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A relation is established between the densities of electrons and negative ions moving in a gas in an external field, in the presence 
of statistical equilibrium between them. The change of the mobility of the electrons in the gas with increasing gas density 
is determined for a constant ratio of the electric field intensity to the gas density, if this change is due to the formation of a 
negative ion. An analysis is carried out of the experimental and theoretical data on the dependence of the electron mobility 
on the gas density for a constant ratio of the field strength to the gas density. 

1. As measurements of the mobility of electrons in a 
gas at low density of electrons and high density of gas 
molecules[l-?J (the gas pressure of the order of several 
dozen atmospheres) have shown, the mobility of the 
electrons1 > in certain gases depends not only on the 
ratio of the electric field intensity E to the density of 
gas molecules N, but also on the density of the mole
cules itself. This indicates the formation in dense 
gases, in the course of electron drift, of negative mole
cular ions in stable or auto-ionizing states.ra,s] Capture 
of electrons by gas molecules with successive decay of 
the negative ions slows the drift motion of the electrons 
through the gas. FrommholcPJ reduced the experimen
tal data on electron mobility in molecular hydrogen and 
nitrogen with account of this fact. He considered the 
possibility of electron capture in hypothetically com
posed resonant states whose energies are of the order 
of the energy of the molecular rotation levels. Kouri[sJ 
considered the possibility of empirical calculation of 
such resonance energies. However, Frommhold's re
duction included but one parameter, the width of the 
auto-ionizing levels of the negative ion of the molecule, 
and this led to an indeterminacy in the results. In con
trast with this, in the present paper we establish a rela
tion between the change of the electron mobility with 
increasing gas density, only one parameter of the nega
tive ion-the binding energy; of the electron in the atom. 
The results are used to reduce the experimental data on 
the electron mobility in a gas at high pressures. 

2. We shall consider the directional motion of an 
electron in a gas when it can form a bound state with the 
gas molecules in the course of its motion. Inasmuch as 
the mobility of a negative ion is much less than the mo
bility of a free electron, we can assume that the motion 
of the electron takes place only in that moment of time 
when it does not form a bound state with the gas mole
cule. Therefore, the observable value of the electron 
mobility Ke is equal to 

K, = K 0W,, (1) 

where Ko is the value of the mobility in the limit of low 
gas density, and We the probability that the electron is 
free. We introduce the probability Wi of finding the 
electron in a bound state, forming a negative ion with 
the gas molecule. By definition, 

1>-rhe mobility of the electrons is referred to a single value of the gas 
density. 
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W,+ W,= 1. (2) 

We shall assume that as an electron moves in the gas 
between electrons it can frequently take part in the 
formation of a negative ion. Under real experimental 
conditions, in the observation of the effect under con
sideration, this is satisfied with a great deal to spare. 
Here we can use the laws of statistical physics to find 
the value of We. To be precise, We/Wi = Ne/Ni> where 
Ne, Ni are the equilibrium densities of electrons and 
negative ions and are established in the gas in the pres
ence of statistical equilibrium. 

3. We establish the connection between the density of 
the electrons and negative ions in the gas in the pres
ence of statistical equilibrium. The negative ion can be 
found both in auto-ionizing and in stable bound states, 
i.e., the binding energy; of the electron with the mole
cule in the formation of the negative ion can be either 
positive or negative. We shall assume that the particle 
energy distribution functions f(E) are given and in the 
general case are different from Maxwellian. They are 
normalized by the condition 

w 

J /(e)e'i•de= 1. 
0 

(2') 

In the presence of statistical equilibrium, the relation 
between the equilibrium values of the densities Ne and 
Ni is found from the condition that the number, per unit 
volume and per unit time, of the transitions connected 
with the formation and destruction of negative ions as 
the result of collisions with molecules, be the same: 

N.Nm' j 'J'"t ... (e- eo- e')l'e- Eo- e' f,(E')l'e' y(E- Eo- e', e')dede' 

'• 0 

•• 0 

Here Nm is the density of the gas molecules, Jl the re
duced mass of the nuclei, and· fe, fm, fi are energy dis
tribution functions for the electrons and for the relative 
motion of the molecule + molecule and molecule + nega
tive ion systems, respectively. Further, in Eq. (3), 
a(£, E')dE' is the cross section for destruction of the 
negative ion in molecular collisions if their c.m.s. colli
sion energy is equal to £ and the energy of the liberated 
electron is the range from £ 1 to £ 1 + d£ 1

