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A new mechanism is proposed which leads to efficient change in the velocity of an excited atom,
namely, inelastic collisions. Along with the familiar mechanisms (resonance exchange by excitation,
radiation capture, and collisions with a small impact parameter), the present mechanism also leads in
a number of cases to a strong collision model. The effect of inelastic collisions on the velocity
distribution of excited atoms is analyzed within the framework of the strong collision model.
Stationary conditions, relaxation processes, and the spatially inhomogeneous problem are considered.
It is shown that in a number of cases the mechanism can yield an appreciable contribution to the

relaxation of the velocity distribution.

1. As is well known, the change in the velocity of
atoms in collisions can exert an appreciable effect on
the interaction of atoms with an electromagnetic field. (4
Numerous papers are now being devoted to this phenom-
enon, since it affects the spectral characteristics of
lasers, the competition of waves in ring-shaped and
linear gas lasers, the relation of the single-frequency
and multiple-frequency powers, the width of the spec-
trum generated and so on. For description of the velocity
change, a number of semiphenomenological models were
proposed in[H], among which the strong-collision model
has received special attention. According to this model,
the probability of observing an atom at a velocity v after
collision has the form of an equilibrium (Maxwellian)
distribution W(v), independently of the value of the veloc-
ity of the atom v’ before the collision. In other words,
the collision integral S, in the kinetic equation for the
distribution of atoms p,, (v) on the level m is taken in the
form

Sn=—Vmpm (V) +7, W (v)<p, (V') ),

@
where Yy and ?m are known as the departure and arrival

frequencies and (...) denotes integration over v’. The
existence of strong collisions and their effect on the
spectroscopic phenomena has been established reliably
by experiment in many cases (see, for example, L7y,

It has been shown that the model (1) satisfactorily des-
cribes resonant exchange of excitation, Le,e] dragging of
resonance radiation,[*’2°] and elastic collisions for the
case of small impact parameters.t™! At the same time,
the interpretation offered in[*#) of the experimental data
obtained in(®) for the 3s, — 2p, transition of Ne gives, as
it were, evidence of the existence of reasons other than
those given above for the significant change in the veloc-
ity of the excited atoms.

In this paper, we wish to draw attention to a series of
other processes which, in their effect on pj, (v), reduce
to the model (1). We are dealing with inelastic proces-
ses, which are usually described by only the first terms
in (1). However, for each inelastic process that "with-
draws' an atom from the level m, there exists an in-
verse process that '"brings'' an atom to the level m once
again, If in this case the atom "'arrives' with the
Maxwellian distribution of v, then Sy Will also have the
form (1). The problem is only whether the "arrival'
frequency vy, is large in comparison with the "depar-
ture" frequency vy, and under what conditions the
"arrival" will have a Maxwellian distribution. It is ob-
vious that 3m = vy, if the state j to which the atom is
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transferred from the level m decays to the same level
m chiefly because of collisions. The second part of the
problem —the v distribution of the "arrival'—will be dis-
cussed below.

We note that the effect described of inelastic proces-
ses on the relaxation of the velocities is entirely analog-
ous to the rotational-translational relaxation in mole-
cular gases. However, in the case of molecular systems,
the general considerations that have been set forth lose
their cogency, inasmuch as translational relaxation
takes place, as a rule, somewhat more rapidly than
rotational relaxation, i.e., for relaxation of the velocity
distribution, it is sufficient to take into account the elas-
tic collisions and there is no necessity of bringing in the
inelastic channels of velocity change. In the case of
atomic systems, as will be shown below, the relaxation
of the velocities through inelastic channels can play the
decisive role in many cases of practical interest.

