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The excitation of atoms in slow encounters is studied. If the state of the system of colliding
atoms can be represented by a combination of many characteristic states of a quasi-molecule,
then excitation of the system will occur in a continuous way as a result of the mixing of newer
and newer states of the quasi-molecule and of variation in the statistical weight of the old
states. Here statistical theories yielding the mean characteristics of the collisions are ap-
plicable, since the excited electron behaves like a classical particle. A criterion which in-
dicates the occurrence of the above excitation mechanism is established for collisions in-

volving heavy atoms.

].. Let us examine the collision of heavy atoms
when their relative velocity is much less than the
velocity of the atomic electrons. If the probability
of excitation of the system is on the order of 1,
finding the probability of transition to a definite
state is a complicated mathematical problem,
since many states must be taken into account in
this case. However, the large number of states
essential to the calculation of the excitation prob-
ability of any given state makes it possible to use
a statistical approach in calculating the mean col-
lision characteristics.

The first attempt to do this was made by Russek
and Thomas,[ﬂ who suggested that the ionization
mechanism was the result of the ‘‘evaporation’’ of
electrons from the atoms that had been excited by
collision. Experimental parameters were used to
support this theory. Also of interest is Firsov’s
statistical theory of collisions, (2] the results of
which are in satisfactory agreement with experi-
mental data. This theory uses a statistical quasi-
molecule that consists of Thomas-Fermi atoms,
so that the electron motion is regarded as quasi-
classical. An electron transfers momentum from
one nucleus to another, crossing the equipotential
surface of equal action of the nuclei. The energy
thus lost by a nucleus is regarded as expended on
electron excitation.

The authors of both papers suggest that the ex-
citation of the atoms is to be assumed to occur
continuously, just as though the excited electrons
were classical and possessed a continuous energy
spectrum. In the present article this suggestion
is proved correct. In addition, the mechanism of
atomic excitation and ionization is discussed.

2. Let us expand the ¥-function of a system of
colliding atoms in terms of the eigenfunctions ¥y,
of a quasi-molecule (the quasi-molecule being a
system of the same atoms with nuclei at rest).
Thus

t

¥ =3 Crn () b exp (— iSE,,, ar, @)

where Epm is the eigenvalues of the states of the
quasi-molecule. We use a system of atomic units
where h = me = e? = 1. Substituting (1) into the
Schriédinger equation i8¥/8t = H¥, we obtain the
following system of equations for the coefficients £3]

Cr = ;(ait)mk Crm exp (itg(ok;,,dt’) , Ogm = Ep—En. (2)

Let us consider the case where the correlation
of two states
t

C,= (—gz-)m exp (igmm dt') C,,
t
C‘g = (—(%)21 exp (-— ig ml? dt') C,

is important in the system (2). The frequency w
of the transition from one state to another is
~ (8/8t)yy, and the transition is possible if the
phase in the exponent has no time to change within
the time 1/w, i.e., if (8/8t);3 R wy;. When this
condition is fulfilled, the state of the moving atoms
becomes a combination of the two quasi-molecular
characteristic states whose statistical weights co-
incide as to order of magnitude and vary in time.
Obviously, the situation is the same when there
is a correlation between many states. States k and
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m correlate if the relation (8/6t)km R wkm is
fulfilled. In this case the state of the moving atoms
becomes a superposition of a large number of
quasi-molecule states in which each of the states
is noticeably represented. Because of the trans-
lation of the nuclei there occurs an ‘‘intermixing?’
of newer and newer states of the quasi-molecule.
This causes a shift of the energy ‘‘center of grav-
ity’’ of the quasi-molecular states, and the shift
occurs continuously.

3. Thus, if the state of a system of colliding
atoms is the superposition of a large number of
characteristic quasi-molecular states, a statis-
tical model is applicable to the study of atomic
ionization. In this case the electrons behave like
classical particles (their mean energy changing
continuously ). This condition may be written as

AE> w0y, AE=V<{H?*) —(H)?, @)

where wj, is the excitation energy.

Now let us compute AE for the case of colli-
sions of heavy atoms. In a quasi-molecule com- -
posed of atoms an electron is generally situated
near one of the atoms. Therefore, all of space
breaks up into two regions, in each of which elec-
trons strongly interact with a corresponding nu-
cleus. [?] Accordingly, the electronic wave func-
tion & (in the single-electron approximation) can
be represented as

@ = [] Xe(| re — Ry|) + @& (|1 — Ry )] exp (Z ivkrk)
k k
== ‘{f [ y
exp (% tvkrk>

where Ry and R, are the coordinates of the nuclei,
rk and vk are the coordinate and mean velocity of
the k electron, and x and ¢ are the wave func-
tions of the electron in the field of one or the other
of the nuclei. For internal electrons one of these
functions is always zero. The Hamiltonian for the
electron system has the form

Pi P P
H=)>-= . iv.- 21y, O
; 5 Uyt Vi3R; + iv, oR;
. a4 . a
= H,+ A2 - iVa 5y

where v; and v, are the velocities of the nuclei,
ujpt is the interaction term which accounts for the
self interaction of the electrons as well as the in-
teractions between electrons and nuclei, and
ivi+9/8Ry + ivy+ 8/0R, represents the transla-
tional motion of the electrons together with the
nuclei.

