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The cross section for photon absorption in collisions of alkali-metal atoms is calculated. This process is
connected with a transition between electronic levels of the quasimolecule made up of the atoms. Its
mechanism, which is due to the formation of quasibound states of the colliding atoms, is considered. An
expression is obtained for the coefficient of absorption of gas or vapor as a result of this process as a
function of the frequency of the absorbed photon. Actual calculations are carried out for the collisions of
alkali-metal atoms that result in the formation of resonantly excited atoms and electron-excited molecules.
The measurement of the absorption coefficient of gas, vapor, or plasma as a result of absorption of the
radiation in the collisions of atoms can become a convenient method for the determination of the potential

curves of the quasimolecules.

PACS numbers: 31.70.Fn, 34.20.Be

We consider in this paper the absorption of photons
in collisions between atoms. We calculated the absorp-
tion coefficients for alkali-metal atomic collisions of

the type
A+ B*
7
A+B+ ko . (1)
N
AB*

These calculations were motivated by experiments of
A. M. Bonch-Bruevich et al. "*? on the absorption of
resonant radiation in rubidium and cesium vapor.

The investigated process is a phototransition from
one term of the quasimolecule produced when the atoms
collide to another term.. A general approach to the de-
termination of the characteristics of processes of this
kind was developed in the classical papers of Jablon-
ski, 2! Kramers and ter Haar, '*! and Bates.'"! This ap-
proach was subsequently extended to include a large cir-
cle of problems in the theory of radiative transitions
and collisions. A fairly complete investigation was
made of the quenching of the metastable state of an atom
in collisions with gas particles. '™ This process re-
duces essentially to the fact that the quasimolecule made
up of the metastable atom and its collision partner has
a small dipole moment of the transition between the
metastable and ground states, which depends on the dis-
tance between the nuclei. A photon is therefore emitted
in the collision process and this leads to the destruction
of the metastable state. Photon emission and absorp-
tion take place in similar fashion on forbidden vibration-
al-rotational transitions of molecules, "*~**! The vibra-
tional-rotational spectra of homonuclear diatomic mol-
ecules H,, O, and others, induced by collisions with
gas particles, have by now been investigated quite fully.

The dependence of the cross section of a process of
the type (1) on the frequency of the absorbed or emitted
photon was investigated theoretically'*~**! and experi-
mentally, $12:35-191 1 these experiments we considered
phototransitions far from the resonant lines of rubidium
and cesium, which take place in inert gases with vapors
of these metals as additives. These transitions occur at
instants when the alkali-metal and inert-gas atoms col-
lide, and their investigation has made it possible to de-
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termine the potential curves of quasimolecules made up
of rubidium and cesium atoms and inert-gas atoms.

Gudzenko, Yakovlenko, and Lisitsa'?®?!} investigated
one of the channels of the process (1), corresponding to
the change in the states of both atoms as a result of the
collision at an absorbed-photon energy close to the en-
ergy difference between the isolated atoms. In this
case, which should be regarded as a limit, the collision
cross section is determined by the interaction of the
atoms at large distances between them in comparison
with their dimensions. For this reason it does not con-
tain information on the potential curves of the colliding
particles.

In this paper we consider from a unified point of view
both channels of the process (1). In addition to the “di-
rect” mechanism of the reaction, {12~ account is taken
also of another mechanism due to the formation of quasi-
bound states in the system of colliding atoms. It is
shown that this additional mechanism plays an impor-
tant role when the absorbed-radiation power is not too
high.

1. The expression for the cross section of the pro-
cess (1) depends on the shape of the potential curves of
the interacting atoms in both channels of the transition.
The most characteristic are two physical situations.
One corresponds to repulsion of the atoms in the lower
state, and the other to attraction of the atoms (Fig. 1).
We shall assume that the nuclei move in accordance with
classical laws, while the electronic and nuclear degrees
of freedom are separated. This enables us to obtain a
simple resonance condition. Namely, the photon is ab-
sorbed only at a distance between nuclei such that its
energy coincides with the difference between the elec-
tron energies of the quasimolecule in the transition
states.

