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Drift of an excess electron in dense and condensed inert gases in external electric field and excitation of atoms
by electron impact in these systems are analyzed. The effective potential energy surface for an excess electron
at a given electric field strength consists of wells and hills, and the actions of neighboring atoms are therefore
separated by saddles of the potential energy. At the atomic densities such that the difference of interaction po-
tentials for an excess electron between neighboring wells and hills of the potential energy surface becomes small,
the electron mobility is large. This is realized for heavy inert gases (Ar, Kr, Xe) with a negative scattering length
of the electron on individual atoms. In these cases, the average potential energy of the electron interaction
with atoms corresponds to attraction at low atomic densities and to repulsion at high densities. The transition
from attraction to repulsion at moderate atomic densities leads to the maximum of the electron mobility. A gas
model for the electron drift in condensed inert gases is constructed on the basis of this character of interaction.
Due to high electron mobility, condensed inert gases provide high efficiency of transformation of the electric
field energy into the energy of emitting photons through drifting electrons. It is shown that although the role of
formation of autodetaching states in the course of the electron drift is more important for condensed inert gases
than for rare gases, this effect acts weakly on exciton production at optimal atomic densities. The parameters
of a self-maintained electric discharge in condensed inert gases as a source of ultraviolet radiation are discussed
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from the standpoint of electron drift processes.
PACS: 34.80.-i, 52.80.Wq, 52.80.Yr, 79.20.Kz

1. INTRODUCTION

The mobility K and drift velocity w of a free elec-
tron in gases is inversely proportional to the num-
ber density N of atoms, i.e., the quantities KN and
wN in a gas are independent of its density. At high
densities, this law is violated because of two reasons.
First, electron scattering proceeds simultaneously on
several atoms, and second, the interaction between
atoms changes the atomic system, which affects the
character of the electron interaction in this system. For
inert gases, where atoms conserve their individuality in
a condensed system, the behavior of an excess electron
injected in a condensed gas is different depending on
its sort. In light inert gases, He and Ne, an excess elec-
tron compels to displace the surrounding atoms. This
structure change moves together with the electron, and
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therefore the electron effective mass is of the order of
the atomic mass, and hence the reduced electron mo-
bility KN in these condensed gases (He and Ne) is
essentially lower than in gases.

As follows from experiments [1-15], different behav-
ior of the reduced electron mobility occurs in heavy in-
ert gases, Ar, Kr, and Xe. The electron effective mass
in condensed heavy inert gases is of the order of the
free electron mass, and as the atomic number density
increases, the reduced mobility has a tendency to de-
crease; it experiences a sharp jump in a narrow range
of the atomic number densities (see Fig. 1 for the case
of xenon [7, 11]). Table 1 [16] demonstrates this behav-
ior of the mobility of the excess electron. In Table 1,
K 445 is the electron zero-field mobility in gases at room
temperature, Ky, is the electron zero-field mobility at
the triple point, and K,,,, is the maximum electron
zero-field mobility for the liquid state. This table also
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Table 1.  Parameters of drift of an excess electron in rare gases
Ar Kr Xe
Trmass K 155 170 223
Npaz, 102 cm™3 1.2 1.4 1.2
KomazNmaz, 1024 (ecm - V - 5)~1 [14] 22 64 72
Ty, K 85 117 163
Niig, 10?2 cm =3 2.1 1.8 1.4
Ky Niig, 10 (em - V- 5)~! [1-6, 8,10, 14] 10+1 20+ 5 28 + 10
Vo, V [9,12,13,15] -0.3 -0.5 -0.8
KgasN, 10%3(cm - V- 5)71 [16] 12 0.62 0.17
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Fig.1. The dependence of the reduced electron mo-

bility in xenon on the density of atoms according to
experiments [7, 11]

contains the temperatures Ty,q, of the maximum elec-
tron mobility and the triple point temperatures T}, and
the number densities of atoms Ny,qz, Njig correspond-
ing to these temperatures. We note that the difference
of the electron mobilities for the solid and liquid inert
gases is not significant, i.e., high mobility of an excess

electron cannot be explained by the order distribution
of atoms. The quantity V in Table 1 is the difference
of the electric potentials acting on the electron if it is
located inside and outside a condensed inert gas. It
is energetically profitable for an excess electron to be
located inside the inert gas, and the minimum of Vj
corresponds to the atomic number densities that are
related to the maximum of the electron mobility. In
addition, high mobility of an excess electron is observed
only in a narrow range of atomic number densities, to
be considered below. As follows from the data in Ta-
ble 1, the maximum reduced mobilities of the excess
electrons in inert gases, as well as the reduced mobil-
ities at the triple point, significantly exceed those at
gaseous densities. This difference is especially high for
xenon, which is the main object of our consideration. In
addition, the maximum reduced electron mobilities in
inert gases exceed those in metals of high conductivity.
Indeed, the reduced electron mobility K. N, is equal to
2.9 and 3.1 in the units 10> (cm-V-s)~! for copper and
silver respectively. We note that because electrons are
degenerate in these metals, a typical electron velocity
near the Fermi surface is much greater than the ther-
mal velocity of a free electron. Therefore, although the
specific mobilities of an excess electron in condensed in-
ert gases significantly exceed those in metals, the ratios
of the electron free mean path to the distance between
nearest atoms (or the lattice constant) have the same
order of magnitude for both condensed inert gases and
metals.

