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Abstract. The Sena effect relates to the transport of atomic ions
in a parent gas, when this transport results from the resonant
charge exchange process involving ions and atoms. The physics
of this process and its role in a gas discharge plasma are
analyzed briefly.

In connection with the 100-year jubilee of the birth of Lev
Aronovich Sena on 28 December 2007, I would like to return
to an elegant effect known as the Sena effect. This effect
relates to plasma transport as a whole. Let us consider a low-
temperature plasma, i.e., a gas consisting of atoms or
molecules with a small concentration of electrons and ions,
and this plasma is quasineutral, i.e., the number densities of
electrons and ions are equal. Violation of plasma quasineu-
trality leads to induction of a strong electric field that returns
the plasma to quasineutrality. If electrons and ions are
located in a restricted volume, they tend to occupy all the
space. Plasma transport proceeds in a specific way, so that the
electrons, as a more mobile plasma component, will pass
ahead of the ions, and the electric field that arises will retard
electrons, so that the plasma will propagate as a whole in a
surrounding space with an ion velocity. This process of
ambipolar diffusion determines propagation of a plasma at
its boundary. In particular, in a gaseous discharge this plasma
transport is realized in the cathode layer and on the walls of
the positive column of gas discharge, where ambipolar
diffusion is responsible for the ionization balance in this gas
discharge plasma.

Thus, the velocity of propagation of a low-temperature
plasma as a whole is determined by the rate of ion transport in
a gas, and we now examine the character of ion transport in a
gas as a result of collisions between ions and atoms
(molecules) of the gas. There are two types of collisions
between ions and atoms or molecules: elastic ion—atom
scattering through a large angle, and the resonant charge
exchange process, as takes place, for example, in an inert gas
with atomic ions. In the latter case, electron transfer from one
atomic core to another is possible while moving along straight
trajectories of the colliding ion and atom, as shown in Fig. 1.
The Sena effect refers to charge transfer as a result of electron
transition between two colliding atoms and ions moving
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Figure 1. The Sena effect: the character of ion —atom scattering as a result
of electron transfer from one core to another in the absence of elastic ion—
atom scattering.

without changing the trajectories of colliding particles,
which turns out to be equivalent to ion scattering.

This understanding of ion scattering in a gas may be
expressed in formulas which link the measurable ion para-
meters. The measure of ion scattering is the ion mean free
path Ain a gas, i.e., a distance passed by an ion without charge
exchange. This quantity is connected with the cross section of
resonant charge exchange o, by the relationship 1=
1/(Noyes), where N is the atom (molecule) number density.
If atomic or molecular ions are moving in a parent gas in an
electric field of strength E, they acquire from the electric field
an energy of the order of eEZ between sequential acts of
charge exchange, where e is the ion charge. We consider the
field to be strong if the acquired energy exceeds the atomic
thermal energy, and will follow L A Sena to determine the ion
energy distribution function in this limiting case. Taking as an
initial time ¢ = 0, the moment of a given charge exchange
event, we have for the ion velocity v = eEt/m at time ¢, where
m is the ion mass. We assume the atoms to be motionless, i.e.,
the ion is stopped at ¢ = 0, and the next charge exchange act
does not proceed up to time 7. Let us define the probability
P(¢) that charge exchange is absent at the time . Evidently,
this quantity satisfies the equation of the radioactive decay
type:

dp v
dt 2

and its solution is given by

1
P=exp <—J Y dt'>.
oA

Since the ion velocity v in the field direction is linked
unambiguously with time ¢ after the previous charge
exchange event, the ion velocity distribution function f(v)
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satisfies the relation f(v)dv = Pdr and is given by

X mv?
f(v) = Cexp <—m>, v>0,

where C is the normalization factor, and we assumed that the
ion mean free path (or the cross section of resonant charge
exchange) is independent of the collision velocity. This leads
to the following expressions for the ion drift velocity w; and
the ion average energy &:

2eEA _ mv? eE/
W= (o) = wm - T \N2/)7 2"

In particular, from this it follows that the ion mobility K,
which is defined as the ratio of the ion drift velocity to the
electric field strength: K = w;/E, depends on the electric field
strength as £~1/2, i.e., the ion mobility is not constant. As is
seen, a simple idea leads us to simple formulas for
measurable quantities. Returning to real cases, note that
the contribution of elastic scattering of atomic ions in inert
gases to the ion mobility at room temperature in a weak
electric field is about 10%. An increase in the gas
temperature or the electric field strength results in a
decrease in this contribution.

The significance of the Sena effect is also such that the
cross section of resonant charge exchange replaces the cross
section of elastic scattering in transport phenomena, when the
particle transport is determined by elastic collisions. In the
latter case, the diffusion coefficient or the mobility of ionsin a
gas is expressed through the diffusion cross section ¢* of
elastic scattering that is defined as ¢* = [(1 — cos ) da(¥),
where ¥ is the scattering angle. If charge exchange proceeds
without elastic scattering, the ion—atom scattering angle
equals ¢ = m in the center-of-mass system, which leads to
the following relation between the diffusion cross section of
ion—atom scattering and the cross section of resonant charge
exchange [1]: ¢* = 201s. One can use this replacement in
formulas for the ion transport coefficients in a gas if these
formulas account for elastic ion —atom scattering.

