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The mechanism of excitation of atomic fluorescence by radiation having a frequency WI that differs 
considerably (by about 2000 cm -I) from the atomic-transition frequency Wo is investigated. It is shown that 
the observed atomic emission is due to direct excitation of atomic electron transitions by nonresonant 
radiation in particle pair collisions. The process is interpreted in terms of an instantaneous change in the 
interaction potential of the atoms at the instant of absorption of a light quantum. A nonlinear dependence 
of the atomic-emission intensity on the exciting-radiation intensity is observed at high intensities of the 
nonresonant excitation. This dependence is ascribed to saturation effects of the electron-translational 
colliding atoms in the vicinity of the "intersection-turning" points. 

PACS numbers: 32.1O.Hq 

1. We report here the results of an experimental in
vestigation of atomic fluorescence of alkali-metal vapors 
excited by laser radiation at a frequency Wi that is not 
at resonance with the frequency Wo of the atomic transi
tion. The stimulus for this study was the interest in in
teractions between a radiation field and colliding atoms 
and of the influence of radiation on the dynamics of par
ticle collision. 

It is known that, in the two-level approximation, scat
tering of light by a system of non-interacting atoms is 
an elastic process, so that the emission is only at the 
frequency of the exciting radiation. (1) The interaction 
between the atoms causes the appearance of emission 
at the frequency Wo of the atomic transition at nonreso
nant excitation. Without going into details of the char
acter of the collisions, the phenomenon of nonresonant 
excitation of atomic fluorescence can be described with
in the framework of the model of phase relaxation of an 
atomic system. (2) With such a description, the trajec
tories of the colliding atoms are assumed to be given 
and, as a rule, straight lines, while the action of the 
colliSions reduces only to an instantaneous change of the 
phase of the state of the excited atom; it is important 
here that the characteristics of the collisions are as
sumed to be independent of the parameters of the irra
diation field (its frequency and intensity). These ap
proximatiOns are violated at large detunings from reso
nance Wi - wo, when the difference between the energies 
of the incident and scattered photons is of the order of 
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or larger than the average kinetic energy of the collid
ing particles. In this case an appreciable change in the 
particle energy takes place in the active photons scatter
ing by the atoms, and this leads to a noticeable change 
in the character of their motion. This influence of the 
radiation on the dynamics of the particle collisions can 
be interpreted as a result of an instantaneous change in 
the potential of the interaction between the atoms at the 
instant when they absorb a light quantum with energy 
/iw j , a fact that can change not only the magnitude but 
also the sign of the force of interaction between the 
atoms. Since the duration of the atom-collision act 
(_10-12 sec) is incomparably shorter than the lifetime 
of the optical excitation (-10-8 sec), it follows that the 
quantum /iw1 absorbed at the instant of collision will be 
emitted in the overwhelming majority of cases by the 
free atom at the resonant frequency woo 

Of course, in order for such an elastic process to 
take place, the electronic energy levels of the incident 
particles must be displaced at the instant of the colli
sion strongly enough, so that the trajectories of the 
atoms can no longer be regarded as straight lines, and 
the process of excitation of the atomic fluorescence at 
such deviations from resonance should be described by 
the value of the radiation field quantum (the nonreso
nance). 

Questions concerning the effect of a radiation field on 
the characteristics of broadening collisions has already 
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FIG. 1. Schematic arrange
ment of the electronic terms 
of alkali metals. 

been discussed in the literature. [3.4] Interest in phe
nomena of this kind is due not only to their importance 
for nonresonant absorption of light by a medium, but 
also to the possibility of obtaining ~nformation on the in
teratomic interaction potentials both in the ground state 
and in the excited state. 1) 

We have investigated experimentally the fluorescence 
of atomic vapors of alkali metals under strongly non
resonant (I W1 - Wo I - 2000 cm-1) excitation. This paper 
consists of two parts. In the first is given the experi
mental proof that the observed phenomenon of atomic 
fluorescence under such nonresonant excitation is due 
to atomic collisions, while in the second we investigate 
the effects of saturation of atomic fluorescence with in
creasing excitation intenSity. 

