in the case when one can neglect the
elastic scattering of an ion by an atom the kinetic
equation for the velocity distribution function of the
ions can be solved by the variational method (3] 3nd
the drift velocity of the ion found in this manner can
be well approximated by the expression

w=1/ 2 §.0.48 [1+0.13p2 ", (28)

where g = eF/2TNo[(2T/M)V2(4.5 + 1.88)Y4]. It
should be noted that although in expressions (27)—(28)
the velocity at which the resonance charge exchange
cross section is taken depends on the drift velocity,
and consequently, on the intensity of the electric
field, nevertheless, similar relations can be easily
solved because of the small dependence of the cross
section on the velocity.

In Fig. 3 the drift velocity of He*, Ne*, Ar* in the
same gas calculated by means of formula (28) is
compared with the experimental data of Hornbeck 58!,
In Fig. 4 a similar comparison is carried out for
Kr* and Xe" using the measurements of Varney (2]
and of Munson and Tyndall 1571 The same figure also

a0
1774
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E/p, V/cm-mm Hg

FIG. 3. Comparison of formula (28) with the experimental data
on Hornbeck [**] for the drift velocity of ions of inert gases in the
same gas.
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gives the dependence of the drift velocity of Cs* in
cesium vapour on the intensity of the electric field
which was also calculated in accordance with for-
mula (28).

MOBILITY OF MOLECULAR AND COMPLEX IONS
IN THE GAS

Until now we have considered the motion of an ion
in an atomic gas when only elastic scattering and
resonance charge exchange between an ion and an
atom are possible. It turns out that the relations ob-
tained above remain valid also in the case of the
motion of an ion in a molecular gas if in the collision
of an ion with the molecule only one type of ions is
produced (97) In this case as a result of polarization
capture of an ion by a molecule a compound molecule
is formed which lives sufficiently long compared to
the characteristic times of oscillation of the atoms
in the molecule. If this compound molecule can break
up into an ion and a molecule in a unigue manner the
diffusion cross section for the transition is deter-
mined as before by polarization capture and formula
(7) turns out to be valid. This circumstance was
utilized by us in Table V in compiling which we
assumed that formula (17) is valid for molecular ions
and gases consisting of molecules.

More complex is the case when several different
types of ions are formed in the gas. Thus, in the
case of motion of inert gas ions in the same gas both
atomic and molecular ions are present*. Molecular
ions of inert gases can be initially formed as a result
of collisions of excited atoms of inert gases with
their atoms %!, The formation of molecular ions from

*It is interesting that in inert gases more than one sort of
molecular ions can be formed. Experimentally this was found in
helium [*******] and in argon [**]. The most stable molecular ion
corresponds to the combination of an atomic ion and an inert gas
atom both in their ground states. As analysis shows ['**] in the
case of helium in addition to such an ion He:(ziz) another stable
ion is He:("zz) which is formed when a helium ijon approaches its
metastable atom He(2%S). The dissociation energy of this ion ex-
ceeds 1 eV, so that its lifetime in the gas with respect to dissoci-
ation due to collisions with atoms is sufficiently great. The proba-
bility for the transition of a molecular ion to the ground electronic
state as a result of a change in spin is exceedingly small, since
this process corresponds to a collision of a molecular ion with
atoms whose spin and orbital angular momenta are both equal to
zero. Therefore the metastable molecular ion under consideration
is stable. Since in the collision of a metastable molecular ion of
helium with an atom (in contrast to the case of a collision of a
molecular ion in the ground electronic state) no exchange of atoms
occurs the cross section for the collision of a metastable molecu-
lar ion with an atom is smaller than in the case of a collision of a
molecular ion existing in its ground state. Therefore the mobility
of a metastable molecular ion is higher than that of a molecular
ion in the ground state. Evidently metastable molecular ions can
exist in all inert gases.