Some theories [17-21] explain high mobility of an
excess electron by the Ramsauer effect in electron scat-
tering on an individual atom, but such approaches are
just models because they are correct only for gases. Of
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course, the gaseous approach for the electron scattering
is the simplest one, but it does not allow us to describe
the electron behavior in a wide range of atomic num-
ber densities with a small number of fitting parameters.
The high mobility of an excess electron in condensed
inert gases has a fundamental meaning because it is an
evidence of a weak interaction between the electron and
this matter at such densities. In what follows, we con-
sider just this range of the atom number densities cor-
responding to high values of the electron mobility, and
our task is to explain the nature of this phenomenon.
Analyzing the properties of the total potential energy
that acts on the electron from a condensed inert gas,
we show that it varies in average from attraction to re-
pulsion, as the atomic number density increases. The
maximum electron mobility corresponds to the transi-
tion from attraction to repulsion, and we analyze the
problem of drift of an excess electron in condensed inert
gases from this standpoint in what follows.

The high mobility of excess electrons corresponds
to a low resistance of condensed inert gases at such
atom number densities if the excess electrons propagate
in this matter under the action of an external electric
field. When the electron energy reaches the threshold
of atom excitation, it is consumed to formation of exci-
tons; in this range of atom number densities, formation
of excitons by electron impact is an effective process.
But formation of autodetachment states may affect the
efficiency and rate of exciton formation in condensed
inert gases. These autodetachment states are bound
states of excited and excess electrons with the binding
energy about 0.4 eV [22]. Formation of autodetachment
states of inert gas atoms impedes excitation of atoms,
and we consider this problem below.

The high electron mobility in condensed inert gases
has the fundamental meaning and can be applied for
transformation of the energy of an external electric
field into the energy of photons in the vacuum ul-
traviolet (VUV) spectrum range through excess elec-
trons moving in condensed inert gases. This method,
which requires the creation of a self-maintaining elec-
tric discharge in condensed inert gases, was suggested
in [23, 24] and was then experimentally proved for
xenon [25-27]. Because the excited inert gas atoms
are characterized by a high excitation energy, such a
method allows effectively converting the electric energy
into radiation because elastic scattering of electrons is
weak. This problem of energy conversion is analyzed
in this paper in the context of the behavior of excess
electrons inside condensed inert gases.

2. INTERACTION OF AN EXCESS ELECTRON
IN CONDENSED INERT GASES

The peculiarity of condensed inert gases is a small
binding energy between atoms in comparison with typ-
ical atomic energies. This implies that the interaction
between neighboring atoms in the solid and liquid in-
ert gases is relatively small and allows us to use the
similarity law for various parameters of dense and con-
densed inert gases [28]. The reason for this is that the
parameters of inert gases are governed by pairwise in-
teractions of atoms, and the pair interaction potentials
are known for inert gas atoms with a high (several per-
cent) accuracy [29-32]. The pair character of the atom
interaction allows expressing some parameters of inert
gases through the parameters of the interaction poten-
tial of two atoms and provides the validity of the scaling
laws for various parameters of bulk inert gases. Rep-
resenting the pair interaction potential of two atoms
in the form of a potential well, we use two interac-
tion parameters, the depth D of this potential well,
and the equilibrium interatomic distance R, that cor-
responds to the minimum of the interaction potential.
Table 2 gives some reduced parameters of heavy inert
gases [28] and confirms the validity of the similarity law
for them. Here, a is the lattice constant, and all the in-
ert gases have the face-centered cubic lattice, T3, is the
triple-point temperature, V;;, and Vs, are the specific
volumes per atom for the liquid and solid states respec-
tively at the triple point, €4, is the sublimation energy
per atom for the crystal at the triple point, AHy,, is
the fusion energy (the energy consumed to melting) per
atom, ASyys is the entropy jump per atom at melting,
and 7y is the Wigner—Seitz radius for the liquid state.
As follows from Table 2, the reduced parameters are
the same for different rare gases within the accuracy
of several percent. Hence, the bound systems of inert
gas atoms have a simple nature and can be treated as
systems of classical bound atoms. We use this in the
subsequent analysis.

Although scaling is not valid for an electron in con-
densed inert gases, it is convenient to express the re-
duced parameters of an excess electron, which allows us
to compare the electron parameters with those for the
interaction of atoms. The number densities N, and
Nliq (where Nsol = 1/Vsol and Nliq = 1/Vlzq) in Ta-
ble 3 correspond to the solid and liquid states of inert
gases at the triple point, Ny, is the number density
in Table 1 at which the zero-field electron mobility has
the maximum, Ny = R; %, and N, = v/2/(2F)?, where
7 is the mean radius of the valence electron in a given
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Table 2. Parameters of the interaction potential of two identical atoms of inert gases (Re, D) and reduced parameters
of condensed inert gases near the triple point [28]
Ar Kr Xe Average
R., A 3.76 4.01 4.36 -
D, K 143 200 278 -
a, A 3.755 3.992 4.335 -
a/Re 1.00 0.99 1.01 1.005 + 0.013
No = R;3,10%2 cm™3 1.88 1.55 1.21 -
Ty /D 0.587 0.578 0.570 0.579 £ 0.007
peR2 /D, 1073 1.9 1.7 1.7 1.9+0.2
Viig/ R2 0.879 0.884 0.855 0.88 +0.02
Veol | R 0.77 0.76 0.74 0.76 + 0.01
Esub/ D 6.5 6.7 6.7 6.5+0.3
AHyys/D 0.990 0.980 0.977 0.98 +0.02
AStys 1.69 1.70 1.71 1.68 £0.03
rw /R 0.639 0.641 0.627 0.64 +0.01
Table 3. _ Rled“ced param?ters of an excess electron standpoint, analyzing the behavior of the potential en-
inside condensed inert gases ergy surface for this electron as the atom density in-
creases starting from low values. At low atomic den-
Ar Kr Xe sities, when an electron is located in a gas, it inter-
Noot/No 130 131 134 acts with individual atoms indepenflently. .In regions
between atoms far from them, the interaction poten-
Niiq/No 1.13 1.13 1.17 tial is zero, and nonzero interaction occurs only near
regions occupied by atoms. On the basis of the Fermi
N, N 0.68 0.90 0.99
maz /No formula [36], the interaction potential between the elec-
N./No 2.05 1.54 1.38 tron and atoms can be presented as
eVo /€ sub -3.8 —4.3 —4.9 o2
U(x) = - —Li(r - Ri), (1)