On the basis of this condition, we calculate the cross
section for photon absorption in collisions between the
atoms. By definition, the cross section of a collision
with absorption of a photon in a unit frequency interval
is equal to

. e
u(m)=mnj 25np dp f W (t)dt. )

'min -
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FIG. 1.

Potential curves of electronic terms of quasimole-
cules. a) Illustration of the process (1) for a repulsive form
of the potential curve of the lower electronic term; U;(R) and
Uy(R) are the potential curves of the lower and upper electronic
terms, R is the distance between nuclei, fiw is the energy of
the absorbed photon, and R, is the internuclear distance corre-
sponding to the resonance condition. b) Family of plots of the
effective interaction potential of atoms in the lower state of the
transition; the electronic term has a “well.”” Curve 1—p(R,)
<Peaptr CUTrVe 2—p(R,) =peype, Curve 3—p(R,) >Peapts Where
p(R,) is the impact parameter of a collision in which the
closest-approach distance of the atoms is equal to R, and
Pept 18 the impact parameter of the capture.

Here gy, g5, and g, are the statistical weights of the
lower electronic terms and of the free atoms, i.e.,
£1/8485 is the probability that the colliding atoms turn
out to be on the considered branch of the lower potential
curve, p is the impact parameter of the collision, and
W(?) is the probability of radiative transition per unit
time with absorption of a photon in a unit frequency in-
terval. The values p,,, and p,,, are determined by the
shapes of the potential curves.

According to the laws of classical mechanics we have

dR
U= R—T BT (8)

where € and v are the relative energy and velocity of the
collisions, R is the internuclear distance, and U,(R) is
the potential curve of the lower electronic term, The
probability W(R) will be represented as the product of
the flux of photons of a given frequency j, by the absorp-
tion cross section, which is equal to'%2:231
n*c g,

Oabs — E——g—;au
Here c is the speed of light, g, is the statistical weight
of the upper electronic term, r is the lifetime of the up-
per state relative to spontaneous emission with transi-
tion to the lower state, and the function a, characterizes
the shape of the spectral line, i.e., a,dw is the prob-
ability that photons with frequencies in the interval from
w to w+dw are produced in spontaneous de-excitation of
the upper state. In our case, by virtue of the resonant
character of the process, we have for the transition, at
a distance R between the nuclei,

a.=b8(0—0(R)),
where 7Zw(R) is the difference between the electronic en-
ergies of the states of the quasimolecule transition. We

thus obtain for the probability of photon absorption per
unit time at an internuclear distance R the expression

nic?

£ 6(0—0(R)). @)

w (&)= w*t(R) g
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The time of the spontaneous emission is determined
by the relationt22-231

1 4e®

?=Wg‘d2(1?), (5)

where w is the frequency of the emitted photon and d(R)
is the matrix element of the dipole-moment operator for
the considered electronic transition. Taking into ac-
count the obtained expressions, we transform formula
(2) into

Pmax

£:8: 16new |
LE jo [ odo
0"\1"

8485 3cAF(R.)

d*(R.)
v[1—p"/R*—U(R.) /e]"

(6)

o(w)=
The distance R, is introduced on the basis of the rela-

tion
ho=U:(R.)—U,(R.). Y]
so that at an internuclear distance R, resonance takes

place for a photon with energy Zw (U,(R) is the potential
curve of the upper electronic term). The quantity

N d
BF (R)= | ——(U+(R) U\ (B)) lnms,

is the difference of the slopes of the potential curves of
the upper and lower terms at the point R,. It appears
in (6) as a result of integration of 6(w — w(R)) with re-
spect to dR.

If the interaction of the colliding atoms corresponds
to repulsion (Fig. 1a), then the internuclear distance R,
is reached at collision impact parameters

0<p<R.[1-U,(R.)/e]™ (8)

Integrating in (6) and using the given values of py,, and
Pmax, We obtain for the cross section of atom collision
with absorption of a photon in a unit frequency interval

()

g 16n°wd®(R.)R.? U,(Ra) 1"
o(0)= gig: 16n°0d*(R.)R [1_ 1i )] _

ga8s  3cvAF (R.)