2. The investigated system (alkali-metal vapor) is a 
two-component mixture of atoms and molecules with 
concentration ratio N./N m -103 _102 at T - 300-400 0 C. 
An approximate scheme of the electronic terms (mo
lecular potentials) and the absorption spectra of the va
pors are illustrated in Figs. 1 and 2. The molecular 
absorption bands connected with the transitions 1:E;_1:E: 
and l:E;_lIIu are located on the long- and short-wave 
sides of the atomic D lines, respectively. 

We investigated experimentally the emission of the 
atomic lines of Rb and Cs when their vapors (N. _1016 
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FIG. 2. Absorption spectra of Cs vapor (a) and Rb vapor (b). 
The arrows mark the wavelengths of the exciting radiation. 
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FIG. 3. Dependence of the emission intensity of the atomic 
lines (a) and of the molecular bands (b) of Rb on the excitation 
intensity (A = 6943 A). 

cm-3 ) were excited by Q-switched neodymium and ruby 
lasers. The emission frequencies of these lasers dif
fered from the resonant D lines by 1000-2000 cm-1 and 
were situated in the region of molecular absorption of 
the vapors (Fig. 2). 

In all cases of excitation, we observed emission both 
at the wavelengths of the molecular bands and at the 
wavelengths of the atomic lines. It has been observed 
that the emission intensity of the atomic lines depends 
linearly on the power of the exciting radiation, while 
that of the molecular bands is proportional to the square 
root of the excitation intensity (Fig. 3).2) Atomic fluo
rescence can therefore not be attributed to transfer of 
excitation from the molecules to the atoms, and it must 
be assumed that the emission of the atomic lines is the 
result of direct excitation of the atomic electronic tran
sitions by the nonresonant radiation. 3) To verify the 
correctness of this statement, we measured the concen
tration dependences of the emission intensities of the 
atomic lines. In pure vapor, the emission intensity 
turned out to be proportional to the square of the atom 
concentration (Fig. 4a), and when inert gases (Ne, Xe, 
pressure - 0.5 atm) was added to the cell with the Rb or 
Cs vapor, the concentration dependences at low concen
trations became nonlinear (Fig. 4b). This is direct 
proof of the collision character of the nonresonant ex
citation of the atomic fluorescence. In pure vapor, the 
emission results from binary Me-Me metal-atom colli
sions (quadratic concentration dependence), while in the 
second case it is the result of collisions between the 
metal atoms and the atoms of the inert gas, Me-X (lin-

z 

I 

Z 
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FIG. 4. Concentration dependence 
of the emission of the atomic lines 
of Rb in pure vapor (a) and in an 
Ne atmosphere (P - 0.5 atm) (b). 
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FIG. 5. Scheme of excitations of atomic fluorescence at wI < Wo 

for frontal (a) and non-frontal (b) collisions of atoms. 

ear dependence). In the region of the transition from 
the linear dependence to the quadratic dependence (Fig. 
4b), the efficiencies of the contributions from the 
Me-Me and Me-X collisions is approximately the same, 
although the ratio of the metal vapor and buffer concen
trations is -1 : 1000. 

3. The process of nonresonant excitation of atomic 
lines in pure vapor will be explained here as being due 
to transitions from a lower repulsion state 3:Eu into the 
continuum, corresponding to unbound relative motion of 
the atoms, of the upper 3:Eg state or to l:E;_l:E: transi
tions) for the case when w1 < Wo (Fig. 5), and in the case 
w1 > Wo to transitions either from the continuum of the 
lower l:Eg to the continuum of the upper l:Eu state, or to 
transitions 3:E u _ 3IIg. The dominant role of the indicated 
transitions among all others is due to the presence of 
exact resonances 

for these transitions at a certain distance Ro between 
the atoms. Here U1,2(R) are the molecular potentials of 
the lower and upper excited states, respectively. The 
value of these resonances for the considered processes 
is the same as for the points of intersection of the terms 
in the theory of nonadiabatic Landau-Zener transitions. 