Hence for the value of AE? we obtain the for-
mula
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AE? = (H®Y — CHY? = (¥ |H3| ¥y — ¥ |H,o | ¥)?
+ 2{<Xk] [(vl - vk) pk]2| Xk> + <(Pk “(v2 - vk) pk]2 l (Pk>}
k

Since H, and ¥ correspond to the stationary state
of the quasi-molecule, we have (¥ |H}|¥)

- (¥|Hy| ¥)? = 0. Averaging over the electron
momenta and making use of the fact that

1 1

1
L 1 ~ L
{ Pt (cos6) co0 deos 8= 4+ ol g~
A

we find that
AE? = ; [(V1 — Vi) <Xk lé‘ Xk>
q)k>:| .

It is evident that the internal electrons do not
contribute to AE2. Therefore, as R— = (R be-
ing the distance between the nuclei), when every
electron moves with a nucleus in whose field it is
entirely situated, we have AE2 = 0. The non-
stationarity of AE? is mostly due to electrons that
have ceased to be internal and hence undergo tran-
sitions from one atom to another but that have not
had time to become sufficiently excited, so that
their orbits are of the same order as the distance
between the nuclei. Excited electrons contribute
only slightly to AE?,

To evaluate AE? we use a classical model of
the quasi-molecule. Thus AE? = v? Z} Tk, where

k

3
2

+ (v — v <o,

Tk is the kinetic energy of the electrons that pene-
trate the effective range of one of the atoms with
the mean velocity of the other atom. Entering the
effective range of the other atom, an electron col-
lides inelastically with the electrons of this atom
until its mean velocity becomes equal to that of
the other electrons in this region. Since the mean
energy of the electrons in this region is main-
tained by the corresponding nucleus, the energy
received in this case by the electrons is taken
from the nuclei.

The electrons which transfer momentum from
one nucleus to another are situated within a nar-
row region whose size is on the order of the free
path length A ~ n~1/3 (n being the electron den-
sity ), hence

dE

AE* = {5 nasax =\ J-mas~\n f-as =<,

where S is the plane separating the action regions
of the atoms. Thus, for the model used AE?

~ dE/dt, which is in agreement with the uncer-
tainty principle. Applying Firsov’s results, 2] we
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obtain
AE? ~ 027" R, (4)

where Z = Z; + Z, (the nuclear charges Z; and
Z, are of the same order; in the region of interest
the Thomas-Fermi potential is x(x) ~ x~!, with
x = 1.13Z13R).

Nuclear separations for which Eq. (3) applies,
so that the electron excitation is continuous, are
obtained if the condition

> ((022% M—l)‘/. (5)

is satisfied (here we have taken the atomic inter-
action potential (4] y~ Z53R2 ~ uv? where u is
the mass of the incoming atom).

The excitation energy w of the quasi-molecule
is ordinarily less than the corresponding atomic
quantity, for when R is on the order of the atomic
dimensions, there is an abrupt rearrangement of
the electronic shells of the quasi-molecule. If the
state of the system corresponds from the very be-
ginning to the excited state of the quasi-molecule,
then the statistical ionization theory is applicable
up to the ionization threshold.

4. Thus, by applying (3) and (4) we find that when
heavy atoms collide, there is a rather wide range
of relative collision velocities, given by Eq. (5), or

oZMr<goLl (6)

(here R~ 1), in which the excitation occurs con-
tinuously because of the exchange of electrons with
different mean velocities. The continuity of the
excitation also makes it possible to describe the
ionization in the classical way.[1'2’5] The classi-
cal description becomes the correct one when the
quasi-molecular ground and excited states enter
into the state of the moving system with statistical
weights that have the same order of magnitude.
The mean excitation energy can be calculated di-
rectly from the adiabatic system of equations (2)
by assuming the electron spectrum to be continu-
ous and by introducing the probability of finding
an electron in the given energy interval.

In studying the excitation of colliding atoms it
is essential to establish how the experimentally
determined[®-8] inelastic energy loss is expended.
If an electron is sufficiently excited, then when
the dimensions of the electron orbits greatly ex-
ceed the distances between the nuclei, the value
of AE diminishes, and the probability that the
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electron will be in a given energy interval is de-
scribed by an equation of the diffusion type (just
as in the case of recombinationts]). Therefore,
the energy distribution of the ionized electrons
falls off sharply with increase in their energy.
This is in agreement with experimental data [10-13]
When the relative collision velocities are small,
autoionization may be important. This brings
about additional maxima in the energy distribu-
tion of the ionized electrons.

There is little probability of emission during
a collision. The typical period of emission 4]
when an electron passes to the ground state Tgnmig
~ w73 dyk | = w¥/c? is much longer than the
collision time Tgol]l ~ v~l, at least up to excita-
tion energies w ~ 10 . Thus, the inelastic en-
ergy loss is mostly expended on electron excita-
tion up to ionization.

In conclusion the author expresses his profound
gratitude to O. B. Firsov for his valuable com-
ments and unflagging interest in this paper.
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