atom and the values of these radii are taken from [33-
35]. Hence, N, is the number density of balls of radius
7 if these balls form the crystal lattice of close packing.
In accordance with the Pauli exchange interaction, an
excess electron cannot be located inside atoms, and as
follows from the data in Table 3, the excluded volume
for location of an excess electron is comparable to the
total volume inside condensed inert gases at the triple
point. As can be seen, the similarity law is not valid
for N, /Ng. In addition, the ratio Nj;q/N. grows as we
transfer from Ar to Xe; this ratio expresses a typical
part of space inside a liquid inert gas where an excess
electron may not be located.

We now consider the problem of interaction of an
excess electron inside a liquid inert gas from another

where r is the electron coordinate, R; is the coordinate
of the ith atom, and L is the electron—atom scatter-
ing length. Because the scattering length is negative
for Ar, Kr, and Xe, this interaction potential corre-
sponds to attraction in regions where atoms are lo-
cated. Therefore, the potential energy surface consists
of regions inside atoms with a sharp electron repulsion,
regions near each atom with electron attraction, and
regions between atoms with zero interaction potential.
The region between atoms with zero interaction poten-
tial shrinks as the number density of atoms increases,
and when the distance between the nearest neighbors
is comparable with the electron orbit size, the poten-
tial energy surface takes the form of wells and saddles,
which separate regions of individual atoms. This po-
tential energy surface resembles that describing inter-
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action of bound atoms in clusters [37, 38]. In reality,
attraction corresponds only to an average interaction of
an electron of zero energy with an individual atom in
a gas, and it leads to a red shift of spectral lines emit-
ted by excited atoms located in inert gases [39]. The
exchange interaction of a test electron with electrons
of the inert gas atoms is accompanied by repulsion if
this electron penetrates an internal atom region occu-
pied by other electrons. The volume of repulsion near
each atom is approximately 1/N,, where the values of
N, are given in Table 3, and this implies that high
electron mobility is absent at high gas pressures.

The interaction potential between a test electron
and an individual inert gas atom can therefore be com-
posed of repulsion at small distances from the atom
and attraction at longer distances, which are of the or-
der of the electron scattering length. Correspondingly,
the attraction in the region of location of individual
atoms dominates in the interaction potential of a test
electron with the system of inert gas atoms at low den-
sities of atoms. Evidently, as the number density of
atoms increases, the attraction part of the interaction
potential disappears, and therefore there is an atomic
density when the average interaction potential becomes
zero. This atomic density corresponds to the transition
from attraction to repulsion for the total interaction
potential, and the mobility of slow electrons obtains a
maximum, because a typical energy difference between
wells or hills in the potential energy becomes minimal
at such an atomic density. This electron behavior is
expected, however, if the electron scattering length on
an individual atom is negative, i.e., for Ar, Kr, Xe.

Thus, there is a strong repulsion of an excess elec-
tron in heavy inert gases near each core due to the ex-
change interaction with internal atomic electrons, and
a test electron does not penetrate the atom because
of the Pauli exclusion principle. An average electron
interaction with an individual atom corresponds to at-
traction because of a negative electron—atom scattering
length. At intermediate atomic densities, these inter-
actions compensate each other in average, and the elec-
tron mobility has a maximum at such densities. We are
guided by the liquid state of condensed inert gases, be-
cause the order distribution of atoms is not of principle
for the nature of this high electron mobility. Therefore,
the electron mobilities for the solid and liquid states do
not differ in principle, but this mechanism of high elec-
tron mobility corresponds to a narrow density range,
while high mobility of a solid inert gas can be observed
in a wide range of atomic densities.

3. DRIFT AND MOBILITY OF AN EXCESS
ELECTRON IN HEAVY INERT GASES

Guided by a range of high mobilities of an excess
electron in condensed inert gases where the interaction
of this electron with the environment is weak, we use a
gas approach for electron scattering. Keeping in mind
that the potential energy surface for an individual elec-
tron consists of wells and hills, and hills separate the ac-
tion of an individual core, we use the gaseous approach
for the electron scattering such that each core is a scat-
tering center for an excess electron. If the cross section
for scattering on an individual core is small compared
to the square atom size, we reduce the problem of elec-
tron motion inside a condensed inert gas to scattering
on individual cores, as it takes place in gases. We note
that this model is valid only in the case of a high elec-
tron mobility in a condensed system, if the electron
interaction with this system is weak.