At first, L A Sena called the above mechanism of ion
transport as the relay charge transfer [2—4]. Along with this
mechanism, he gave an obvious method to evaluate the cross
section of resonant charge exchange [2] that is suitable, as it
turned out subsequently, in the case of participation of
excited atoms in this process. Indeed, let us consider a slow
ion—atom collision, when the relative collision velocity is
small compared to the electron velocity in an atomic orbit. We
introduce an ion—atom distance Ry at which the potential
barrier for the electron residing between two atomic cores
disappears. Since for the impact collision parameters below
Ry the average probability of a valence electron remaining
with its core or transferring to the other core is 1/2, the cross
section of resonant charge exchange is equal to

T
2
Ores :ER() .

Assuming the electron interaction with each atomic core to be
the Coulomb one, we find the ion—atom distance R = Ry at
which the potential barrier separating electric fields of the
cores disappears (see Fig. 2):

Figure 2. Character of electron transfer from the field of one atomic core to
the other one: / — tunnel or subbarrier transition, 2 — over-barrier
transition.

Here ry, r, are the electron distances from the first and second
cores, R is the distance between cores, and J is the atomic
ionization potential. From this follows that the cross section
of resonant charge exchange in the limit of small collision
velocities and low atomic ionization potential corresponding
to the transition of a classical electron is expressed as [2]

Imet

Ores = 2—JZ .

It is appropriate to give here the expression for the
probability of resonant charge exchange in the quantum
case. As seen from Fig. 2, the ion—atom system is character-
ized by the symmetry plane that is perpendicular to the axis
joining the nuclei and bisects it. Correspondingly, the
eigenstates of the system of interacting ions and atoms are
divided into even and odd in accordance with the property of
the wave functions y,,, ,, of these states to conserve or change
the sign as a result of reflection with respect to the symmetry
plane. At large ion—atom distances, when the valence
electron is located in the field of the first core, the wave
function v, of this system has the form

1 1
l/’lzﬁl//g+ﬁl//u'

From this we can determine the wave function ¥(¢) of the
ion—atom system if the ion—atom distance R(¢) varies
according to a certain law:

Y(1) = \/LE Y, exp (—i J;C %)

1 Y e(R)dl
+ E lpu exXp <_1 J—oo T) ’

where &,(R), &,(R) are the energies of the given states. From
this we have for the probability of resonant charge exchange

[5]:
[eg(R) — su(R)} de’
27 ’

P = (¥ (o0)(00))|” = smzr

—00
and, correspondingly, the cross section of resonant charge
exchange is given by

> [eg(R) — &u(R)] dt’

oo 2h '

Ores = J 2npdp sin2J
0
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As is seen, the resonant charge exchange process is inter-
ference in character, i.e., electron transitions between
eigenstates of the system are absent, but the phase shift for
eigenstates leads to changing the resultant state of the
system.

The above concepts and results are fundamental for the
physics of atomic collisions and gas discharge plasma, but at
that time these findings were not accepted by Western
scientists who had understood the role of resonant charge
exchange in atomic processes earlier. The basis of the
contemporary physics of atomic collisions was created by
the English physical school that was guided by processes in
the upper atmosphere of the Earth and astrophysics. In
particular, we can emphasize the first fundamental book on
the theory of atomic collisions [6]. Probably, the paper [7]
reported on the first theoretical study of the resonant charge
exchange process where both the electrons and nuclei were
considered within the framework of quantum mechanics.
This consideration leads to cumbersome formulas for the
parameters of the resonant charge exchange process, which
are not reproducible here, and the realization of these
formulas requires an additional assumption about ion-—
atom interaction.

In order to understand the possibility of a classical
description of nuclear motion in the resonant charge
exchange process, it is necessary to check the classical
criterion under real conditions. For this goal we evaluate a
number of collision momenta which determine the cross
section of resonant charge exchange in the hydrogen and
helium cases at the ion—atom collision energy of 0.03 eV in
the center-of-mass system, corresponding to room tempera-
ture. Assume that at the collision momenta / </, the
probability of charge exchange is equal to 1/2, and at
collision momenta /> /[y this probability is zero. Using
values of the cross section of resonant charge exchange at an
indicated collision energy, we find within the framework of
this model that /y =24 for charge exchange involving a
proton and hydrogen atom, and /y = 36 in the case of charge
exchange with the participation of the helium ion and atom.
As is seen, the classical consideration for nuclear motion is
valid at an indicated collision energy. Correspondingly, the
Sena effect is suitable for the analysis of ion transport
processes in a parent gas at such collision energies. Since /
grows with an increase in an ion mass and collision energies,
the classical description of nuclear motion holds true for
heavier nuclei and higher collision energies.

Thus, both the Sena effect and concomitant methods of
evaluation of the cross sections of resonant charge exchange,
taking into account the classical character of nuclear motion,
on the one hand, are clear and exhibit the physical peculia-
rities of the process, and, on the other hand, allow one to
determine the numerical parameters of the processes under
certain conditions. Therefore, all this possessed an important
place both in the physics of atomic collisions and in the
physics of gas discharge plasma.
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