; y ( £ - Eo- £ 1
, 

£ 1 ) is the constant of the reverse process-the triple 
collision of two molecules with energies of relative mo
tion ( £- Eo- £ 1

) and an electron with energy £ 1 • As a 
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result of the reverse process, the electron forms a 
bound state with one of the molecules (Eo is the binding 
energy of the electron with the molecule, and can be 
either positive or negative); here the resultant negative 
molecular ion and the second molecule fly off with en
ergy E in the center- of- mass system. The constant y is 
measured in units of cm6/sec. 

The relation between the constant y of triple forma
tion of the negative ion and the negative-ion destruction 
cross section a is established from the detailed balanc
ing principle. If the system is in thermodynamicequili
brium, then the particle distribution function in Eq. (3) 
is Maxwellian and the relation between the densities of 
the particles is determined from Saha' s formula: 

( 4) 

where ge, gm, and gi are the statistical weights of the 
electron, molecule, and negative ion, corresponding to 
their electronic states, T is the temperature of the sys
tem, and m is the mass of the electron. Using this in 
Eq. (3), we obtain the relation between the constants of 
the direct and reverse processes: 

This allows us to represent Eq. (3) in the form 

X [j deTf,(e)eo(e,e')de' r. 
•• 0 

(6) 

In this formula, the limits of integration correspond to 
the case in which Eo > 0, i.e., a stable negative ion is 
formed. In the case of the auto- ionizing state of the 
negative ion (Eo< 0), the quantity E changes from zero 
to infinity. In this case, Eq. (6) is greatly simplified, 
because the decay of the negative ion takes place spon
taneously, without the participation of the molecule. 
Therefore, a(E, E') does not depend onE and moreover, 
the energy E 1 of the liberated electron is close to the 
energy Ea =-Eo > 0 of the auto-ionizing state, so that 
the integral ja(E, E')dE' converges near E' = Ea =-Ea. 
We then obtam, in the case of the auto- ionizing state of 
the negative ion, 

N, g, 1"2 n'li' (7) 
F~ NN =----,,-/,(e.). 

e m gegm m 2 

In the presented formula, the electron energy distribu
tion function is normalized by the condition (2'). In the 
case of a Maxwellian energy distribution of the elec
trons Eqs. (6) and (7) transform into the Saha formula. 

4. Inasmuch as it can be assumed from the laws of 
statistical physics that the probabilities We and Wi of 
finding the electron in a free or bound state are propor
tional respectively to the densities Ne and Ni of the 
electrons and negative ions, which are in statistical 
equilibrium under these conditions, we get for the elec
tron mobility, taking this and relations (1) and (2) into 
account, 

(8) 

because under the experimental conditions the denomina
tor of this formula differs but little from unity. Here 

F(E) represents the right side of relations (6) and (7) 
and does not depend on the density of the gas ("E is the 
characteristic energy of the electrons). 

We can use the distribution function in the Lorentz 
approximation[lo] for the energy distribution function of 
the electrons fe(e'); this takes into account the presence 
of a constant electric field in the gas and elastic colli
sions of the electron with the gas molecules. It is valid 
in the fundamental region of energies of the electron and 
takes the form (see[loj) 

/, (e') = C exp [- ~ T + e•E•~t3m'vel .•] ' (9) 
'a 

where C is the normalization constant, E the intensity 
of the electric field, vel = Nva el the frequency of elastic 
collisions of the electron with the gas molecules of 
mass M, v the velocity of the electron, and a el the cross 
section of elastic collision of the electron with the mole
cule. If the collision frequency vel does not depend on 
the velocity of the electron, then f = C exp (( Ea- E)/E) 
and according to Eq. (7) 

(10) 

Here the characteristic energy of the electrons € is de
termined by measuring the coefficient D of electron 
diffusion across the field and the electron mobility Ko 
on the basis of the relation 