In the case of electron motion in a gas, when a test
electron is scattered subsequently on individual atoms,
the zero-field electron mobility K is given by [40, 41]

ww (7))

where m, is the electron mass, v is the electron veloc-
ity, averaging is taken over the distribution of electrons
with respect to velocities, v = Nvo™* is the rate of the
electron—atom scattering, with NV being the atom num-
ber density, and ¢* is the diffusion cross section of the
electron—atom elastic scattering. For simplicity, we be-
low consider the case where the cross section is inde-
pendent of the collision velocity and formula (2) takes
the form [40, 41]

K. =

A K.N = 0.53———

vmeT '’ o*vmeT
where A = (No*)~! is the mean free path of the elec-
tron in a gas and T is the temperature. This connec-
tion of the reduced electron mobility and the scattering
cross section allows us to express the diffusion cross sec-
tion o* of the electron—atom scattering in a gas through
the reduced mobility, which is given by

0.5
- Vm.TK.N’

In particular, applying this gas model to gaseous xenon
and using the experimental values [7] of the reduced
mobility K, N = 3-10?2 (em - V - s)7! at the tem-
perature T' = 236 K, we obtain from formula (4) the
diffusion cross section o* = 52 A2 at this temperature.
We introduce the critical number density of atoms N,

K, =0.53 , (3)

0_*

(4)
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Table 4.
excess electron in liquid rare gases [16]

Parameters of the gas model for drift of an

Ar Kr Xe
Ot /Ta3, 0.012 0.005 0.005
Omaz | TA2, 0y 0.004 0.002 0.002
Aer /iy 65 150 170
Amaz [ Gmaz 200 450 480

that characterizes the transition from the gaseous sys-
tem to the condensed one and corresponds to the rela-
tion o* = wr},, where ry is the Wigner—Seitz radius
(mr3, = 2.3-1071% em? for liquid xenon). According to
formula (4), the critical number density is

Ncr = LZ/Q-, (5)
4 (o*)

and it is equal to N, =4 -10%' cm~3 for xenon. This

is the transient gas—liquid number density for xenon.

We treat the density range of the maximum elec-
tron mobility in xenon on the basis of the gas model.
Taking the maximum zero-field electron mobility from
Table 1 (KN = 7.2:10% (¢cm-V-s)~! at the atom num-
ber density Ny,a. = 1.2-10%2 cm—3), we obtain on the
basis of formula (4) that ¢* = 1.4-107!'8 em?, which is
small in comparison with 773, = 2.3- 107" cm?, and
hence the gas model is applicable in this case. Thus
composing electron scattering in a condensed inert gas
at the atomic density of the maximum electron mobil-
ity as a result of the electron interaction with small
independent scatterers located on atom cores, we use
formula (4) to find the diffusion cross sections for elec-
tron scattering o,,4, and oy, that correspond to the
atom number densities Ny,q. and N, (see Table 1).
These cross sections are given in Table 4 [16], where
atr and ap,q, are the distances between nearest neigh-
bors at these atomic densities, and A4, and A are
the electron mean free paths for these densities. As can
be seen, the gas approach is valid because the effective
cross sections are relatively small, whereas the mean
free paths for electrons are relatively large.

We consider the data in Table 1 from another stand-
point, composing the potential energy surface for an
excess electron in the form of wells and hills near each
core, if the well depth is relatively small. We take the
interaction potential of the electron with each atomic
center in the form

U(r) = —Up exp <—Z—z> ;o a<Tw, (6)

where 7 is the distance from the atom center, a is the
range of atomic forces, and ry is the Wigner—Seitz ra-
dius for the condensed system. The electron scattering
on an individual center is weak if Uy < e, where ¢ is
the electron energy. We can then use the perturbation
theory for electron scattering. This amounts to the
Born approximation, and the differential cross section
of the electron scattering on an individual center in the
Born approximation for the interaction electron—core
potential (6) is [42]

ra® [ meUpa®\ > K2a?

where
K = 2¢sin(0/2)

is the variation of the electron wave vector as a result
of scattering, 6 is the scattering angle, ¢ is the initial
electron wave vector, and

dQ = wdcos

is the solid angle element. From this, we have the diffu-
sion cross section of elastic scattering on each scattered

center given by
w2a® (U 2
Y= — . 8
7 16 ( € ) ®)

This consideration is valid for Uy < ¢, i.e., in the range
of parameters where the electron mobility is high in a
condensed system. In the case of xenon at the atomic
density of the maximum electron mobility, we obtain
Up/e = 0.05 if a = rw in the interaction potential (6).
Thus, from different standpoints, we obtain that the

interaction of an excess electron with environment is
relatively weak at the atomic densities where the elec-
tron mobility has the maximum and the diffusion cross
section of the electron on each core is also relatively
small.

As follows from the above analysis, the gas model
can be valid for the mobility of an excess electron in
condensed inert gases in some range of atomic densi-
ties. This means that in the case where we compose
the potential energy surface for an individual electron
inside a condensed inert gas in the form of wells and
hills, the amplitude of the electron scattering on an in-
dividual well or hill is less than the distance between
the nearest neighboring atoms. We can also use another
criterion of the gas model validity, the condition that
the electron mean free path in a condensed inert gas
is large compared to the distance between neighboring

1063



E. B. Gordon, B. M. Smirnov

MITD, Tom 125, BHIm. 5, 2004

atoms. This allows us to use the gas model for elec-
tron scattering, according to which an electron is scat-
tered independently on neighboring nonuniformities of
the potential energy surface. This leads to the classical
theory of electron kinetics in gases in an external elec-
tric field in this case of an excess electron in condensed
inert gases. This theory was elaborated for kinetics of
electrons in semiconductors and gases [44-50]. It is rep-
resented in contemporary books [41, 51, 52], and we use
this theory below for excitation of atoms in condensed
inert gases.