With the aid of this relation we determine the rate con-
stants of the process

_ <vo(@)> g8 16n°0wd®(Ra)Ro*

U, (R.) ,
jo  £48s  3cAF(R.) XP{_”—}~ (10)

a(w) 7

The angle brackets denote here averaging over the parti-
cle velocities. The particle velocity distribution func-
tion was assumed to be Maxwellian, and the limits of
the integration with respect to energy were U;(R,) and
%, If relation (7) is satisfied for several values of R,,
then it is necessary to sum in (10) over all these val-
ues.

The illustrated derivation of formulas (9) and (10)
constitutes a modification of the Kramers—ter Haar-
Bates approach. (3.4 pormula (10) can also be ob-
tained'!>"'*! on the basis of the results of the Jablonski
theory. !

The quantity @(w) is a characteristic of the elementary
process and does not depend on either the gas density
or the radiation intensity. Let us connect this quantity

Ostroukhova et al. 87



with the macroscopic parameters that determine the
absorption of the radiation. The rate of formation of
the excited states of the quasimolecules, or the number
of absorbed photons per unit volume and per unit time,
is determined by the balance equation

N5
dt

=—N4Nnj.a((°)iu do, (11)

where Ny and Nj are the particle densities. The coef-
ficient of absorption by the gas medium as a result of
the considered process is

k=0 (@) N.N;. (12)

If the absorbed radiation is monochromatic, then the
right-hand side of (11) contains the quantity —N, N, a(w)j,
where j is the photon current, i.e., the number of pho-
tons passing per unit area in a unit time.

2, Consider the case when the lower electron term
has a “well.” The effective interaction potential of the
colliding atoms, with allowance for the centrifugal en-
ergy, is equal to Uy 4, = Uj(R)+€p?/R2. It follows there-
fore that for certain collision impact parameters there
exists a potential barrier that exceeds the collision en-
ergy. We consider next two limiting cases, depending
on whether transitions of the particles under the barrier
do or do not occur.

We turn to Fig. 1b, which shows a family of curves
for the effective potential of the interaction at different
impact parameters of the collision., It follows from this
figure that the situation differs significantly, depending
on whether the point R,, corresponding to the resonance
condition, lies to the right or to the left of the potential
barrier. In the former case, the radiative transitions
take place in exactly the same manner as for the repul-
sion shape of the curve U;(R). In the second case, the
barrier prevents the atoms from approaching each other
to a distance R~ R, if its height exceeds the collision
energy. At this collision energy the atoms can reach
the classical region of motion on the left of the barrier
only by transitions below the barrier into quasibound
states. We shall assume that the number of produced
quasibound states is large, and neglect their decay in
collisions with the gas particles. Two limiting cases
are then realized.

In the first, the intensity of the electromagnetic field
of the radiation is low and dynamic equilibrium, where-
in atoms are situated on both sides of the barriers, can
be established during the time of the radiative transi-
tion. Thus, the action of the barrier can be neglected
and the integration over the impact parameter in formu-
la (6) can be carried out between the limits indicated
in formula (8). We arrive in this case again at expres-
sion (9) for the cross section of the collision with ab-
sorption of a photon. Averaging the constant of this
process with a Maxwellian distribution in the relative-
motion energies, we obtain

alo)= —
gs85 3cAF(R,) V=

U, (R.) <0,

& 16n0d*(R)RS: 2 ¢ U(Ra) 1" _,
2.8 16n°0 _‘![I_T] e*dr, as)
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where x=¢/7T and the integration over the energies, in
contrast to the case of the repulsion curve U,(R), is be-
tween the limits 0 and =,

In the other limiting case, when the intensity of the
electromagnetic field is high, the radiative transitions
from the quasibound states to the upper electronic term
occur rapidly in comparison with the decay of these
states as a result of tunneling under the barrier. The
formation of quasibound states in the atom-collision
process can therefore be neglected. As follows from
Fig. 1b, the condition that the R, point lie to the left of
the barrier takes the form