40 T T T T R T T T
o - Tyndall, Munson
oL o ~varney

- formula (28)

+ .
Kr in Kr
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Drift velocity, 10*cm/sec

¢ 1

1 1 1
20 w9 0 0 za0 00 s07 7000

200
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FIG. 4. Comparison of the experimental data of references
[*"57] with the results of calculations according to formula (28).

atomic ones occurs as a result of triple collisions

He* + 2He — He} 4~ He.

Since the reverse process is determined by binary
collisions

He} + He — He* -+ 2He,

the ratio between the numbers of atomic and molecu-
lar ions which are in equilibrium with the gas depends
on the gas density. At high gas densities molecular
ions predominate in it, at low densities atomic ions
predominate. This situation is utilized in the experi-
mental method of measuring the mobility of ions of
inert gases based on ambipolar diffusion (cf., II). By
varying the gas density one achieves the predomi-
nance of one type of ions so that the diffusion of this
type determines the rate of decay of the plasma.

The case considered above when two types of ions
exist in the gas with one of them formed as a result
of triple collisions has characteristic features. In
this case the time for the transition of an atomic ion
into a molecular one - the lifetime of the atomic ion -
is long and in order of magnitude is equal to the time
of collision between an ion and an atom multiplied by
the ratio of the volume per atom to the volume occu-
pied by this atom. If the number of atomic and
molecular ions is of the same order of magnitude the
lifetime of the molecular ion is great since the proba-
bility is small that the relative energy of the colliding
ion and an atom will exceed the dissociation energy
of the ion. Therefore in the measurement of the mo-
bility a situation is possible when the lifetime of the
ions greatly exceeds the time of motion of the ions in
the drift chamber Tqy. In such a case the mobility of
each kind of ions can be measured independently. In
the opposite limiting case 7, , < Tgp the average
mobility

k= Emt Ky
T4+ T2

) T4 Te,0 (29)
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is measured so that K, , is the mobility of the given
kind of ions, and 7, ; is the lifetime for these ions.

We now obtain the value of the coefficient of
transformation ki of an atomic ion into a molecular
one as a result of triple collisions with gas atoms.
We define the coefficient for the transformation of an
atomic ion into a molecular one by the relation

dNmol

dtfi_o
where N3, N1,,), and N, are respectively the densi-
ties of atomic and molecular ions and of atoms. It is
assumed that at the initial instant of time molecular
ions are absent.

For the determination of the coefficient of trans-
formation of ions we shall use Thomson’s theory 138
which was developed for the evaluation of the coeffi-
cient of recombination of a positive and a negative
ion as a result of collisions with neutral gas parti-
cles. In the problem under consideration the forma-
tion of a molecular ion corresponds to a simultaneous
collision of an atomic ion with two atoms such that as
a result of this collision one of the atoms takes away
from the ion the excess kinetic energy so that the ion
turns out to be in a bound state with the other atom.
The molecular ion produced as a result of such a
collision turns out to be in an excited vibrational
state. Subsequent collisions of the ion with gas atoms
remove the vibrational excitation from the molecular
ion.

In the process of a triple collision of an atomic
ion and of two atoms we neglect the interaction be-
tween the atoms compared to the polarization interac-
tion between an atom and an ion ae? 2R? (a is the
atomic polarizability, R is the distance between the
ion and the atom). In order that the ion could trans~
fer to the atom an energy of the order of the gas
temperature T which initially characterizes both the
ion and the atom it is necessary for them to collide
with an impact parameter b determined by the rela-
tion a/b*~ T. The frequency of formation of a bound
state between an atom and an atomic ion as a result
of triple collisions is a product of the frequency of
the penetration of the atom into the critical region
N,Vb? and the collision probability Ngb® at that mo-
ment for the ion with another atom which takes away
the excess energy. Here Ny is the density of atoms,
¥V is the average velocity of collision of an ion with
an atom; the size of the critical region in which the
interaction between an ion and an atom is of the order
of their kinetic energy and within which it is possible
for the ion to be captured by the atom is of order b.
From the relations obtained above we obtain the de-
pendence of the coefficient for the transformation of
atomic ions into molecular ones on the parameters of
the atom and on the gas temperature [137);

k= const ( oe? >U2 (i'i)s/é (30)