Although the criterion of weakness of the interac-
tion of an excess electron in condensed inert gases at
high electron mobilities is fulfilled as well as the crite-
rion of the gas approach for propagation of an excess
electron, the character of electron motion is more com-
plex in reality. Indeed, due to the exchange interaction
of an excess electron with atomic electrons, an excess
electron cannot penetrate the atoms. Hence, if we con-
sider electron scattering on atomic cores to be indepen-
dent, the cross section of scattering on each core is of
the order of the atomic radius squared, which signifi-
cantly exceeds the values in Table 4 that follow from
the mobility data. Therefore, a large mean free path
for electrons inside liquid inert gases may be explained
by collective effects in simultaneous electron scattering
on several cores, and the above gas model has a qual-
itative character. Nevertheless, we use the above gas
model for the electron scattering in liquid inert gases as
a result of the interaction with independent scatterers
because of its simplicity.

4. EXCITATIONS IN CONDENSED INERT
GASES BY ELECTRONS DRIFTING IN AN
EXTERNAL ELECTRIC FIELD

In analyzing the electron behavior in a gas of inde-
pendent scatterers, we use the classical theory [44-50]
of electron motion in gases under the action of an ex-
ternal electric field. The basis of this theory is a small
change of the electron energy at a remarkable change of
the electron momentum as a result of elastic electron—
atom scattering because of a small ratio of the electron
and atom masses. This allows us to expand the velocity
distribution function of the electron f(v) over spherical
harmonics, and this distribution function has the form

f(V) :fO(U)'i'U:tfl(v)v (9)

where v, is the electron velocity component along the
electric field, and v f;(v) € fo(v) according to the ba-
sic concept. Although the antisymmetric part of the

distribution function fi(v) is small, it is of importance
because the electric field acts on electrons through this
component of the distribution function. The set of
equations for the distribution function in the case of
only the elastic electron-atom scattering and in ne-
glecting inelastic processes has the form (see, e.g., [51])

d d
a% = —vufi, 3%2 %(93]‘1) = lea(fo) (10)

in the stationary case, where a = eE/m,., E is the
electric field strength, v = Nvo(v) is the rate of elec-
tron collisions with atoms, and I.,(f) is the electron—
atom collision integral. This implies a general expres-
sion (2) for the electron mobility, where the average is
taken over the spherical component fy of the distribu-
tion function.

We consider the simplest case where o(v) ~ 1/v
and the rate v is independent of v. We then obtain the
expressions

€ a el
fO(E)NeXp <_?>7 w=—-= )
o v MelV
A2 (11)
Te=T+ —5,
+ 32

where ¢ is the electron energy (which is to be used
along with the electron velocity) and T is the gas tem-
perature. We note that we ignore collisions between
electrons, and the parameter T, does not correspond to
the definition of the electron temperature, but coincides
with it in the expression for distribution function (11).
The drift velocity is proportional to the electric field
strength, and this dependence relates to liquid xenon
as long as inelastic collisions are weak [53]. Hence, this
simple dependence v(v) describes the electron behav-
ior in liquid xenon. On the contrary, the electron be-
havior in gaseous xenon is more complex because of
a nonmonotonic velocity dependence for the electron—
atom cross section due to the Ramsauer effect. Such
a dependence leads to the maximum of the electron
mobility as a function of the electric field strength [7],
which also follows from detailed calculations [54] for
gaseous xenon. Below, we use the simplest dependence
o(v) ~ 1/v for the analysis of electron kinetics in liquid
xenon.

Including excitation of atoms by electron impact
into consideration and assuming that above the exci-
tation threshold Ae, the electron loses the energy by
atom excitation, we obtain that the distribution func-
tion is zero at the excitation threshold fo(Ae) = 0.
This gives the energy distribution function fy(¢) of an
excess electron [55] in the form

fole) = { C lpa(e) = po(A)] € < Ae,

12
0, e > Ae, (12)
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where C is the normalization constant and ¢g(g) is
given by formula (11),

9

¢o(e) = exp <—?> : (13)

In the regime under consideration, the drift velocity
is proportional to the electric field strength E even at
high fields, and the parameter T, ~ E? at high fields,
while the average electron energy is restricted by the
value (3/7)Ac in the limit of high electric fields. In this
regime, electrons acquire energy from the external field
and spend it in elastic collisions with atoms. When an
electron reaches the excitation energy Ae, a forming
excited atom emits a photon. The electron energy be-
comes zero after atom excitation, and the process of
the increase of the electron energy repeats. Therefore,
the rate of atom excitation is determined by the flux
in the energy space, and on the basis of the indicated
energy balance, we have the rate of atom excitation
given by [16]

dN, 4 [Ae 3/2N Me . Ae

=— | = e—vexp|——|,

it Jx \T. MU\ T, (14)
T <« T < Ag,

where N, is the number density of excited atoms, N, is
the number density of excess electrons, and Ac is the
atom excitation energy.

We now find the portion v of the power acquired
by the electrons from the external electric field and
spent to atom excitation. We assume that the power
acquired from the field is transformed below the exci-
tation threshold mostly into the atom thermal energy
as a result of elastic collisions between electrons and
atoms, and this power per one electron is e Fw, where
w is the electron drift velocity. From formula (14), we
then have

dN,
e A S - O S -
eEwN. 3y \ T, T.) (13)
T T, < Acg,
where Ma> Muw?
T 3z 3

is the effective electron temperature. Figure 2 gives
the dependence of the efficiency of atom excitation =y
on the electron energy = 37,/2 under these condi-
tions [16]. Formally, this expression has a maximum at
T. = 2Ae/5, where £ = 0.61, but because ¢ < 3Ae/7,
the above consideration is valid below this limit. It fol-
lows from (15) that the transformation efficiency v is
significant even at low values of T, /Ae.