P(Rw)?pcnpt(e)x (14)

1) and

where p.,,.(€) is the capture impact parameter
p(Rs) =R.[1-U,(R.)/e]™

is the impact parameter of a collision in which the
shortest-approach distance of the atoms is equal to R,,.
In this case the impact parameter in formula (6) is con-
centrated in the interval

0<<p<peapi(e)

and the cross section of a collision with absorption of a
photon turns out to be

_ gig: 160°0d*(Ra) R

o(@) 8485 3cvAF(R,)
e R O e e DL

If the inverse of relation (14) is satisfied, then integra-
tion over the impact parameter in (6) must be carried
out between the limits 0 and R,[1-U,(R,)/c]*/2. This
yields formula (9) for the collision cross section. The
constant of the process (1) in the limit of high intensi-
ties of the electromagnetic field of the radiation, aver-
aged with a Maxwellian collision-velocity distribution
function, is

g:g: 16n'wd® (RJ)RS: 2

)= A r (R T2
] i . ) (16)
TN O A MR b

U.(R.) <0,

where €, is determined from the equation R,[1-U;(R,)/
€112 =p.y,4(€) and is equal to the height of the potential
barrier in the case when its “hump” is located at the
point R,.

The condition that the time of the radiative transition
from the quasibound states to the upper electronic terms
be small in comparison with their lifetime relative to
the tunneling below the barrier is conveniently repre-
sented in the form

UphT]'>>1. ) (17)
Here j=cE?/4nw is the current of the absorbed-radi-

ation photons, oy, is the photoabsorption cross section,
and 7 is the lifetime of the quasibound states relative to
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spontaneous decay via tunneling below the barrier. If
this condition is satisfied, formula (16) is valid. If the
electromagnetic field intensity is low and the inverse
relation holds, then formula (13), which takes into ac-
count the formation of quasibound states of the colliding
atoms, is valid. :

The entire preceding analysis was based on the clas-
sical approach, which can be used if the difference be-
tween the potential-curve slopes at the resonance point
AF(R,) is large enough. A quantum-mechanical analy-
sis by the method developed in"**! yields a criterion for
the validity of the classical approach:

( T ) ‘s [AF'(R.) 1™

n AF(R.) <L 4 (18)

where

[z

AF' (R)=" "d;'T(UZ(R)_Ul (R)) r-

and p is the reduced mass of the atoms. - In the opposite
limiting case, the rate constant of the process (1), av-
eraged with a Maxwellian velocity distribution function
of the colliding atoms, turns out to be

s ey wmy) (7))

'od’ (R.) RS 1 U(Ro) \"* |
_— (x—T—) e *dz,

1/
he r( /s) 18ax(0,Ui R0}/ T)

a(w)=

X

(19)

aph‘ri<<1;
()= 16 (2) * g.gz( 3n
3B(2/3§z/s) 8488 AF/(R'.;)

()" wod (R) R
) (T) he(20)

eo/T

S e R O e

T

0nti>1, U, (R,)<O.

Formulas (16) and (20), which were obtained in the
limit of high electromagnetic-field intensities and there-
fore do not take into account the formation of quasibound
states of the colliding atoms, were derived earlier in"*'14}
where the mechanism of the process (1) with participa-
tion of quasibound states was not considered at all. A
quantum mechanical calculation makes it possible to
generalize the results presented here to include the case
when there are no resonance points R,. Then a(w) de-
creases exponentially as we advance into the “nonclas-
sical” frequency region. The corresponding expres-
sions for the constant of the “direct” mechanism of the
process (1), which is described here by formula (19),
were obtained in®*!*! and can be modified for formula
(20). We shall not write them out here because of their
complexity. )

3. We proceed now to an analysis of the singularities
of the process in question. The transition from formu-
la (13) to (16) with increasing intensity of the absorbed
radiation characterizes the nonlinear dependence of the
absorption coefficient of the gas medium on the electro-
magnetic field intensity. However, by virtue of the
strong dependence of the time of the below-barrier tran-
sitions on the particle energy and on the height of the
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barrier, the transition from formula (13) to (16) pro-
ceeds smoothly enough with increasing field intensity.
In particular, in the case of process (1) with participa-
tion of sodium stoms, this transition proceeds as the
radiation flux varies in the interval from 10* to 10° W/
cm?, and in the case of potassium—in the interval from
10* to 10° W/cm? For this reason, the nonlinearity of
the absorption coefficient as a function of the intensity
of the absorbed radiation is relatively weak.