The schemes indicated in Fig. 5 for these transitions 
in the case w1 < Wo corresponded to transitions in frontal 
collisions of the atoms. The role of non-frontal colli
sions in these processes is best illustrated with the aid 
of the effective potential u~,II(R) for the lower (I) and 
upper (II) states: 

where J.L is the reduced mass and l is the orbital quan
tum number of the colliding atoms. Inasmuch as within 
the framework of the Born-Oppenheimer approximation 
there is practically no change in the orbital number l in 
the transitions in questions, the location of the reso
nance points R o, determined by the equation 

does not depend on l. However, the values of the ener
gies U~,II(RO) increase with increasi~ l, and starting 
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with a certain "intersection point" lmln, being located 
above the dissociation level of the excited state for the 
case w1 < Wo and of the ground state for w1 > wo, will 
simultaneously be also the classical "turning point" for 
definite values of the kinetic energy £k of the incident 
atoms 

for the ground state and 

8; = U,':',;" (Ro) -/iill' 

for the excited state. 

It is well known[Ul that the transition probability in
creases appreciably in the vicinity of such "intersec
tion-turning" points. In the case when the transition 
probability in the vicinity of these pOints becomes of 
the order of unity, one should expect saturation of the 
atomic fluorescence to set in. This means that the de
pendence of the emission of the atomic lines should de
viate from linear with increasing power density of the 
exciting radiation. 4) 

4. The effects of saturation of the atomic fluores
cence were investigated by us experimentally by excit
ing Cs, Rb, and K vapors with a neodymium mode
locked laser. The laser pulse duration is measured by 
the two-photon luminescence procedure and amounted 
to 6 x 10-12 sec. The maximum radiation-power density 
was -4xl011 W/cm2 • The dependence of the emission 
of the atomic lines on the intenSity of the excitation is 
shown in Fig. 6 in a doubly logarithmic scale. The de
viation from linearity manifests itself clearly at powers 
-10-9 _1010 W / cm2 for all alkali metals, and is regis
tered in a sufficiently wide range of variation of the
power denSity. We note that the nonlinear dependence 
of the atomic-line emission intensity S on the excitation 
power density I is well approximated by the expression 
S - Ik, where k =0. 7 ± O. 05. 

We have estimated the power density at which the 
transition probability near the intersection-turning point 
is W -1, by using formula (11) 

W""d'E'/i-'/' (211) '1, (F. 'F. ") -'I. I F.'-F." 1-'/'-1, 

where E is the amplitude of the emission field intenSity, 
d is the dipole matrix elements of the transition, and 
F!,II are the interaction forces at the intersection and 
turning points. Substituting d = 3 . 10-18 cgs esu and 
F! - F!I - IF! - F!I I =D/Ro = 8· 10-13 erg/4x 10-8 cm we 
obtain for the field intensity a value E = 106 V / cm, cor
responding to a radiation power density 1-109 W/cm2 • 

The latter is of the same order as the experimentally 
measured value (Fig. 6). 

We emphasize that only a small fraction of the par
ticles, having a large kinetic energy on the order of 
n(w1 - wo), can participate in the excitation of the emis
sion of the atomic lines. This fact was verified experi
mentally by absolute calibration of the sensitivity of the 
employed installation with the aid of a resonant rubidium 
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FIG. 6. Dependence of the 
emission of atomic lines of al
kali metals on the excitation 
power. 

lamp of known spectral density; this has made it possi
ble for us to determine the ratio 01 the number of ex
cited atoms to their total number. At a power density 
4x 1010 W /cm2, this ratio was 10-4_10-5 for Rb vapor. 