0 s 1 s 1 s 1 s 1 s 1 s 1 s 1 s
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
g/Ae

Fig.2. The efficiency of excitation of atoms in an
atomic system if the rate v of the electron—atom elastic
scattering is independent of the electron velocity v

In this consideration, we implicitly use the criterion

Me
Vex > ﬁya

where v, is a typical excitation rate of atoms in colli-
sions with a test electron. To obtain a more specific cri-
terion, we analyze the other limiting case of slow atom
excitation. The energy distribution function then has
the form

fole) = Cyole)

and differs from that in formula (9) by the absence of
decay of fast electrons in the excitation process. Cor-
respondingly, the rate of the atom excitation is equal
to [16,41]
dN,
dt

G Ae
NeNgk, % exp < T, > , (16)
where k, is the rate constant of quenching resonantly
excited atoms by a slow electron, and go and g, are the
statistical weights of the ground and excited atomic
states. We have used the principle of detailed bal-
ance between the excitation and inverse quenching pro-
cesses [51, 56|, which is convenient because the quench-
ing rate constant is independent of the electron energy
for a slow electron (7T, <« Ag). The values of the
quenching rate constants for resonantly excited atoms
of inert gases are given in Table 5. We there give the
values of k.; for thermal collisions on the basis of the
electron mobilities in gases according to the data in
Table 1.
Comparing the excitation rates according to formu-
las (13) and (16), we find them to be simultaneously
valid if the criterion
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Table 5.  Parameters of the lowest resonantly excited states of inert gas atoms [16, 56]
Atom (state) | Ae, eV | J*, eV | 7, ns Ko, Lk, et (me /M)ker,
1072 em?3 /s 10'6 cm™3 1078 em? /s 107 cm3 /s
Ar (1s9) 11.62 4.14 10 0.82 12 0.15 2.0
Ar (1s4) 11.83 3.93 2 3.9 13
Kr (1s2) 10.03 3.97 3.5 3.9 7.3 2.8 18
Kr (1s4) 10.64 3.36 3.2 3.5 8.9
Xe (1s2) 8.44 3.69 3.6 7.0 4.0 10 43
Xe (1s4) 9.57 3.43 3.5 4.6 6.2
b m, <E>3/2 . an) spir} one i.s much greater jchan the rgdiativ? time of an
M \T. € exciton with zero total spin [58]. This fact is taken into

is satisfied, where the rate constant of the elastic
electron—atom scattering is introduced as ke, = v/N,.
Using the gas model for elastic scattering of electrons
on atoms, we take the quenching rate constants for
electron—atom collisions and radiative times of excited
atoms in a condensed inert gas to be close to those in a
gas, whereas the rate constants for the elastic electron
scattering are much less in condensed state. This means
that criterion (17) is even more valid for condensed in-
ert gases than for their gaseous phase. In addition, this
leads to a high efficiency of transformation of the elec-
tric field energy into excitations in electronic excitation
for condensed inert gases.

We note [57] that in spite of the simplicity of con-
densed inert gases as a system of bound atoms in the
ground state (see Table 2), elementary excitations in
this system — excitons — have a complex structure.
One more peculiarity of excitons in condensed inert
gases in comparison with excitations in a gaseous sys-
tem is due to the interaction of an excited atom with
the environment. In gases, excited atoms are formed
as a result of the electron impact, and these excited
atoms emit radiation. In condensed inert gases, an ex-
cited atom is transformed very fast into a diatomic ex-
cimer molecule and lives in such a form. Therefore,
radiation of a condensed inert gas is characterized by a
broad band for a quasimolecular exciton, and lumines-
cence is shifted to the red side in comparison with the
spectral line of atom emission, and one can expect the
luminescence quantum yield to be close to unity.

There are two types of quasimolecular excitons de-
pending on the total spin of an excited electron and the
core. Because the electron spin is zero for the ground
state, the radiative time of an exciton with the total

account in the analysis of exciton kinetics.

5. ROLE OF AUTODETACHING STATES IN
GENERATION OF EXCITONS

Because of a weak electron—atom interaction in con-
densed inert gases for atomic densities of high electron
mobility, an excess electron experiences a weak friction
when it is drifting in an external electric field. There-
fore, the efficiency is high for conversion of the electron
energy obtained from the field into excitation of atoms.
But this weak electron-matter interaction is the reason
of a heightened role of autodetaching states in forma-
tion of excitons. We consider this problem in what
follows.

Excitation and decay of autodetaching states in the
course of motion of an excess electron in condensed in-
ert gases proceeds according to the scheme

e+A— (A7), (18)

where A is the inert gas atom. The parameters of au-
todetaching states (A=) of inert gas negative ions
are analogous to those of H™(2s%) [59], where the au-
todetaching state is placed about 0.4 eV lower than
the atom excitation energy, and the lifetime of these
autodetaching states is approximately 10714-10713 s.
Because a typical time of the radiative decay of an ionic
state through the emission of a UV photon is about
1079-10"8 s, its probability to occur during the decay
of an autodetaching state is small. But this process
can be repeated, and the process of photon emission
through channel (18) may be remarkable. If channel
(18) is realized, the spectrum of radiation is charac-
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terized by longer wavelengths than that from A* but
shorter than from A} [22].