Let us discuss the appearance of nonlinear effects?,
which was considered in part in!!1, The electromagnetic
field of the radiation effectively splits the energy levels
by an amount'®? Ed, where d is the matrix element of
the dipole-moment operator and E is the intensity of the
electromagnetic field of the radiation. Our analysis is
valid in the limit of low field intensities, when this split-
ting is small in comparison with the energy indetermi-
nacy due to the process itself. Let us estimate the latter
quantity. It is of the order of AFAR, where AR is the
width of the transition region. Far from the turning
point we have AR~7v/Ed (v is the collision velocity and
7/Ed is the characteristic time of the radiative transi-
tion). This yields the following estimate for the param-
eter region in which the results are valid:

Ed< (hvAF)*. (21)

If the radiative transition takes place near a turning
point, where the atom velocity is close to zero, then the
nonlinear processes begin at lower electromagnetic field
intensities. '’ Near a turning point, the width of the
transition region, as follows from the Schrddinger equa-
tion that describes the relative motion of the particles,
is AR~ (72F/uAF?)'/2 @ 1yhere u is the reduced mass
of the particles. This leads to the following condition for
the linearity of the process in accordance with this mech-
anism:

Ed< (B'F F.AF/p?) e, (22)

[N
T

N
~~
-

\
\

1

-3 -
10 w,cm

FIG. 2. Dependence of the rate constants of the reaction

K+ K+ Aw—K+K (transition X'z} —B'11,) on the frequency of
the absorbed photon: curves: 1—plot of a(w) without allowance
for the below-barrier transitions at T'=300 K, 2—plot of a(w)
with allowance for below-barrier transitions at 7=300 K, 3—
plot of a(w) without allowance for the below-barrier transitions
at T=2000 K, 4—plot of a(w) with allowance for the below-bar~
rier transitions at T =2000 K.
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FIG. 3. The same as in Fig. 2, but for the reaction Na+ Na
+ Kw—Na+ Na (transition X '} —B'11,).

1

In concrete cases of the process (1) with participation
of sodium atoms (phototransitions X'T; - B'[l, and X'Z;
-~ AlZ}) these conditions yield respectively for the fre-
quencies 17500-21000 and 12 000-18500 cm™

j=cE*/4n~8-10"—10% W/em?, j~4-10"—5-10° W/cm?.

In the case of the phototransition X'Z;~ B'I, in the fre-
quency region 13000-16 000 cm™ and collisions of po-
tassium atoms we have

j~8-10°=10°W/cm?.

Conditions similar to (21) and (22) can be easily ob-
tained also at AF=0. The values of the radiation flux
at which the nonlinearity sets in will be in this case half
as large.

We call attention to one more singularity of the con-
sidered process, which takes place when the radiative
transition proceeds from quasibound states of the lower
term to discrete levels of the upper term (quasibound or
bound). In this case the absorption coefficient, as a
function of the frequency, should have a resonant struc-
ture. In the considered concrete cases, the conditions
necessary for the appearance of resonances in the cross
section were satisfied. However, owing to the large

number of levels in the upper and lower states, theres-.

onance picture turned out to be smeared out, and the
absorption coefficient did not have an oscillatory struc-

V4

4

16 10 %, cm’
FIG. 4. The same as in Fig. 2, but for the reaction

13 “ 14

» Nag

i3 Iyt 0l
SNarNg (transition X "2 —~A 0.

_ Na+Na+hw
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FIG. 5. The same as in Fig. 2, but for the reaction Na+ Na
+Ew—Na+ Na (transition X '2;~A 2.

ture. Nonetheless, under other conditions (in the pres-
ence of a narrow and deep well in the potential curves),

a resonance structure can be observed in the absorption
coefficient.

