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An analysis is made of the ionization of a gas in the field of a resonant electromagnetic wave and of the
propagation of this wave accompanied by such ionization. Formation of a plasma is found to be due to initial
associative processes and due to the subsequent effects of electrons which acquire energy by superelastic
collisions with excited atoms. The change in the law of propagation is due to a reduction in the density of the
absorbing particles and an increase in the probability of quenching of the excited atoms.

PACS numbers: 52.35.Hr, 52.40.Db, 52.20.Fs, 51.50. + v

§1. INTRODUCTION

High-power resonant radiation interacting with a me-
dium causes saturation in which the populations of the
ground %, and excited n, states are linked by!

n.Rg.n/g., (l )

where g are the statistical weights of the levels in-
volved. Bleaching of a gas and emission of radiation
of intensity I, traveling a distance L is observed in this
saturation; the distance can be found from the energy
balance?

o (14 8L

L= (1+ 43 )AZLnI(O) ’ (2)
where A, is the probability of spontaneous decay and
n,(0) is the initial concentration of the atoms.

We shall consider propagation of resonant radia-
tion which is accompanied by the ionization of a gas.
A plasma is formed because electrons colliding super-
elastically with excited atoms acquire an energy which
is dissipated subsequently in the excitation, ionization,
and heating of the gas. Formation of the primary elec-
trons may be due to, in particular, associative pro-
cesses. Transition of the gas to the plasma state re-
duces the number of absorbing particles, but increases
the probability of quenching of excited atoms by electron
impact. Predominance of the first process results in
additional bleaching of the gas, whereas in the case of
the latter process a darkening of the gas can be expec-
ted.

§2. TRANSPORT EQUATION FOR ELECTRONS AND
GAS IONIZATION

An electron in the field of an electromagnetic wave
acquires energy as a result of inverse bremsstrahlung
or because of the absorption of photons by atoms and
subsequent electron quenching of these atoms. The
second process predominates in a weak resonant field.?
Let n(g, t) describes the distribution, at a moment ¢, of
the energy of electrons which acquire energy by super-
elastic collisions of frequency v,; and excite a resonant
level at a frequency v,,. The transport equation for
electrons is

dn(e,t)
at

={vu(e—E)n(e—E,t)—v, (e)n(e, t)

vmen(e,t)+Q. (3)

—via(e)n(e,t) tvia(e+E)n(etE, t)}—";; znr!n
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The term @ is associated with the ionization and re-
combination processes; E =7w is the photon energy;
v,, is the frequency of elastic collisions; m and M are
the masses of an electron and an atom.

We shall solve Eq. (3) using a method suggested by
Zel’dovich and Raizer.? We shall assume that Zw/e<<1,
and we shall expand in terms of this small parameter.
To within terms of the second order of smallness, we
find from Eq. (3) that

6n(e,t)=_i+0 i=—D on(e,t)

at de ot +n(e, t) (a—u.), (4)

D=17E2[VZA(E)+VI2(5) ]7

(5)

dD
u=E[v,(e) —vi:(e) ]_——de , Ue=—2mvne/M.

We shall assume that resonant radiation saturates a
transition in atoms. We shall apply the principle of
detailed equilibrium which determines the relationship
between the cross sections for the excitation and quenc-
ing of atoms by electron impact®:

g:€02(e) =gi[e+E oy (e +E). (6)
Then, we obtain
va(e) =[(e+E)/e]"v,(e+E). (7

Applying Eq. (7) and expanding in Eq. (5) in terms of
the small parameter, we find that

D=E*,(¢), u=D(e)/2e. (8)

We shall now discuss a situation in which the main
channel for the electron energy losses is in the form
of elastic collisions. Then, the solution of Eq. (4)
under steady-state conditions is

" € "
(2m)"mg, Ve de}, ©)

UA
n(e)=ce eXP{ ME*g.n,(0) . 024 ()

where c is the normalization constant. If the integrand
is independent of the electron energy and equal to ¢’,
we obtain the Maxwellian energy distribution of elec-
trons with a temperature

T.=MEg:n,(0)/g,(2m) "mc’k, (10)

where k is the Boltzmann constant. If the electron
energy is expended almost entirely in heating the gas,
it becomes weakly ionized, so that we shall consider
the opposite situation when the the energy losses are
due to the excitation and ionization of the gas.
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We shall consider a model of a three-level atom with
ground, resonant, and ionized states. Bearing in mind
that the time for the establishment of the electron energy
distribution is much less than the ionization time, we
shall represent the function n(g, ¢) in the form

n(e, t)=n(e)n(t) (11)

and we shall subject n(g) to the normalization conditions
jn(e)de=1. (12)