— kN4,

M T
In deriving this formula we assumed that the dis-

sociation energy for the molecular ion is considerably
higher than the gas temperature and for distances for
which the potential for the interaction between the
atom and the ion is of the order of magnitude of the
temperature their interaction is described by the
polarization law. Under such assumptions the capture
of an atom by an atomic ion is primarily determined
by the polarization interaction between them, and
also by the interaction between the atom and the ion
carrying away the excess energy. Therefore the co-
efficient for the transformation of atomic ions into
molecular ones is expressed only in terms of the
parameters appearing in formula (30), so that the
constant in this formula does not depend on the type
of atoms. In this case formula (30) refers to the
process

2X 4 X* > X 1+ X. (31)

The most complete information on the coefficient
for the transformation of atomic ions into molecular
ones was obtained in the case of helium. The value of
the coefficient of the transformation in units of
107% cm® sec™! for helium ions at a temperature of
300°K is equal to 0.62 according to the measurements
Phelps and Brown [135], to 0.35 according to Kret-
schmer and Petersen “39], to 1.08 according to Beaty
and Patterson 14 to 1.05 according to Oskam and
Mittelstadt [1‘“], to 1.15 according to Hackam and
Lennon 2] t51.09 according to Niles and Robert-
son 3] t5 1.12 according to Beaty and Patterson 1441,
The calculation of the coefficient of transformation
for helium ions carried out by Bates leads at the tem-
perature indicated above to the value 1.6
x 1073 cm®sec™!. If on the basis of the results given
above the coefficient for the transformation of helium
atoms at a temperature of 300°K is taken to be equal
to 1.1 X 10”3 cm® sec™?, then the constant in formula
(30) should be set equal to 42:

ko — 42 (%)“2 (“T”)"’“'. (32)

The coefficient for the transformation of the ions of
neon calculated by means of formula (32) 1.15
x 1073 cm®sec™! differs from the experimentally
measured one 149 0.58 x 10°% cm®sec™!. The coeffi-
cient for the transformation of argon ions obtained by
Kretschmer and Petersen (13 1.5 x 10~% cmfsec™!
and also the coefficient of transformation for helium
atoms 0.35x 1073 emfsec™ do not agree with for-
mula (32). But the ratio between these quantities
which in accordance with measurements is equal to
4.2 and which on the basis of formula (32) should be
equal to 4.25, is in good agreement. The value of the
coefficient for the transformation of mercury ions
estimated by Biondi 18]~ 10-3 cmbsec! at a tem-
perature of 400°K disagrees with the result obtained
on the basis of formula (32) 4.7 x 10~% ecm®sec™,
Figure 5 shows the dependence of the coefficient
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FIG. 5. Dependence of the coefficient of transformation k. of

atomic He ions into molecular ones on the temperature of the gas.

for the transformation of helium atoms on the tem-
perature as measured by Niles and Robertson [143]

As can be seen, the relation kg ~ T-3/4 agrees satis-
factorily with experiment. Niles and Robertson [143,147]
have obtained the relation k, ~ T-! utilizing the hard
sphere model for the colliding particles in investi-
gating the process inverse to (31), and obtaining the
coefficient for the transformation of ions from the
rate of the process inverse to (31). It should be noted
that the result of Niles and Robertson is associated
with model assumptions, while formula (32) is valid
if the potential describing the interaction of an ion
and an atom agrees with the polarization interaction
in that region where the value of this potential is of
the order of magnitude of the temperature. The last
assumption is well satisfied at room temperature.

In this case the polarization potential turns out to be
of the order of magnitude of the temperature at dis-
tances between the ion and the atom which are large
compared to the dimensions of the atom. The ex-
change interaction between an ion and an atom is
considerably smaller here than the polarization inter-
action.