Electron capture in an autodetaching state leads to
an additional decrease of the electron distribution func-
tion, and the capture cross section o5 is given by the
Breight—Wigner formula [42]

Tk’ r?
Tres = 2Mee (€ — Epes)? +2/4°

(19)

where I is the width of the autodetaching level and &,
is the electron energy for this resonance. We first deter-
mine a decrease of the energy distribution function of
electrons formally, considering electron capture on the
autodetaching level as the elastic electron scattering.
We can then represent the cross section of the electron—
atom elastic scattering as the sum of two parts,

g = 0y + Oresy (20)

where o¢ smoothly depends on the electron energy and
ores 1S the resonant part of the elastic cross section.
Restricting to the Druyvesteyn case of the electron dis-
tribution function [44], where a typical electron energy
significantly exceeds the thermal energy of atoms, we
obtain that instead of formula (12), the distribution
function is given by

vo(s) = exp —/Eda (Agy‘f)l . @1

If we assume the rate of elastic electron—atom scatter-

ing v to be independent of the electron energy, formula
(19) is transformed in formula (12) in neglecting the
resonant part of electron scattering.

The character of the electron interaction with an
autodetaching state consists in the electron capture on
this level and in the subsequent decay of the resonance
level, which can lead to a change of the direction of the
electron velocity. Thus, the capture of an electron on
the resonance level is similar to elastic scattering of the
electron with a change of the direction of its motion.
Assuming that o,.s > 0g at the resonance, we find that
formation of the autodetaching state under the above
consideration leads to a jump in the exponent (19), and
this jump is equal to

f Ma2\

where Vpes = Nuvo,es, which implies that above the
resonance, the distribution function acquires the factor
exp(—¢&). This means that distribution function (13) is
transformed to the form

19
wo(e) = exp 7| € <cres
e

£
‘}90(5) = exp <_E_£> 3 € > Eres-

Under the assumption that the rate v of the electron—
atom scattering is independent of ¢, the exponent is

given by
3ds 2 3nl 2
= Nvores)” = ——5(Nkyes)”, 2
€= [ ore (Vo) = ST (Ve (23)
where 2
4dmh 2e
kres = y  Upres = 2. (24)
v’I’ES mE
In particular, for .. = 8 eV (xenon), we obtain

kres = 1.4 1077 cm®/s and this estimate is valid for
both gaseous and condensed states when the gas model
is applicable.

Thus, the role of the autodetaching level in elec-
tron kinetics is governed by exponent (23). Taking
ker = v/N,, where ke, is the rate constant of the elas-
tic electron—atom scattering aside the resonance, we

obtain ,
L ((kpes
= . 2

¢ 4T, ( ke ) (25)

Using formula (25) for estimate in gaseous and con-
densed xenon, we take I' ~ 0.01 eV, T, ~ 3 €V,
cres ~ 8 €V, and the value of k. from Table 5. This
gives £ &~ 0.005 for gaseous xenon, i.e., autodetaching
states do not affect the electron distribution function
there. Applying the gas model to condensed xenon,
we can evaluate the rate constant of the electron—atom
scattering from the known zero-field mobility of elec-
trons as ke = 2.4- 107! cm? /s at the number density
corresponding to the mobility maximum. Substituting
this small rate constant in (25), we obtain & ~ 10°.
Thus, as supposed in [22], formation of autodetaching
states is not essential for excitation of atoms in gases
even at high atomic densities. But it may be important
in condensed inert gases at densities where the electron
mobility is high.

The autodetaching states are of importance in elec-
tron kinetics and atom excitation if & > 1, and we
determine this limit below. The probability dw(e) of
the electron energy to be in a range from ¢ to ¢ + de
after the decay of an autodetaching state according to
formula (19) is given by

ds 2(e — €res)

We suppose that autodetaching is not essential if
Ores < 0q, L.e., if
2 h?

2 2
s> 8 = — 27
=0 mearesao’ ( )
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and the probability w that s > sg, when the autode-
taching state can be ignored, is equal to

oo

w = / dw = L (28)
TS0

50
In particular, for xenon at the atomic number density of
the maximum electron mobility, we have sq ~ 14. The
presence of an autodetaching state therefore acts as a
barrier in kinetics of electrons in the space of electron
energy. In the case of xenon, the probability to pass
through this barrier is approximately 0.02. Of course,
this decreases the efficiency of transformation of the
energy of the external electric field into the energy of
emitting photons through electrons that excite atoms
in condensed inert gases.

This effect decreases the efficiency « of transforma-
tion of the electric field energy into the energy of VUV
photons because it leads to a drop of the distribution
function. But in the limit

To > A — €pes, (29)

this influence on the efficiency coefficient v is small if
the criterion

me [ Ac 3/2
’wkq > M <f) kel (30)

is satisfied instead of criterion (17). Indeed, because
Ac—eres & 0.4 €V, criterion (29) is valid if the efficiency
~ is not small. Next, both the influence of electron cap-
ture in the autodetaching state and the atom excitation
lead to a decrease of the distribution function, but be-
cause these effects are not separated, all the fast elec-
trons spend their energy to the excitation of atoms due
to criterion (30). Thus, although autodetaching states
affect the efficiency of exciton production by drifting
the excess electrons in condensed inert gases, this is
evidently not essential at optimal atomic densities. An
indirect confirmation of this is the efficiency of 18 %
for conversion of the electric energy into VUV radia-
tion that is observed in solid xenon [26, 27]. Formula
(15) gives this value at T, = 2.5 eV (Ae/T, = 3.2).
Because of high efficiency, it is profitable to create
a self-maintaining electric discharge in condensed in-
ert gases for generation of VUV photons, as suggested
in [23, 24]. Such an emission was observed in liquid
xenon [25] in the form of a broad line near the cen-
tral wavelength of 175 nm when electrons were drifted
from a cold field-emission cathode at moderate electric
field strengths. Generation of VUV photons in solid
xenon was achieved in experiments [26, 27]. As fol-
lows from the above analysis, the energy distribution