2. We consider the simplest case—arrival along a
single inelastic channel under stationary conditions. The
set of equations needed by us has the form

Toupm (V) ==Y 0m (V) +qm (v) +, W (v)<p5,

)
®)

Fipi(v) =‘VimP;(V) +41(v) v, W (V) <Pm>-

Here qp, V), qj(v) and 'y, I are the excitation rates
and relaxation constants of the levels m, j, which do not
include the frequencies Vmij and Yim of the transitions

m — j and j — m. The quantities q,, 9j and ', Ty can
include, for example, spontaneous relaxation, elastic
scattering, transitions along other inelastic channels and
so on. The direct and inverse frequencies vp,; and vjp,
are connected by the usual relations:

EVim=8mVmiexp[—(E,—E;)/kT].

4)
We express (pj> from (3) and substitute in (2); then

Fmpm (V) ="VmiPm (V) +'ij” (V) <pm>+qm (v)y
Vim | Vim (5)
G (V=g (VW (gp.
Tav. 7 (V) =gn(vV)+W(v) v, a

Vmi=Vm;

The first two terms in the right side of Eq. (5) corre-
spond entirely to the strong-collision model (1). The
arrival frequency 'ij is always less than the departure
frequency Vmj because of the damping I‘j of the state j, v

along channels different from j — m, but in the case

Yim > Tj we have ij = Vpje The physical content of
the formula for Nij is obvious; after the inelastic pro-
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cess m — j, the atom returns in the subsequent collision

acts with probability u].m/(rj * Vi) and if the transition

j — m serves as the dominant process of decay of the
state j (i.e., if Yim > l"j), then ij = vpje BY itself,
this exchange is well known, but one usually considers
the total number of atoms on the level (pm) ; here the
inverse transitions are simply equivalent to a reduction
in the rate of relaxation for {pmy):

(Tt Vi =Fs) P> =<G-

(6)

It is important for us that the relaxation of the nonequili-
brium velocity distribution to the equilibrium distribu-

tion W(v) takes place at a rate I'p, + Vmj*

If there exist several inelastic channels with the sub-
sequent return of the atoms (to the initial state m) with
a Maxwellian distribution, then the collision integral
keeps the structure (1), but v, vy, are given by the

formulas
vam Y vm = B
m = mj Vm = miT T
U IR ™
J H

the physical meaning of which is clear from the discus-
sion of Egs. (5).

We now discuss the assumption of Maxwellian veloc-
ity distribution for the arrival case. For inelastic colli-
sions of atoms with hot electrons of a gas-discharge
plasma, a change in the velocity takes place, but it is
so small that the strong-collision model could be as-
sumed unconditionally (AV ~ Vemg/m ~ 0.1v[)), In
the case of collisions with "heavy' particles (atoms of
the gas itself or of a foreign gas; ions) and for the case
|Em — E;l S KT, this assumption is evidently valid. In
any case, if kT is several times AE = [E, — Ejl and the
inelastic transition m — j is also accompanied by signifi-
cant angular scattering (§ 2 1), then the strong-collision
model turns out to be quite adequate for the real situa-
tion. This qualitative conclusion follows from the general
properties of the kernel of the collision integral, [

The practically important process of quasiresonance
excitation exchange between atoms of different types is
described in the given scheme. In this case, by j we
mean the state of an atom of a different type to which the
excitation is transferred from the state m, and the colli-
sion frequencies Yims Vmj are determined by the concen-

trations of the "own'" (N) and "foreign' (n) gases:

V={oudn, v,=<c’u>N.

8)
In the given process, a completely different atom arrives
from the ground state to replace an p,,(v) atom and the
assumption of the Maxwellian character of the distribu-
tion for arrival in the case IEm - Ej | <KT is completely
reliable.

For direct transitions of the type A(m) + B — A(j)
+ B % AE, the condition 6 X 1 is satisfied if po S a.
Here po is the "point" of intersection of the terms of the
quasimolecule A + B corresponding to the initial and
final states of the colliding particles, 014 and a is the
radius of ''nonpenetration." For example, for the reac-
tion Ne(3s:z) + He — Ne(3ss3) + He + AE, we have oo
= 0(3s, — 3s3) S 1.3 x 107 ¢m?, 1%) whence po~ Voo/7
< 2.0 .&; from the data on diffusion of Ne in He
(0g ~ ma’= 2.5 x 107" em®L**)) we obtain a ~ (04/7
= 2.8 K, so that po < a. Inthis case, the angular scat-
tering will be significant (6 ~ 7), i.e., the strong-colli-

)1/2

415 Sov. Phys.-JETP, Vol. 39, No. 3, September 1974

sion model will describe satisfactorily the change in the
velocity in this process.