We consider the transformation of atomic ions into
molecular ones which occurs when ions and atoms of
different kinds participate. We investigate the follow-
ing processes:

X+ 4-2Y — XY+ 1Y, (33a)
X”‘+X+Y—>X§+Y, (33Db)
X+ +X4+Y— XY+ X, (33c)

The processes (33) differ from (31) by the fact that
particles of different mass participate in the colli-
sion so that the transfer energy is proportional to
the square root of the ratio of the masses and the
initial energy. Let u be the mass of particle Y, and
M the mass of particle X, with M = p. In calculating
the process (33a) according to the Thomson formula
we find that the critical radius b is determined as
before by the relation aYez/b4 ~ T, but the cross
section ¢ for the collision of particles X and Y
corresponding to an exchange of energy ~T should
be sought from the relation ¢ ~ p?, (aye¥p?) x
(w/M)Y? ~ T. As a result of this we obtain for the

coefficient of conversion of ions corresponding to
process (33a) (ko ~V T/pb%):

ke = 42 (ﬁ;}_)i/é (1}@1)3/4 (afz )1/2'

In obtaining this we have utilized the requirement

that in the limit u — M the result should go over into
formula (32)*.

Utilizing the same method we obtain for the coefficient
of conversion of ions in the case of processes (33h)
and (33c)

(34a)

() (Y () o
/cci:42<°“;32>3”" (EMf— v (34c)

The rate for the process (33) was measured by
Biondi 4! for the triple collision Hg* + Hg + He
— Hg’ + He and the conversion coefficient at a tem-
perature of 100°K turned out to be equal to 1.7

x 107% cm®sec™!. Calculations according to formula
(34b) yield 1.5 x 1073 em® sec=!. Oskam 148! hag
measured the conversion coefficient for an atomic
neon ion in the collision of a helium atom with neon
and obtained the result 3 x 107% cm® sec™ which
differs by more than an order of magnitude from the
theoretical one.

We consider the mobility of ions in a gas which
containes polar molecules. In this case polar mole-
cules can combine with an ion forming a complex ion.
The appearance of complex ions will affect in a sig-
nificant manner the mobility of ions in the gas.

The most careful experimental study of this phe-
nomenon was carried out in the papers by Tyndall and
co-workers 1907102 i the case of motion of ions of
alkali metals in an inert gas to which an admixture of
water vapor was added. The most interesting experi-
mental fact established in this series of papers con-
sists of the formation of only one kind of complex
ions 1% in each of the cases investigated. This
stable complex ion contains several water molecules.
The lifetime of the complex and of the simple ion is
usually smaller than the drift time of the ion during
the measurement of the mobility, so that the mobility
of the ion is determined by formula (29). In Table X
a comparison is made of the mobility of an ion of an
alkali metal in an inert gas with that of the complex
ion formed using it as a base Lto0],

Just as in the case of molecular ions the lifetime
of the complex ion is reduced as a result of increas-
ing the gas temperature or the intensity of the elec-

*This is not quite exact, since in the case of process (31) the
scattering of both atoms by the ion is correlated with each other.
But if the masses of the atoms are considerably different their
scattering by the atom occurs independently. Moreover, a definite
role in the process (31) is played by the resonance charge ex-
change. But these circumstances cannot significantly alter the
coefficient of proportionality.



326

B. M. SMIRNOV

Table X. Mobility of ions of alkali metals (and of complex ions
formed on the basis of these ions and water molecules) in inert
gases at 20°C and 1 atm

He Ne Ar Kr Xe
Gas

e | F 0 | B el 2 | B o] B

a o T o a a. B a. o a

E g E] g € € E g g g

Ion i 8 = 8 a 8 = 8 E 8
Lit 25.6 11.70 |11.8 5.28 4,99 | 2,26 | 3.97 | 1.46 | 3.04 | 0,98
Na+* 24.2 11.15 8.7 5.25 3.2312.26(2.34]1.43(1.80]0.94
K+ 22.9 11.85 8.0 5.26 2.8112.19|1.98 | — 1,44 | 0.92
Rb+ 21.4 12.80 7.18 5.38 2,401 2,10 { 1.57 | 1.37 1 1.10 | 0.87
Cst 19.6 13.40 6.50 5.48 2.23 | 2,18 | 1,42 — 10,97 10.83