4. We present the results of actual calculations.
Figures 2-7 show plots of a(w) for the reactions

a) K(45)+K(4S)+ hw-K,(B'T,)~ K(4S) + K(4P), ‘

b) Na(3S) +Na(3S) + Fw~ Na,(B'I,) -~ Na(3S) + Na(3P),

c) Na(3S)+Na(3S) + zw~ Na,(A!Z})~ Na(3S) + Na(3P),
Naj (A'Z]) '

d) Na(3S)+Na(3S)+hw

Na,(A'Z;) - Na(3S) + Na(3P)
e) Rb(5S)+Rb(5S) + iw—~ Rb,(B'1,) ~ Rb(5S) + Rb(5P),
f) Cs(6S+Cs(6S)+#w—~Cs,(B1,)~ Cs(6S) +Cs(6P),

obtained with the aid of formulas (10), (13), (15), (19),
and (20). The calculation results have shown that for
the phototransitions X'Z; - B'II, no electronically-ex-
cited molecules Naj, K, Rb% and Csf can be produced
in the considered frequency region. The electronic-
term potential curves used in the calculations were taken
from®2=311 The values of the dipole moments d(R) were
reconstructed on the basis of the experimental data on
the radiative lifetimes of the excited electronic states

of the molecules, 323313

The rate constant @(w) near the resonant frequency
wp was obtained under the assumption that the interac-

FIG. 6. The same as in Fig. 2,
but for the reaction Rb + Rb +%w
—Rb+ Rb (transition X 'z}
—-Blm,).
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T

1or
: FIG. 7. The same as in Fig. 2,

but for the reaction Cs+ Cs+hiw
—~Cs+Cs (transition X 'z}
—B'm,).

1
8 120 122 124 126 128 i wem’

tion of the excited atom with the atom in the ground state
is resonant (U,(R)~ d%/R?, d is the dipole moment of the
transition of the atom) and greatly exceeds the interac-
tion of the atoms in the ground state in the region of
those internuclear transitions which make the main con-
tribution to the result. For this case a(w) was deter-
mined from the relation

(23)

As seen from Fig. 2, the contribution of the below-
barrier transitions to the room-temperature absorption
coefficient of the gas is two-five times larger than the
contribution due to elastic scattering. With increasing
temperature, the formation of quasibound states plays
an ever decreasing role, At 7=2000K the values of
a(w) for the investigated reactions, obtained with and
without allowance for the below-barrier transitions,
differ by at most 1.5-2 times.

The accuracy with which the rate constant of the pro-
cess (1) can be calculated on the basis of the derived
formulas depends on the accuracy with which the poten-
tial curves of the electronic terms are known. In our
case, for reactions in which Na and K atoms participate,
it amounts to 30-50%. On the other hand, the values of
a(w) for Rb and Cs are correct only as to order of mag-
nitude.

It follows from the results that at a photon current j
~10® cm™@sec™, i.e., at a radiation power ~0.3 MW/
cm? the rate of the considered reactions is @j=1073-
10 cm®/sec. This points to a significant role of the
absorption of the radiation in collisions of atomic parti-
cles in a strong electromagnetic field. The investigated
process is of interest, however, not only at high ab-
sorbed-radiation powers. In our opinion, the most in-
teresting practical result of an experimental investiga-
tion of the reaction (1) is the determination of the poten-
tial curves-of the colliding particles. This calculation
shows that the absorption coefficient is very sensitive
to the numerical characteristics of the potential curves.
It follows therefore that the measurement of the absorp-
tion coefficient with a limited accuracy makes it possi-
ble to obtain sufficiently good information on the poten-
tial curves. One more singularity of this process is
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connected with the fact that in the presence of several
potential curves in the upper or lower channel of the
transition we can separate parameters of one of them,
confining ourselves to a frequency interval in whichtran-
sitions with participation of only this state manifest
themselves.