5. In addition to the already mentioned measure
ments, we have investigated the dependence of the inten
sity of the atomic fluorescence of alkali metals on the 
excitation power density in an atmosphere of inert gases 
(Xe, Ne, pressure -0.5 atm). For the Cs-Ne system, 
this dependence turned out to be linear up to the maxi
mum powers used in the experiment (Fig. 6). This can 
be attributed to the fact that at the excitation powers 
realized in the experiment saturation of the transition 
is possible only in the presence of intersecting lines in 
the system of the electronic terms, whereas the Cs-Ne 
system of terms has apparently no intersection points 
at the investigated wavelengths. On the other hand, the 
linear character of the dependence of the emission of 
the Cs atoms in Ne allows us to reject the explanation 
wherein the observed nOnlinearities in the pure alkali
metal vapors are due to multiphoton processes, particu
larly multiphoton ionization. 5) 

It should be noted that the behavior of the Rb and 
Rb-Ne systems differs somewhat from that of the re
maining systems. This difference manifests itself in 
the much larger (by 4-5 times) intensity of the emission 
of the atomic Rb lines in comparison with the Cs vapor, 
although in the former case the deviation w1 - Wo from 
resonance is twice as large as in the latter. It mani
fests itself also in the fact that the deviation from the 
linear dependence in Rb is observed at the lowest exci
tation densities. In addition, in the Rb +Ne system 
there is observed a nonlinear dependence of the emis
sion of the atomic lines, similar to the corresponding 
dependence in pure vapor. It is possible that these dif
ferences in the behavior of the Rb systems are connected 
with the singularity of the absorption spectrum at the 
wavelength of the exciting radiation (.\ = 1. 06 /-L, Fig. 2). 

We note in conclusion that a more detailed compari
son of the results of the experiments with the model con
cepts is difficult at present because there is not even a 
complete stationary theory of non-adiabatic transitions, 
in which account is taken of the influence of the "inter
section-turning" points. We recall that the experimen
tal conditions were essentially nonstationary,6) so that 
we cannot state that the measured power density at 
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which the transition from the linear dependence to the 
nonlinear dependence takes place is the minimum value 
corresponding to the stationary excitation. 

Despite the indicated complications in the detailed in
terpretation of the experimental results, we have 
enough grounds for stating that the observed nonlinear 
dependence of the emiSSion of the atomic lines on the 
excitation power is due to effects of saturation of the 
electron-translational transitions of the colliding atoms 
in the vicinity of the "intersection-turning" points. 

In addition, it can be regarded as established that 
there exist atomic-line wings on the short- and long
wave sides at very large (- 2000 cm-1) distances from 
the line center. An investigation of such far wings by 
traditional methods (by using the absorption spectra) is 
quite difficult both because of the low sensitivity of these 
methods and, in the case of alkali metals, because of 
the superposition of the absorption spectra of the mo
lecular and atomic states (Fig. 2). Measurements of 
the excitation spectra of the atomic lines with the aid of 
tunable lasers seems to us quite promising for these 
purposes. On the other hand, the use of lasers un
covers also new possibilities for the study of the influ
ence of the radiation field on the dynamics of the colli
sion of the atoms, namely, the change of the energy of 
the relative translational motion, the character of the 
interaction of the colliding particles, and particularly 
the formation of the molecular state in the radiation 
field. 

llThis question is the subject of a paper by Gersten. [51 An 
experimental investigation of the dependence of the dipole' 
matrix elements of the transitions on the internuclear dis
tance by the method of nonresonant excitation of atomic fluo
rescence in Na vapor was carried out in[SI. A critical dis
cussion of the results of that study is given in[T,al. 

2)A similar dependence of the molecular cross section was ob
served earlier[9 I and was attributed to saturation of the tran
sitions in the molecular band. 