Then, n(t) describes the density of electrons and ions
since the creation of doubly charged ions will be ig-
nored. We shall consider a gas of low densty and as-
sume that the loss of charged particles occurs inside
the volume under consideration because of radiative
recombination with a coefficient . Consequently, we
find that

0=—an(e)n*(1). (13)

The process of ionization of a gas at a frequency v;
will be allowed for by postulating an intense “sink’*
in the energy range e=I,, where I, is slightly greater
than the ionization potential of an atom which is initi-
ally in an excited state. Bearing in mind that the pop-
ulation of the resonance level is high, we shall ignore
direct ionization. We can now describe the ionization
process by

dn(t)
dt

=vn(t)—an(t). (14)

The energy spectrum of electrons subject to Eqs. (3),
(11), and (14) is found from

v‘n(e)-f-% (—D dr;ie) +un(e) )=0 ) (15)
and the relevant boundary conditions

n(l,) =0, (16)

7(0)=2j (1), 17

which describes the presence of a concentrated sink
and creation of slow electrons associated with the ioni-
zation process.

We shall' model the excitation cross section of a reso-
nant level by

0, e<E

Oule) ={ ci(e—E)", e>E. (18)
We then obtain from Eq. (8)
D=E*n.c,(2/m)", u=En,c,/(2m)". (19)
In this case the solution of Eq. (15) has the form
n(e)=c,sh[248(1—(e/1,)") ], (20)
"
vi=Sn,, S~12¢, (%) E%— (21)

The constant c, is found from the normalization condi-
tion (12).

The evolution of the electron density subject to allow-
ance for strong ionization is found from Eq. (14) and
is of the form
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n.(0)
n,(0)

n(£)=n4 (0) exp [n, (O)S’t]{i_v (1+—;,—) [M—exp(n: (0)S'8) ] } -

(22)
§'=g.8/(g:t+g.), (23)

where 7,(0) is the initial electron density. The steady-
state value of the electron density is

n () =ny(0)§'H{S'+a), (24)

and the condition for the conservation of the number of
particles is

n(e)+n,+n,=n,(0). (25)

We shall apply this approach to atoms with a distribu-
ted system of energy levels (Li, Na, K, Rb, Cs, Mg,
Ca, Ba, etc.). We shall obtain specific estimates for
the Cs vapor excited by radiation of the A =894.3 nm
wavelength, which is characterized by E/I,~0.3. Em-
ploying the experimental results of Refs. 6 and 7, we
obtain @ ®4X107° cm3/sec and S~4x 107 cm?/sec.
Primary electrons are formed by the process of as-
sociative ionization, whose cross section is 6x1078
cm? (Ref. 8). The predominant role of the electron
impact in the gas ionization begins from n,(0)=107%,(0).
The steady-state electron density is n(«)=0.999#%,(0).
This possibility of ionization of the gas has already
been pointed out in Ref. 9. We shall consider only
qualitatively the atoms with a system of levels concen-
trated near the ionization potential. The ionization fre-
quency can be estimated from

1 Ae
Wl vl (26)

A
7% ~E[vyy (I—E) —via (1) ). 217

Using Eqgs. (7) and (19), we obtain from Eq. (26) the
expression
vi=(2/m)"c,E. (28)

This expression is similar to Eq. (21), because in this
case we have E ~I, and its physical meaning is that all
the energy acquired by an electron is lost in the exci-

tation and ionization of the gas.

§3. PROPAGATION OF RADIATION

Ionization of a gas reduces the number of atoms and
increases the probability of quenching of the excited
state. This alters the character of the propagation of
radiation. We shall write down the radiative transfer
equation for the steady-state conditions:

al
F=I(0u'nz—0|z'ni)» (29)

where I is the radiation intensity (photons-cm™-sec™)
and o}, and o, are the absorption and stimulated emis-
sion cross sections. The populations of the excited and
normal states are related by the following expression
which allows for collisional and radiative processes:

n, n(e)K,+o,,'1

T onT4n (o) Knt A (30)

Ki= [ va(e)n(e)de. (31)

0

In writing down Eq. (30) an allowance has been made for
the fact that in the case of cesium the probability of ion-
ization obeys S «<K,,, i.e., it is less than the probability
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of superelastic collisions.