E = eD/ K,, (11) 

e is the charge of the electron. 
The relation (10) is valid for any dependence of the 

collision frequency on the electron velocity for small 
field intensities, when the characteristic energy is equal 
to the gas temperature T. In this case, the value of F(€) 
can be found with the help of the Saha formula (4). For 
high field intensities (E. » T) the numerical factor in 
Eq. (10) changes for arbitrary dependence of ~'el on v. 
In particular, if the collision frequency is proportional 
to the velocity of the electron, then 

f,(e')= C exp [e.'- e"], 
ne' 

and Eq. (10) takes the form 

g, ( me ) -% [ 1 e, 2 

F(e)=0.615-- --, exp --(-) ]. 
g,gm 2nll n e 

(12) 

5. We now use the results obtained for F(€) to find 
the energy of the negative ion on the basis of the meas
ured values of the dependence of the electron's mobility 
on the gas density for a fixed ratio E/N. According to 
the result, at a sufficient experimental accuracy in the 
case of the considered mechanism of mobility decrease, 
and in the presence of only one auto- ionizing state of the 
negative ion, the value Eo should be the same in all 
cases. Tables I-III give the values of this quantity for 
the ions H2, N2 and C02, obtained by reducing the meas
urements of the drift velocity of the electrons as a 
function of E/p and p (p = Nm T is the gas pressure) at a 
gas temperature T = 293°K in molecular hydrogen,C 2 ' 3J 
nitrogeni2 ' 3J and carbon dioxide gas.r5J For the other 
molecular gases, in which a dependence of the drift 
velocity on the gas pressure at constant values of E/p 
was observed, the experimental data were unreliable. 
The measured values of eD/Ka = f(E/p) for the consid-
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Table I. Excitation energy 
of the auto-ionizing 

state of Hi 

V/cm e eV 1-----=.,----I ea• eV 

torr l'l p- 31350 tOJr II>- 16950 torr 

0,03 0.031 0.18-0.13 0.17--0.12 
O,Q4 0.033 0,19-0.13 o:IB-"0.13 
0.08 0.042 0.24-0.17 0.22-0.16 
0.16 0.058 0.30-0,22 0.30-'-0,22 
0.24 0.076 0.40--0.29 0,40-0.31 
0.32 0.093 0.47-0.35 0.46~0.35 
0.8 0.2 0.84-0.68 0.86~·0.69 

Table n. Excitation energy 
of the auto-ionizing 

state of N2 

V/cm l E.ev ea, eV 

torr p•] 
p- 29350 torr IP- 14782 torr 

0.04 0.052 0.28-0.20 0.28-0.20 
0.06 0.073 0,40-0.29 0.41-0.29 
0,08 0,087 0.49-0,35 0.50-0.35 
0,1 0.1 0,65-,-0.43 0.62-0.40 
0.15 0.14 0.67~0.51 0.67-0.51 
0.2 0.195 0.85-;.0.68 0,87-,.0.69 
0,3 0.29 1.12-0.95 1.12-0.98 
0.5 0,4 1.47-'-1.27 1.53-[.30 
0.8 0.53 1.55-'-1.47 1.66-1.53 

ered gases were taken from the work of CromptonC4J 
and the book of McDaniel.[uJ 

In the reduction of the experimental data we assumed 
that there is only a single state of the negative ion. The 
reduction made use of Eqs. (10) and (12), i.e., the limit
ing dependences of the cross section for elastic colli
sions of the electron with the molecule on the collision 
velocity (a el ~ 1/v, const) were incorporated in the dis
tribution function of the electrons with respect to the 
energy. It is these limiting dependences which deter
mine the region of tabulated values of Ea· Inasmuch as 
the excitation energy of the auto-ionizing state of the 
negative ion of the molecule does not depend on the con
ditions of the experiment used to obtain this quantity, 
the values given in each table should correspond to one 
and the same number. The scatter of these numbers 
characterizes both the accuracy of the experiment and 
the validity of the theory used to reduce the experiment. 
The experimental errors were not taken into account in 
finding the energies of the negative ions. It should be 
noted that the sensitivity of the result to the accuracy 
of the introduced data increases sharply with increasing 
electron energy. 

As follows from the data given in the tables, the 
negative ions of the molecules that are formed in each 
of the studied molecular gases by the electron motion 
are found in the auto-ionizing state. It is most probable 
that these auto- ionizing states arise upon excitation of 
the rotational or vibrational states of the molecule by 
collision with the slow electron. As the result of such a 
collision, the electron is captured by the molecule and 
stays in a bound state until it undergoes the reverse 
transition. If the auto-ionizing states of the negative 
ion have such a nature, then the considered pressure 
dependence of the electron mobility should appear in 
molecular gases and should not be observed in atomic 
gases. 