3)We note that these measurements were performed at a power 
density I> 103 W / cm2, i. e., in a region where saturation of 
molecular transitions takes place near the frequency of ex
citing light. At lower excitation powers, the atomic fluores
cence is determined mainly by the transfer of excitation 
from the molecules to the atoms. [101 

4)The nonlinear effect connected with saturation of the absorp
tion in the far wing of the atomic line have already been dis
cussed by Lisitsa and Yakovlenko. [41 

5)Multiphoton ionization of Rb and Cs vapors was observed by 
us at somewhat higher excitation power densities than in
dicated in Fig. 6, and was revealed by the appearance of a 
prolonged recombination emission of a number of atomic lines 

6)The nonstationary character of the experiment may be due 
also to the presence of a subpicosecond structure in the laser 
pulse, which could not be resolved by the employed two-pho
ton luminescence procedure. 
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Atomic collisions in a strong electromagnetic field 
v. S. Smirnov and A. V. Chaplik 
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(Submitted April 20, 1976) 
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It is shown that the long-range part of the interatomic interaction is significantly altered in a strong 
electromagnetic field. Instead of the Van der Waals law the asymptotic potential is described by a dipole
dipole R -3 law. The impact line broadening and line shift in a strong nonresonant field are calculated. 
The possibility of formation of bound states of two atoms in a strong light field is discussed. 

PACS numbers: 34.20.Fi 

1. The effect of a strong electromagnetic field on the 
characteristics of inelastic atomic and molecular colli
sions has been investigated in a number of recent pa
pers. tl-3l The main effect studied in these papers is 
that the energy of the strong field photon cancels the 
resonance defect of the colliding systems. As a result 
the inelastic transition probabilities are Significantly 
enhanced. 

In the present paper we wish to point out that a strong 
light field changes also the interaction of colliding atoms 
at large distances. This affects the characteristics of 
the elastic scattering and, consequently, the collision 
width and shift of spectral lines, which can be verified 
most simply by the following example. Let two differ
ent atoms in the s -state collide in a nonresonant, lin
early polarized electromagnetic field iff of frequency w. 
Dipole moments O!A(W)itOcoswt and O!B(W)iffocoswt are 
then induced in the atoms, where O!A,B are the atomic 
polarizibilities (it is assumed that the atoms are sepa
rated from each other by a distance R, much smaller 
than the wavelength of light). The long-range part of 
the atomic interaction, averaged over a period of the 
field, is obviously 

(1) 

where (J is the angle between the vectors iff 0 and R. 
Without a field the atomic interaction is caused by Van 
der Waals forces, i. e., Us = caR-6. The interaction (1), 
thus, becomes dominant ifR>(c6/O!AO!Biff~)1/2. 

We assume that atom A is in the ground state, and 
atom B is excited. For an estimate one can take O!A 
-10 a. u., O!B -102 a. u., and the constant Cs can be es
timated by the Slater-Kirkwood equationt4l ; Cs -102 a.u. 
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In fields 00 -10-2 a. u. the interaction (1) exceeds the 
Van der Waals one at R > 10 a. u. 

2. The modified interaction is quite important at sig
nificantly lower fields if the field frequency is close to 
the resonance frequency of one of the atoms (atomA, 
for example). We treat this problem in detail. Let the 
field be in resonance with the transition between the 
ground and first excited states of atom A. This atom 
can be then described by a density matrix for a two
level system, including spontaneous transitions into the 
ground state. The relation between the duration of 
atomic flight through the light beam T and the excited
state lifetime l/y is an important factor in this case. In 
real situations the intensity distribution of the field over 
the cross section of the beam has a characteristic di
menSion, therefore the duration of field involvement is 
of the order of the time of flight through the beam. For 
thermal velocities in a beam of diameter - 0.1-1 cm the 
condition yT» 1 can always be assumed to be satisfied. 
This implies that the two-level system is described only 
by the induced solution of the equations of motion for the 
density matrix. As is well-known, this solution is (see, 
for example, tSl) 

V e-i"(,,. , 
P"=--2 (pu-p,,).--+ 2 e-'.; 

8 "(" (2) 

Here v =0od~, d~ is the transition dipole moment, Yt2 
is the luminescence line width of atom A, and e is the 
field frequency, measured from the line center of the 
atomic transition woo 

Generally speaking, yand Y12 in Eq. (2) can differ ap
preciably from each other, since y contains, besides 
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