3. The case considered above illustrates graphically
the essence of the situation and the conditions under
which it is necessary to take into account the relaxation
of the velocities in inelastic channels., We now turn to
the more general problem: the conditions are not sta-
tionary and are not spatially homogeneous, and the
changes in the velocity are not necessarily described by
the strong-collision model. Inthe case of a single in-
elastic channel we have, in place of (2), (3):

a e
(S vV (v )= S5 = g (%, ) [ Bus(v, Wi (r,w, ),
©)

(5 uT1 ) 01,0, = 87 =g, 0.0+ [Br(,V)pa ey, Dav,
where S§§), S_(e) are the elastic-collision integrals., Let

F; (r, u, t; r’, u’, t') be the Green’s function of the left
side of the second of Eqs. (9); with the help of F]., the
first equation can be written down formally in the form

a . ;
(——+ vVJrF,,.) Om (0, v, 8) = Gm(r,v, )+ S 48,80,
at
_ (10)
Sin = =vupn(r, v, )+ [ AL (1wt V) a0,V ¢ ) dr V' d,

(i)
A, 60V ) = [ By (v W Fy w60 ', ) B (0, v ) du d
G (0%, ) =g (e, v )+ [ By (v, 0) P, 0, 50,0, ) (', ', ) du 't

Thus, in this general case too, successive acts of inelas-
tic transitions m — j, j — m lead to an "arrival term"

in the collision integral § ](21 its kernel A_(:I)l is deter-

mined by the changes in the velocity in the transitions
m —j, j —m (the factors By,;(v, u) and Bjm (4, v')) and,
in addition, by the elastic collisions experienced by the
atom in state j (the factor F; (*, u, t; r’, u, t')). A singu-

lar feature of the kernel Aj(ix)l that distinguishes its

structure from the kernel of the elastic-collision inte-
gral is its dependence on r, t; r’, t’, i.e., the space-time
nonlocalness of the "equivalent elastic collision' (in spite
of the impact approximation). Physically, this difference
is quite natural. In the case of elastic processes, the
change in the velocity takes place within the time of the
collision act 7, ~ 10*~10"" sec, and it is assumed in
the impact approximation that the conditions are constant
in the time 7 and over the interaction radius p ~ v 7.; as
a consequence of this, we have the space-time localness
of the kernel of the elastic-collision integral s(€). For
relaxation of the velocity over the inelastic channel, at
least two successive collision acts separated in time

and space, respectively, by the free path time and length:
Vi > Te, I~ V/vy > p must occur. The conditions can
change over these intervals, whence the above singular-
ity of the kernels A](;)I

We recall that in the case of dragging of resonance
radiation, two successive inelastic acts also take place—
the radiation of a photon and its absorption by another
atom. However, thanks to the large velocity of light,
these acts (under laboratory conditions) are separated
by a very small time interval and the collision integral
is usually taken to be local in time. As a rule, it is
necessary to take the spatial inhomogeneity into ac-
count.

4, We now analyze in more detail the features of the
evolution of the velocity distribution under spatially
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homogeneous conditions and for the case of instant
"turning on" of the excitation:

Gm(e,v, 1) = { an(v), >0, 1)

o, t<0.