Bearing in mind Eqs. (25) and (30), we find that under
saturation conditions the radiative transfer equation (29)
can be written in the form

=) L) (K- Eoka) | (32)

The first factor on the right-hand side of Eq. (32)
represents the reduction in the number of atoms due
to ionization, and the second term describes the effec-
tive probability of quenching of the excited state. If
n(=)=0, Eq. (30) describes the usual bleaching of a
medium over a distance given by Eq. (2). The coeffi-
cient

A= (i- 250 ) (143 200) g

allows for the change in the absorption law and the new
bleaching length L’ is given by
L'=L/R. (34)

n,(0) (8:K,—gK )

gZAZl (33)

For
R<{, L'>L (35)

we can expect additional bleaching of a gas. If the op-
posite inequalities are obeyed, the medium becomes
darker. The condition for the ionization bleaching (35)
has a clear physical meaning:

n,(0) (g:Kz—g,K2) _
2:4,, a 1n,(0) —n (o) '

In the case of additional bleaching the increase in the
probability of the quenching collisions should be more
than compensated by the reduction in the number of
absorbing particles. The ionization state has a large
statistical weight and is in a sense metastable since
the probability of its decay governed by the radiative
recombination is low. Consequently, in this state the
particles coalesce and this reduces the absorption of
the resonant radiation. In the case of cesium with
n,(0)=10" cm™ we have R= 1073,

- S’ +a n,(0) (36)

We shall now consider the transient process. During
the first stage the radiation excites the gas and equal-
izes the populations of the linked levels. Then, asso-
ciative processes create primary electrons whose en-
ergy spectrum is established rapidly and has a quasi-
steady form throughout the whole process. Gas is
ionized and if R <1 the ionization occurs throughout the
process, which is followed by additional bleaching and
further propagation of the radiation. The velocity of
propagation of the ionization-bleached zone can be esti-
mated from

v~L/t, =[5 (n,(0)) 17 In [n,(0)/n.(0)], (37)

where 7 is the characteristic ionization time. The pro-
cess of ionization is governed by electron impact be-
cause the initial associative processes take much less
time. If I,="7.5X10% photons-cm™. sec™, #,(0)=10"*
cm™3, and other parameters are as given above, we find
that v~3%10° em/sec.

In the situation when 8 < 1 we find that R <1 through-
out the ionization process and the medium becomes
bleached. If 8<1, the medium first darkens to the
value
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FIG. 1.
!
a,/r (0}
N
n.(t)= % n(0), (38)
when R reaches its maximum value
R=(p+1)%/4p, (39)
which is followed by a fall of R to
R'=alat (B+1)S']1/(S"+a)?, (40)

and if R*<1, the medium is ionization-bleached, Fig-
ure 1 shows the behavior of R for different values of 8.

We must point out once again that the possibility of
ionization bleaching demonstrated in this paper is due to
a change in the aggregate state of the medium during
illumination. This situation must be allowed for in in-
vestigations of the interaction of resonant radiation with
the gases, particularly under steady-state conditions.
A similar effect appears also when the loss of charged
particles is due to diffusion processes. A three-level
model of an atom used in our analysis is subject only
to quantitative restrictions, because in real situations
a multistage process has not only an undesirable influ-
ence resulting from additional radiative losses but it
also increases the ionization coefficient.

Calculations carried out in the approximation of the
Maxwellian distribution of the electron energy also
demonstrate the possibility of appearance of the ioni-
zation bleaching in the absence of saturation. This
effect reduces the energy losses in the process of pro-
pagation and can be used for more effective transfer
of the radiation energy.

1A. Allen and J. H. Eberly, Optical Resonance and Two-Level
Atoms, Wiley, New York, 1975 (Russ. Transl., Mir, M.,
1978).

2P, G. Kryukov and V. S. Letokhov, Usp. Fiz. Nauk 99, 169
(1969) [Sov. Phys. Usp. 12, 641 (1970)].

3V. A. Kas’yanov and A. N. Starostin, Zh. Eksp. Teor. Fiz. 76,
944 (1979)[Sov. Phys. JETP 49, 476 (1979)].

4ya. B. Zel’dovich and Yu. P. Raizer, Zh. Eksp. Teor. Fiz.
47, 1150 (1964) [Sov. Phys. JETP 20, 704 (1965)] .

SE. M. Lifshitz and L. P. Pitaevskii, Fizicheskaya kinetika,
Nauka, M., 1979 (Physical Kinetics, Pergamon Press, Ox-
ford, 1981).

®H. S. W. Massey and E. H. S. Burhop, Electronic and Tonic
Impact Phenomena, Clarendon Press, 1952 (Russ. Transl.,
IIL, M., .1958).

'J. F. Nolan and A. V. Phelps, Phys. Rev. 140, A792 (1965).

8Yu. P. Korchevo‘il, Zh. Eksp. Teor. Fiz. 75, 1231 (1978)
[Sov. Phys. JETP 48, 620 (1978)] .

9N. Ya. Shaparev, Tezisy dokladov IV Vsesoyuzono‘i' konferent-
sii po kogerentnoi optike (Abstracts of Papers presented at
Fourth All-Union Conf. on Coherent and Nonlinear Optics),
Part 2, 1978, p. 4.

Translated by A. Tybulewicz

N. Ya. Shaparev 489