All this indicates that the accomplishments of modern
laser technology provide us with a convenient tool for
the reconstruction of the potential curves of electronic
terms,

The authors thank A. V. Eletskii for valuable dis-
cussions.

DAt collision impact parameters smaller than p,(€), the
collision energy is larger than the height of the centrifugal
barrier, and the closest approach distance of the atoms cor-
responds to the repulsion potential.

2)The nonlinear effects are characterized by a dependence of
the absorption on the electromagnetic field intensity.

9In the case of Rb and Cs, the value of d(R) was obtained from
the dipole moment of the resonant transition of the isolated
atom. This is justified by the results obtained with Na and K,
where this approach and calculation, using data on the radia-
tive lifetimes of the electronically excited molecules lead to
identical results.

1A. M. Bonch-Bruevich, S. G. Przhibel’skil, A. A. Fedorov,
and V. V. Fromov, Zh. Eksp. Teor. Fiz. 71, 1733 (1976)
[Sov. Phys. JETP 44, 909 (1976)].

’A. Jablonski, Phys. Rev. 68, 78 (1945),

3H. A. Kramers and D, ter-Haar, Bull. Astr. Inst. Nether-
lands 10, 137 (1946).

4D, R. Bates, Monthly Notes of the Royal Astrophys. Soc. 111,
303 (1951).

5E. H. S. Bishop and R. Mariott, Proc. Phys. Soc. London
Sect. A 69, 271 (1956).

SD. C. Allison and A, Dalgarno, Proc. Phys. Soc. London 81,
23 (1963).

D. C. Allison, J. C. Brown, and A. Dalgarno, Proc. Phys.
Soc. London 89, 41 (1966).

8B, M. Smirnov, Asimptoticheskie metody v teorii atomnykh
stolknovenii (Asymptotic Methods in the Theory of Atomic
Collisions), Atomizdat, 1973.

M. F. Crowford, H. L. Welsh, and J. L. Locke, Phys. Rev.
75, 1607 (1949).

10M, V. Tonkov, Spektroskopiya vzaimodefstvuyushchikh
molekul (Spectroscopy of Interacting Molecules), Izd-vo
Leningrad Univ., 1970,

N, H. Rich and A. R. W. McKellar, Can. J. Phys. 54, 486
(1976).

2R, E. Hedges, D. L. Drammond, and A, Gallagher, Phys.
Rev. A 8, 1519 (1972).

3K, M. Sando and J. C. Wormhoudt, Phys. Rev. A 7, 1889

. (1973).

14g . M. Sando, Phys. Rev. A 9, 1103 (1974).

15p, L. Drummond and A. Gallagher, J. Chem. Phys. 60,
3426 (1974).

184, C. Tam, G. Moe, W. Pack, and W. Happer, Phys. Rev.
Lett. 35, 85 (1975).

1%, Happer, G. Moe, and A. C. Tam, Phys. Lett. A 54, 405
(1975).

185, York, R. Scheps, and A. Gallagher, J. Chem. Phys. 68,
1052 (1975).

139G, Moe, A, C. Tam, and W. Happer, Phys. Rev. A 14, 349
(1976).

Ostroukhova et al. 91



L., I. Gudzenko and S. L Yakovlenko, Zh. Eksp. Teor. Fiz.
82, 1686 (1972) [Sov. Phys. JETP 8B, 877 (1972)].

My, S, Lisitsa and S, I, Yakovlenko, Zh. Eksp. Teor. Fiz. 66,
1550 (1974) [Sov. Phys. JETP 39, 759 (1974)].

P'w. Heitler, The Quantum Theory of Radiation, Oxford, 1954.

2y, B..Berestetskil, E. M. Lifshitz, and L. P, Pitaevskil,
Relyativistskaya kvantovaya i:eoriya (Relativistic Quantum
Theory), Part 1, Nauka, 1968 {Pergamon, 1971],

%3, M. Papernov, G. V. Shlyapnikov, and M. L, Yanson, in:
Sensibilizirovannaya fluorestsentsiya v parakh metallov (Sen-
sitized Fluorescence in Metal Vapors), Riga, 1977.