The function q, (v) is not necessarily Maxwellian; it can
be arbitrarily nonequilibrium. To simplify the calcula-
tions, we assume the strong-collision model. Under the
conditions specified, it is more convenient to start not
from Eq. (10), but directly from the set of equations (9),
which we write down in the following form:

a
(5 Tt ¥ms) 0 (v, ) =via W (V) Wi (0) ¥ (9, 1), (12)

d d
(—d; + ri+v,-m) Ny () =vmVa(2), (E + Tty ) V=N +Q, a3)
Mo (8)=Con (¥, )3, Ny(8)=<05(¥, £, @ () =< (¥, )).

The analogous set of equations in the case of the "elastic
variant' of the strong-collision model has the form

[
(? Lt )0 (v, =T u W () Nt () 0 (3,2,

(i +T
dt
whence it is easy to obtain the result

N, () =Q.t[1—exp(—t/1)],
pm (v, t)=g.(v)T,[1—e~""] +0",W(V) T [.1 _ Tl_ et + T e"/‘t] i (1 5)
2 T

(14)

,,‘»)N,,,(t)=0m(t), Ty, —vn=1",

1= (L0 tv,) Y o=, /T, (Tt v,) =7, 11,

1t is seen from (15) that the stationary distribution over
v contains the terms proportional to q, (v) and W(v).

The first part is established (curve 1 in the figure) in the
time T1,, which serves as the "accumulation time' for
this part (the factor 7, for q (v)). The equilibrium part
is "accumulated" in a time 7, = 7 — 7;, and is established,
roughly speaking, in a time 7 + 7,: for small t < 7,, the
equilibrium part in py, (v, t) increases ~t% and then (in
the case of practical interest, 7 > 7,) approaches a
stationary value according to an exponential law, shifted
by the interval 7, (curves 3, 4 in the figure). The above
features of the evolution of py, (v, t) are quite under-
standable: the equilibrium part arises from the non-
equilibrium part (~q,, (v), for example, the Bennett
"peak") over the entire lifetime 7 of the atom on the
level, but is shifted in time by an amount 7, relative to
the growth curve of the total number Ny, (t) of particles
(curve 2). This evolution pattern, which is characteris-
tic for 1, < 7, is preserved qualitatively until 7, = 7/2
(to which corresponds vy, =7y, = '), when the equili-
brium part increases according to the law

[1 - exp(-t/7)]? (curve 5 in the figure).

We now turn our attention to the strong-collision
model in the "inelastic'' variant (Eqs. (12), (13)). Asin
(14), pp, (v, t) is found by a quadrature:

1
Pm (V) =g (V) Ti[1—e~" ]y, W (V) J'Nj(t')e-“-"’/'ldt’,
0

= (Tubvm) (16)
while the nonequilibrium part, as was to be expected, is
identical with that in (15). The equilibrium part is dif-
ferent as a consequence of the fact that is arises from
the transition j — m, and the integral in (16) contains

Nj {t), which does not change according to the simple ex-
ponential law (like Ny, (t) in (14), (15)): the ""double-act"
nature of the strong collisions leads to a set of equations
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t
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Curves illustrating the evolution of the velocity distribution in the
strong collision model after instantaneous starting (at t = 0) of the exci-
tation: curve 1 —function 1~e™/"1; 2—function 1—e¥/7; 3—function 1—
7e’V"1 /7, ; S—function (1—e%7)?; 7 = 57, for all curves.

of second order and the development follows the ‘‘double
exponential’’ law:

Vinj

N1t= m,
(O =Qmt" -

[ 1— M et A e—m‘l
A=A, A=Az !

—hal &—Fm’e_w]
A—he '

Mm—Tw’
—_—e
Mha

= ~ Vouil';
Iy'=t¢ =Ty +vu—v, =T, + -

N () =Q," [1 -

Dk (7

Trvin  Aha—To—vm; "

1
Tz = 7((I‘m+v;,,x+l‘)+vw)i
[ (Tt v+ 0, ) 2—4 (T, Ty +T0R) 14

Accordingly, pp, (v, t) evolves according to the more
complicated law
P (v, ) =gn (V)T {1—e"""]
1