function of the excess electrons is zero at electron en-
ergies above the excitation threshold, and hence the
direct ionization of atoms by electron impact is impos-
sible in condensed inert gases. In addition, the number
density of the excess electrons is relatively small, and
stepwise ionization does not proceed in condensed in-
ert gases. Therefore, to support a discharge, ionization
processes are required outside a condensed inert gas. In
particular, within the framework of the experimental
scheme in [26, 27], a photocathode is placed near solid
xenon, and secondary electrons are formed as a result
of absorption of VUV photons by the photocathode. A
gap filled with a gaseous xenon allows one to avoid the
self-diffusion effect that decreases the probability of the
electron entering a media in the case of a direct contact
of the photocathode with condensed matter by several
orders of magnitude [60]. In solid xenon of 1 mm thick-
ness at the electric tension of 1 kV, approximately 20
photons may be formed per one electron. As a result,
a self-maintaining discharge is created in this scheme.

We now make some evaluations for this scheme with
a layer of condensed xenon and a layer of gaseous xenon
that are governed separately because of using a grid.
For definiteness, we take xenon at the triple point, such
that the temperature is equal to 163 K and the pres-
sure of gaseous xenon is 0.8 atm, which corresponds
to the number density of xenon atoms approximately
4-10' cm~3. Taking the characteristic energy in lig-
uid xenon about 3 eV, which provides the efficiency
of conversion of the electric energy into VUV radiation
about 20 %, we obtain the electric field strength for lig-
uid xenon approximately 100 V/cm. After passing the
liquid layer, each electron creates 5 VUV photons per
1 cm of its way. The drift velocity of electrons in lig-
uid xenon is 2-10° cm /s under these conditions. In the
gaseous layer, the average energy 2 eV is attained at the
reduced electric field strength E/N = 1 Td [54], which
corresponds to 400 V/cm. We note that the number &
of forming electrons per electron in a condensed inert

gas is equal to
__YEI

- Ae’
where [ is the layer thickness. Therefore, it is prof-
itable to increase the electric field strength in a layer of
a condensed inert gas. This is not valid for a gaseous
layer, because along with excitation processes, direct
ionization of atoms by electron impact proceeds, which
restricts both the layer thickness and the electric field
strength. The total electric current density is limited
by heat transport processes, and this value is measured
in pA/cm?.

On the basis of the experience of experimental

k (31)
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study [25-27] and from the above analysis, one can sim-
plify the scheme of a self-maintaining electric discharge
in a condensed inert gas and improve the discharge pa-
rameters if the electric discharge is a generator of VUV
radiation. First, a CsI photocathode is useful for this
goal, because its efficiency for the electron emission is
almost 3 orders of magnitude higher at A = 172 nm
than that for a zinc photocathode [60] that was used in
experiments [26, 27]. Second, it is convenient to apply
an alternating voltage to a layer from condensed inert
gases. In this manner, using a suitable frequency of the
electric field (f ~ 1 MHz), one can increase the path
that an electron passes in a layer. As a result, in a
layer of a thickness of several mm, an electron passes
the path of several meters. Next, because of the in-
crease of the electron lifetime in a discharge, stepwise
ionization processes may be important, increasing the
electron number density. This allows improving the
parameters of a self-maintaining electric discharge.

6. CONCLUSIONS

High electron mobility is observed in heavy con-
densed inert gases (Ar, Kr, Xe) in a narrow range of
atomic densities. A widespread explanation of this ef-
fect [17-21] by the Ramsauer effect in the electron scat-
tering on an individual atom is not correct because of a
large distance of the electron—-atom scattering in com-
parison with the distance between neighboring atoms
at these atomic densities. We have shown that the na-
ture of high electron mobility is connected with the
transition from an attracting interaction potential to a
repulsing one between an excess electron and the atom
ensemble. High electron mobility is accompanied by
weak electron interaction with atoms of a condensed
inert gas, which allows us to use the gaseous model for
electron scattering inside this system. In reality, elec-
tron scattering in condensed inert gases is not reduced
to scattering on individual cores, i.e., collective effects
are important in these processes. Therefore, a quanti-
tative description is used in experimental results, and
the parameters corresponding to the electron mobility
maximum do not admit a similarity law for different in-
ert gases. In addition, the analysis of electron kinetics
in condensed inert gases in external fields shows that
processes of formation of autodetaching states lead to
a decrease of the electron energy distribution function
with the increase of the electron energy. Nevertheless,
formation of autodetaching states may be not essential
for the transformation of the electric field energy into
vacuum ultraviolet radiation if a condensed inert gas is
transparent for the electron drift.

The results of this analysis can be used for creation

of a self-maintaining electric discharge in condensed
inert gases as a generator of ultraviolet radiation.
The basis of this is the existing versions of such a
discharge [25-27] together with the above analysis of
the nature of processes involving electrons. This allows
us to make the next step to construct a new version
of the self-maintaining electric discharge in condensed
inert gases.
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dation for Basic Research (grants Ne04-03-32684 and
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