tric field, since in this case the probability is in-
creased that the energy of motion of the colliding
complex ion and the gas particle will exceed the dis-
sociation energy of the complex ion. On the other
hand, the lifetime of the simple ion associated with
its transition into a complex ion is decreased by in-
creasing the density of the gas and of the water vapor
since in this case there is an increase in the proba-
bility of triple collisions with the participation of
water vapor in the course of which complex ions are
formed. Therefore, just as in the case of molecular
ions, complex ions predominate at low temperatures,
low fields and high densities of gas and water vapor.
In the opposite limiting case the ion spends most of
the time in the state of a simple ion. These regulari-
ties have been confirmed experimentally (1001021,
Thus, Fig. 6 gives the dependence of the mobility of
ions of lithium in argon on the intensity of the elec-
tric field for different concentrations of water vapor.
From this diagram it can be seen that at low fields
complex ions predominate, while at high fields simple
ions predominate and the transition from one kind of
ions to the other one occurs at lower values of the
field intensity when the admixture of water vapor is
reduced.

The relative number of complex ions with a given
number of water molecules which is formed in the
gas in the absence of the electric field can be found
by statistical methods if the parameters of the com-
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FIG. 6. Mobility of lithium ions in argon with an admixture of
water vapor. Mobility of Li" in pure argon is 5 cm*/V sec.

plex ions are known ot - p simple method for esti-
mating the number of polar molecules in a complex
ion which is stable at a given temperature and a given
density of the gas in the admixture was proposed by
Bloom and Margenau (1031,

A measurement of the mobility of ions of alkali
metals in water vapor 1% in the limit of low fields
shows that the mobility of complex ions in water
vapor has a weak dependence on the element and
amounts to 0.725 em?/V sec for lithium, 0.715 for
sodium, 0.705 for potassium, 0.700 for rubidium and
0.695 for cesium.

The appearance of complex ions in the gas can be
demonstrated in the study of the dependence of the
mobility of ions in a mixture of gases on the per-
centage composition of the mixture. If the ion does
not form complex ions with any of the components of
the mixture the mobility of the ion in the mixture will
be expressed in terms of the mobility in each of the

gases K, K, and the concentration of the Jga.ses Cy,
1 — C; in accordance with Blank’s law {104
_ KKy
K= KO+ K, (1—=Cyp) ° (35)

A deviation from Blank’s law is associated with a
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FIG. 7. Mobility of lithium ions in a mixture of an inert gas and
water vapor. Dotted line corresponds to Blank’s law.
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violation of the assumption utilized in obtaining (35)
that the mobility of an ion in one of the components
of the mixture is independent of the concentration of
the other component. Therefore a violation of Blank’s
law is associated with the formation of complex ions.
Figure 7 shows the dependence of 1/K for a lithium
ion moving in a mixture of an inert gas and water.
The value of 1/K which satisfies Blank’s law and is
linear with respect to the concentrations of the com-
ponents is shown in this diagram by a dotted line.
The presence of an admixture of polar molecules
is not necessarily required for the formation of com-
plex ions. Thus, David and Munson (105] phave ob-
served the formation of complex ions accompanying
the motion of lithium ions in xenon at room tempera-
ture. In this case the maximum deviation from
Blank’s law amounted to ~ 4%.

FORMATION OF IONS IN MOLECULAR GASES

Of practical interest is the study of the kind of
ions formed in molecular gases under given experi-
mental conditions (temperature, gas pressure and
intensity of the electric field). The most detailed
information in the study of this problem can be ob-
tained by utilizing an apparatus for the measurement
of the mobility of ions which is associated with a
mass spectrometerm'aﬂ. Such an apparatus enables
one to determine the types of ions which exist in the
gas under given conditions. A measurement of the
relative content of each kind of ions enables one to
obtain information on the chemical reactions of the
ion with the gas molecules as a result of which ions
of a different sort are produced.