, A=T = Vm; Twtvmi—hs
Qe W(v){i———,[ v m e—hf] 18
T L A (A—As) As (A —As) (18)
1 Tl r ’
-r—,e“"'}, T =1"—1, T=(Tutv,;) "
Tz

The term (7./73)e /71 i1 the curly brackets has a
complete analog in (15). But the expression in the square
brackets in (18) replaces the simple term (r/7:)e~t/7
from (15). The physical meaning of the damping con-
stants A;, A, will be different depending on the relation
between I'ny, Ty, Vjy and vpyj. BTy =T = T, then

A=T4+v, v, A,=T, (19)

i.e., the smaller of the roots X,,: characterizes the de-
cay time of the levels, and the larger the transitions be-
tween then. Here the evolution of the equilibrium part in
pm(v, t) is qualitatively the same as in the "elastic'
case (see the figure); the only difference is that for
small t, the increase takes place according to the t® (and
not t?) law and the exponential part of the development is
shifted not by 7, but approximately by 7, + 1/T.

Of practical interest is the case I'jy + Ymj > T
+ Vi (tis realized, for example, in a helium-neon mix-
ture in the case of the exchange He(2'S,) — Ne(3s:)). Here
we have

VimVm; I,

=T, %y, + . ha=Tyhv,,

r, (20)

]

m T Vinj Tntva

i.e., Ap characterizes the rate of decay of the longer-
lived state j with account of the decay from the state m
(cf. with f;n in (17)), and A, is practically identical with
71'. Even in this case, consequently, the general charac-
ter of the evolution of p, (v, t) is conveyed by the curves
shown in the figure, but A: characterizes the decay of
the state j and not m.
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To illustrate the evolution in the inelastic model, the
case I'; =I'p) = Vmg Vim = T ?s mstructwe; herae t.he
curly bracket in (18) goes over into [1 — exp(—Tt)]’, in
contrast with [1 — exp(-T't)]* for (15).

5. It should be clear from the previous sections that
a long lifetime Fj"‘ of the state that is the partner of (j)

adds to the effectiveness of the ""strong collisions along
the inelastic channel." For small T';, the spatial in-

homogeneity of the conditions (diffusion on the wall, for
example) can turn out to be significant, especially if we
are dealing with a metastable state. We now consider
this problem in more detail.

From the analogy between nonstationarity and the
spatial inhomogeneity, it is easy to perceive that the
Knudsen case corresponds to the region of small t
(N ~ t?)—the length of the path is much greater than the

minimal dimensions of the vessel. This case is com-~
paratively complicated for analysis (see, for example,
the solution of a similar problem in[*™) and does not ap-
pear frequently in spectroscopic practice at the present
time. We shall therefore not consider it here. The dif-
fusion approximation evidently corresponds to the region
of exponential growth in the figure—the free path length
is much less than the scale of the inhomogeneity. In this
case, consequently, one can expect that account of the
spatial inhomogeneity will reduce to redetermination of
the relaxation constants.

We now consider the very simple but most important
case in which it is necessary to consider the spatial dif-
fusion only of the state j (the metastable He (2'So) in the
He—Ne mixture). With the help of the standard method
we can obtain the following expression for pp,(r, V)

(a cylindrical vessel of radius R, r is the transverse
coordinate, zero boundary conditions, stationary prob-
lem):

ul %) =0, ) bW () Y, (wg Howw+rm—oe}
7 Iy @1)

T
F,’+v,m

sz 1
/=TAD =, =Totv,

T'=t—1, T,=(C,tv,;)""
Here Jo is a Bessel function of the first kind of order
zero, p; is its I-th root, Q) , Q! are coefficients of the

expansion of Q,, (r), Q. (r) in the Bessel functions
m ]

Jo(,ulr/R). It is seen from a comparison of (21) with (17),
(18) that each Bessel component of py, (r, v) has its own
effective times Tzl, -rl, the structure and meaning of
which are entirely analogous to what we have had ear-
lier.