Table III. Excitation energy 
of the auto-ionizing 

state of COi 

I p, torr 

25 ooo 1 20 ooo 1 16 000 

10.22-0.2E,0.18-0.22,0.14~0.1f 
*E/p = SV/cm-torr, T = 0.202 eV. 

6. Another mechanism of the pressure dependence of 
the electron mobility was considered by YakubovP2J 
This mechanism is due to the simultaneous scattering 
of the electron by several gas particles. At a low gas 
temperature, equal to the electron temperature, where 
the result obtained by Yakubov is valid, this mechanism 
leads to the following value of the function F(T), which 
enters in Eq. (7), for low values of the gas density Nm: 

Fy0= 0.64GeJ.Ii/'YmT. (13) 

This mechanism produces a decrease in the electron 
mobility with increasing gas density, as does the mech
anism connected with negative ion formation. But, in 
contrast to the case of negative ion formation consid
ered by YakubovP2J the mechanism of change of the 
electron mobility with gas pressure should appear in the 
same fashion both for atomic and molecular gases. At 
low gas densities, it corresponds to the expansion of 
the mobility in the small parameter liaelNm/v'mT, 
whereas the small parameter of the mobility expansion 
is equal to (n/mT) 312Nm at low gas densities for the 
case considered by us. It follows then that the effect of 
negative ion formation on the electron mobility can ap
pear at lower gas densities than the simultaneous scat
tering of the electron by several gas molecules if the 
energy of the auto- ionizing state is small. 

Comparing the expressions for the function F in Eq. 
(7), obtained on the basis of Eq. (13) for the mechanism 
of simultaneous scattering of the electron by several 
molecules (Fa> and on the basis of Eq. (6) for the mech
anism of negative ion formation (Fnegl, in the region 
of low temperatures, where the result of Yakubov is 
valid, we have 

Fya 0 04 ma.el. T { e.} (14) F;;; = . ~ exp T . 

This ratio is small for not very large Ea/T. Inasmuch 
as the ratio Ea/T can be established from experimental 
data, this experiment lets us decide which of the con
sidered mechanisms of the pressure dependence of the 
electron mobility applies in specific cases. At the pres
ent time, the accuracy of the experimental results is 
insufficient to answer this question uniquel>:· For exam
ple, it has been established experimentallyL3J that there 
is no pressure dependence of the electron mobility in 
helium and argon at p ~ 50 atm. In these cases, no 
negative ion is formed, so that this dependence should 
be associated with the simultaneous scattering by sev
eral molecules. However, an estimate of the effect ac
cording to Yakubov's formula shows that the effect does 
not greatly exceed the accuracy of the experiment in 
this case. The data of Tables I and II for hydrogen and 
nitrogen agree better with the Yakubov mechanism than 
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with the one considered here. We shall assume that a 
more careful measurement of the mobility in molecular 
gases will allow us to establish the reason for the effect 
of the pressure on the mobility and, if this is connected 
with negative ion formation, it will enable us to deter
mine reliably the parameters of the auto- ionizing state 
of the negative ion. 

7. We now discuss the dependence of the excitation 
energy of the auto-ionizing state Ea and the properties 
of the auto- ionizing state of the negative ion on the gas 
density. We shall consider the region of low gas densi
ties 

(15) 

where Ro is a quantity of the order of the dimensions of 
the molecule. Upon satisfaction of this condition, the 
interaction potential of the molecules is exponentially 
( ~ exp [- RoN~3]) small in comparison with the charac
teristic atomic quantity. The shift in the excitation en
ergy of the auto-ionizing state of the negative ion is of 
the same order, because this energy change is due to 
the interaction of the negative ion with the surrounding 
molecules in the region of coordinates where the mole
cule is concentrated. The change in the excitation en
ergy of the auto-ionizing state is in the greatest degree 
due to the shift in the boundary of the continuous spec
trum, which is determined by the interaction of the 

electron with the surrounding molecules. For example, 
in the case of short- range interaction of the electron 
with the molecules, this shift is equal tcP3 J 2nagLNm, 
where L is the scattering length of an electron by the 
molecule. Inasmuch as the excitation energies of the 
auto-ionizing state Ea are small, this effect begins to 
appear at low gas densities. 
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