If the ions move in the gas and enter into a chemi-
cal reaction with the gas molecules only infrequently,
the mobility of each kind of ion can be measured in-
dependently. Usually the converse relation holds
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- ) L
274 ee
| .—H+ (g{;. -
50+ o- Hy ;f}. N
wl a-HS 8
& 1] J
;.3 /74 o .g
E 0’8
- i o® 02° R
[=3
- 5t L .
- ‘f
= o® R
s vt 7 od 4
2 » ] B
2 4r S N
& 5: a ]
& 5t R i
o
4 2 1
j.— -
Z 1 J A 0 | i 1 1 ) I B N |

3 4 567 0 5 I & 00
E/p, V/cm-mm Hg

FIG. 8. Mobility of ions formed in hydrogen [*].

Tdr>T (36)

(T is the characteristic time for entering into a
chemical reaction, Tgy is the drift time), so that if
under given experimental conditions there exist sev-
eral kinds of ions in the gas, then as a result of the
chemical reaction the ion has time to alter its nature
many times during the drift. In this case the drift
velocity of the ion should not depend on the type of
ion which leaves the drift chamber. Figure 8 shows
the dependence on the field intensity of the drift
velocity of ions formed in hydrogen, and Fig. 9 shows
the same dependence for N*, N} and N3, N ions in
nitrogen (106], An indication is given as to the kind of
ions that are formed at the exit from the drift region.
As may be seen from these figures condition (36)
turns out to be quite acceptable.

The problem of the composition of ions formed in
gases and of transitions between the different kinds
of ions has been elucidated most fully in the case of
nitrogen“’30’52’106'113’149’1501, of hydro-
gen“' 29,68, 114,119-130] 9 ¢ Oxygen[108,151—161]' In
molecular nitrogen under ordinary condition the
following ions are formed %); N*, N%, N¥%, and N%.
The most important reactions corresponding to
transitions from one kind of ions to another are con-
sidered to be {108

Ny = No—> NI, Nj 4Ny — 2N, + N}, (37a)
and 199}
N* = Ny—»Nj, NI~ Ng— 2Ny -+ N} (37b)

The reactions (31) correspond to the assumption that
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FIG. 9. Drift velocity of nitrogen ions in nitrogen [**¢].



328

B. M. SMIRNOV

124 T T — T T 20
* -N* o =Ny //
501%® o AN a-N 1 7
[T} 75+ // o
®e " a e
40 ., ,(D‘B'O‘A A g // oo A
2 —"% " Aa b N // AAA *
° A AN
& Sy -—’”:"oo : ﬁ T vg V74 A AAAAAAAAQA' ol .
3 - 00° © N AAA ® . 2 g+ /4A o soe’® A -
< apl°° ®e T - /o o080 [ {%
= A . 2 ér ®° xg(xx —
= .
P _ﬁA Aad 4 A, PN °~ § 7 _// X xx:x}x .
“ ALs s s 7 o m
gL 1 I ! 1 1 ! L LA & Ve 7'=77° A= 2
a5 06 07 48 48 0 X7 2z2 13 14 a8 st // 7=300" e~ o
— 32 -
, mm H Ve a /o
Po 4 4 r_ // 7=950° - "7 |
FIG. 10. Relative intensity of the flux of ions in nitrogen [*]. y
Ve
gl R E S B )
G 40 0 &0 a0 00 0 200