Generalization to the case of many channels is ob-
vious—the effective frequencies of arrival and departure
are determined by the rule (7) with the replacement of
I‘j by FJ@., In the case of a single inelastic channel and

nonstationary conditions, the evolution of each Bessel
component in py, (r, v) will be determined by formulas
of the type (18) and in the expressions for All’z, which
are similar to (17), it is necessary to substitute rlin
place of 1"]4° )

6. As an example, we consider the 3s. state of neon,
for which we can point out five independent channels,
which lead to the strong collision model:
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Vi =VoF A motvi+vy+vg,

’, ’ ’

5 vy V2 Vs

Vu=VotAutv, 3 ; + v, " +vy e
[ty | P [yt

(22)

The terms vo, Ay, describe the resonance exchange of
excitation in the collisions of Ne(3sz) and Ne(lp) and
dragging of resonance radiation. The frequency v, corre-
sponds to the exchange Ne(3sz) = He(2'So), and the fre-
quencies vz, v3 to inelastic transitions of neon atoms
Ne(3sz) == Ne(3s;3) for the case of collisions with helium
and neon, respectively; v. are the frequencies of the in-

verse transitions; I';, I'; are the probabilities of damp-
ing of the states He(2'So) and Ne(3ss). According to
literature data (here and elsewhere, pNe and pye are in
Torr), Amo = 2.5 X 10" sec™*™®; vy =1.68 71° AN

= 0.40 X 107 pyesec™ 18197,

At the present time, an estimate can be made very
simply of the role of inelastic collisions with helium. In
accord with(*), v = 0.2 x 10" pysec™. Then, using (4),
we get, at T = 300°K, v, = 0.4 x 107 pgesec™. Since
I'; < vi under typical laser conditions, we have 7, ~ 1,
~ 0.4 x 10" pyesec™. Consequently, the contribution to
""'strong collisions' due to exchange of excitation with
helium significantly exceeds vo (since pyo > Pye) and at
high helium pressures approaches the maximum contri-
bution A, o that can be contributed by dragging of reson-
ance radiation (the case of complete dragging in a spa-
tially homogeneous field).

Literature data[*®) indicate that v, is close to vy in
magnitude. Setting v, ~ 0.4 x 107 pyesec™, we have
vs ~ 1.2 x 10" pyosec™; inasmuch as T,

= 6 x 10° sec™, (%) at a pressure Pge ~ 2 Torr, we
already get vz > 'z and D2 ~ vz,

In addition to the three inelastic channels shown in
(22), other such channels can be considered.

Thus, for high mixture pressures, processes in colli-
sions with neon and helium can play a significant (and
under certain conditions-decisive) role in the relaxation
of the velocity distribution according to the "strong
collision'' model, and should be taken into account along
with the processes which were considered earlier. Here
there is an opportunity to gain understanding of the rea-
sons for certain phenomena that were not previously
clear. As an example, we point to the work of Smith, [
who_reached the conclusion that the experimental data
of ' for the transition 3s: — 2p4 of neon in a mixture
with helium cannot be explained solely by radiation
dragging from the level 3s,, and that one must assume
the existence of other ''strong collision" mechanisms,
the frequency of which-increases with increasing Phe: In
our opinion, such a mechanism may be the redistribution
of the velocities as a result of inelastic collisions, as
was pointed out above.

It is interesting to note that the process of transfer
of the excitation from neon to helium and back does not
fit completely into the framework of the usual "'strong-
collision' model. The fact is that the transfer of energy
from the metastable 2'S, atoms of helium to the neon
atoms takes place with an energy deficit, as a conse-
quence of which the excited neon atoms are "cooled."
The indicated effect can explain the incomplete agree-
ment of the experimental data for the mixture of neon
with helium (pointed out int®)) with the results of a
calculation according to the strong collision model: the
edge of the Doppler background turned out to be lower
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than follows from calculation. At the same time, meas-
urements with pure neon® gave significantly better agree-
ment,
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