L. D. Landau and E, M. Lifshitz, Kvantovaya mekhanika
(Quantum Mechanics), Fizmatgiz, 1974 [Pergamon].

%W. Demtroder and M. Stock, J. Mol. Spectrosc. 88, 476
(1975).

'p, Kusch, J. Chem. Phys. 88, 4087 (1975).

8w, J. Tango, J. K. Link, and R. H. Zare, J. Chem. Phys.
49, 4264 (1968).

¥a. Herzberg, Spectra of Diatomic Molecules, New York,
1950.

. 3%A, B, Sannigrahy and 8. Noor Mohammad, Mol. Phys. 25,

985 (1973).

3p, Kush and M. M. Hessel, J. Mol. Spectrosc. 82, 181
(1969).

2a. Baumgartner, W. Demtroder, and M. Stock, Z. Phys.
282, 462 (1970),

33, E. Johnson, K. Sakurai, and H. P. Brodia, J. Chem.
Phys. 82, 6441 (1970).

Translated by J. G. Adashko

Dynamic and stochastic oscillations of soliton lattices

K. A. Gorshkov and V. V. Papko

Gor'kii Radiophysics Research Institute
(Submitted January 4, 1977)
Zh. Eksp. Teor. Fiz. 73, 178-187 (July 1977)

The dynamics of lattices (one-dimensional sequences) of solitons is investigated. It is shown that in the
stable case the soliton motion is described by the Toda lattice equation. Approximate periodic and
conditionally periodic solutions are constructed, corresponding to envelope waves for the initial sequence of
the solitons. In the case of an unstable lattice made up of oscillating solitons, stochastization of the
motion in the system was experimentally observed. It is shown that the effect is due to a nontrivial

interaction of the oscillating solitons.

PACS numbers: 63.10.4-a

It was shown that in a preceding paper that the inter-
action of solitary nonlinear waves—solitons—having
close energies (velocities) is approximately described
by the equations for classical particles. The same pa-
per, with two solitons as an example, dealt with the
possible types of their interaction, which are deter-
mined to a considerable degree by the character of the
field far from the maxima. In this paper we regard
solitons as classical particles and investigate the dy-
namics of larger ensembles of solitons, particularly in-
finite sequences (one-dimensional lattices) of solitons
with nearly equal parameters. This approach makes it
possible to solve the problem of the stability of the sta-
tionary soliton lattices (periodic waves) and to obtain,
in the stable case, a system of nonstationary solutions
corresponding to modulation waves propagating along
the lattice. We indicate in this connection that recently
Its and Matveev, and also Dubrovin and Novikov, ! have
obtained for the Korteweg-de Vries (KdV) equation ex-
act solutions that are periodic and conditionally periodic
analogs of multisoliton solutions (see the paper of Du-
brovin et al.™ concerning similar solutions for the Toda
lattice equation). In all probability the solutions ob-
tained below belong to this class. At the same time,
these approximate solutions are more universal in the
sense that they are valid for equations which cannot be
integrated exactly.
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A most interesting problem is that of the evolution of
the wave motion in this case of an unstable soliton lat-
tice. The presented results of-experiments with lat-
tices made up of oscillating solitons show that instabil-
ity can lead to complicated, including stochastic, mo-
tions in the system. We note that at the present time
there are several known examples of nonlinear conser-
vative systems in which stochastization evolved from
regular initial conditions (see, e.g., *®). The dis-
tinguishing feature of the process observed by us is that
the stochastization takes place in a traveling wave. It
is important also that in this case the wave motion takes
the form of a random sequence of pulses that are close
in their parameters to oscillating solitons, and thus con-
stitute an example of a strong wave turbulence.

THEORY

In the description of modulated nonlinear waves it is
customary to use some variant of an averaging meth-
od. ™" A shortcoming of this approach is that in the
first-order approximation one obtains for the param-
eters (amplitudes, frequencies, wave numbers) of the
initial waves a system of equations of the hydrodynamic
type, which leads in the general case to the appearance
of physically inadmissible discontinuities, and conse-
quently to the need for taking into account higher-order
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