in nitrogen there exist two independent pairs of ions
N*, N3, and N3, Nj, so that the chemical reaction of
an ion with a molecule of nitrogen with a transition
from one pair of ions to the other pair is of low
probability, since it requires the breaking of the
binding of the N; molecule and is energetically dis-
advantageous. Actually, the binding between ions
within each pair is quite significant, but the neglect
of transitions between the pairs is not justified. An
analysis of the experimental results shows that the
generally accepted point of view on the mechanism of
the reactions between the pairs (37) turns out to be
unjustified. Figure 10 gives the relative flux density
of nitrogen density. If the complex ions ( N3, N;) were
formed in two-particle collisions of the ordinary ion
(N*, N3) with a nitrogen molecule, as is assumed
in (31), the relative yield of ions would not depend on
the gas density for a constant gas temperature and
electric field intensity. Moreover, if the transition
between the ions of different pairs would be of low
probability the total flux of Nj, N ions (the dotted
line in Fig. 10), and also of N*, N3 ions would not
vary as the gas density is varied. An analysis of
Fig. 10 shows that the complex ions (Nj Nj) are
formed as a result of triple collisions of simple ions
(N*, N3 ) and nitrogen molecules with transitions
existing between the ion pairs N*, N3 and Ny, Nj.
The transition between the ions Nj, and Nj was
observed in 119 and between the ions N* and Ny
which determine the composition of ions in nitrogen
at high temperatures was observed in 5%,

From an analysis of Fig. 9 one can deduce that the
binding of the ions N; and N3 is to the greatest ex-
tent responsible for the transitions between the given
ion pairs.

In molecular hydrogen there can exist slow H”,
H: and H; ions 28}, The molecular ion Hj easily
enters into the reaction Hy +H,— Hy + H + 1.17 eV,
and is, therefore, not observed in molcular hydrogen.
The Hj ion is formed from the H” ion, and the Hj
ion is formed from the H3 ion apparently as a result
of triple collisions with hydrogen molecules. At room
temperature the frequency of exchange between the

E/p, V/cm-mm Hg

FIG. 11. Drift velocity of nitrogen ions in nitrogen at different
temperatures.

Hy and H; ions is higher than between the H* and
H; ions.

In molecular oxygen the stable positive ions are
0*, 0;, and OF [108.151-154)  anq also the O] ion the
dissociation energy of which amounts to 0.2 ev (155],
In contrast to the cases of hydrogen and nitrogen in
oxygen there can be formed the stable negative ion
Oy [156-161) At Jow gas temperatures in molecular
oxygen one also observes the negative ion Oj the
dissociation energy of which amounts to 0.06
£ 0,02 eV 161,

When condition (36) is satisfied a measurement of
the mobility referred to a given sort of ions at the
exit has no meaning. The mobility of ions in this
case depends on the ratio between the number of ions
of each kind formed in the gas, and, consequently,
depends on the gas density. When condition (36) is
violated the measured mobility is also related to the
method of production of the primary ions. Failure to
take into account the facts enumerated above leads to
contradictory information on the mobility of ions in
the gas since in obtaining the mobility in this case its
dependence on the gas density is neglected. Thus,
Sinnot [1?8) obtains for the mobility of helium ions in
helium a result which is close to the result of Biondi
and Chanin, while the mobilities of hydrogen ions in
hydrogen ohtained using the same apparatus (126,128
show a considerable discrepancy.

The composition of ions formed in gases obeys the
same regularities which were discussed in the pre-
ceding chapter. Specifically, the complex ions have a
large binding energy compared to the simple ions and
predominate at low temperatures, low intensities of
the electric field and high gas densities. A graphical
confirmation of this regularity can be seen in Fig. 11
which gives the dependence of the mobility of nitrogen
ions in nitrogen on the intensity of the fields for dif-
ferent temperatures 01,1121 1t can be seen that at low
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field intensities the mobility corresponds to one type
of ions, and at high field intensities to another type
with the transition from complex ions to simple ones
taking place at lower field intensities as the tempera-
ture of the gas is increased.

If in the gas there exists an admixture of particles
of low electron binding energy so that the reaction of
the gas ions with the molecules of the admixture is
energetically favorable the composition of the ions
existing in the gas can be significantly changed. This
requires high gas purity in the case of measuring the
mobility of ions in the same gas with a large ioniza-
tion potential. At the same time the property de-
scribed above can be utilized as a method of creating
ions of the admixture in order to obtain the mobility
of these ions in a gas consisting of molecules with a
high ionization potential i,
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