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The shape of the excitation spectra of atomic fluorescence in the system Rb + Xe was investigated 
experimentally. The observed change in the shape of the line wing with increasing excitation intensity is 
attributed to saturation of the states of the RbXe* quasimolecule. The investigated dependence of the 
intensity of the fluorescence on the Xe concentration has made it possible to conclude that the main 
channel that ensures the emission is the rotational predissociation of the excited RbXe* molecules 
produced in the radiation field. The recorded nonlinear dependence of the intensity of the emission of the 
atomic line on the excitation power is attributed to field quenching of the quasibound states of the 
RbXe* molecule. 

PACS numbers: 32.50. + d 

1. An investigation of the optical processes in a sys- 
tem of colliding atoms (quasimolecules) is of interest 
for problems of diagnostics of interatomic interactions, 
a s  well a s  for the study of the possiblity of directed ac- 
tion of radiation on atomic processes. In either case, 
special attention should be paid to processes in which 
the participating light quantum has a frequency in the 
region of the static wings of the colliding atoms. The 
light interacts effectively in this case only with de- 
formed atoms whose transition frequency is substantial- 
ly shifted during the time of the collision. Thus, the ra- 
diation, on the one hand, probes the atoms in the states 
of the strong interaction, and on the other, it becomes 
involved in a process in which an essential role is played 
by the character of the relative particle motion. 

The use of lasers for the investigation of such proces- 
ses  is quite promising, since i t  facilitates the problem 
of their registration and uncovers a possibility of using 
nonlinear spectroscopy methods for their study.' Ob- 
servation of nonlinear optical processes in the far  wings 
of atomic lines requires, according to estimates, large 
radiation powers which in general a re  hardly attainable 
in e ~ p e r i m e n t ' ~ ~  because of the short time that the sys- 
tem stays a t  resonance with the exciting field. 

At present there a re  three known experimental studies 
of nonlinear inelastic light-scattering processes in a 
system of colliding atoms.24 In these studies, a non- 
linear dependence of the emission S, of atomic vapor 
(Rb, Cs,  and Ca) a t  the transition frequency of the iso- 
lated atom (resonance fluorescence) was observed a t  
relatively low intensity of the exciting radiation, 
12 10' W/cm2. To explain the character of this depen- 
d e n ~ e , ~ , ~  the hypothesis was advanced that the observed 
nonlinearity is due to saturation of the populations of the 
quasibound molecular states lying above the dissociation 
energy of the upper binding term. Although the quasi- 
bound motion of the molecules (rotational dissociation) 
is well knowne and there is no doubt that saturation of 
such states is possible in principle, the question of the 
existence of a contribution of the proposed process to 
the formation of the nonlinearity observed in Refs. 2-4 
remains open. 

sumption made in Refs. 4 and 5 that the dominant contri- 
bution to the recorded nonlinearity is made by deactiva- 
tion of rotational predissociation states. Second, to 
demonstrate the effectiveness of the saturation spectro- 
scopy method for the observation of such close-collision 
motions whose registration by methods of linear spectro- 
scopy is difficult. 

2. The object of the investigation was a system of col- 
liding Rb and Xe atoms. The choice of this system was 
dictated by a number of factors. First ,  by the presence 
of detailed information on this system7 (its level scheme 
is shown in Fig. 1). Second, by the proximity to the 
simple model systems considered in Refs. 4 and 5 (with- 
out the binding term in the electronic ground state and in 
the presence of such a term in the excited state). Final- 
ly, by the possibility of its excitation by a real source 
of tunable radiation, which in the experiment was a 
organic dye laser (pulse length 20 nsec, lasing wave- 
length k,,,=820-890 nm, spectrum width 5-10 cm-'). 
The emission of the Rb+Xe mixture was registered a t  
a right angle to the direction of the exciting beam 
through an MDR-2 monochromator. The pressure of the 
Rb and Xe vapor in the cell a s  1-3 mTorr and 10-30 
Torr  , respectively. 

3. Before we report the experimental results, we 
consider (Fig. 2) the excitation of the system by radia- 
tion whose frequency w is less than the frequency w, of 
the atomic transition of the Rb atom. In accordance 
with the quasiclassical premises (the Franck-Condon 
principle) the excitation takes place near the resonance 
Rw = u,(R,) - u,(R,), which is realized when the Rb and 
Xe atoms collide a t  a relative distance R, between 
them. In the case when the relative energy of the colli- 
sion is I< E(w, - w), the absorption of the quantum 
leads to formation of an excited molecule (Rb~e)* .  In 
the opposite case ( 0  > R(w, - w)) i t  causes the atoms to 
move apart, Rb being in the excited 5P state and Xe in 
the ground state. The f i rs t  process leads to the ap- 
pearance of the registered spontaneous radiation in the 
region of the molecular band, and the second leads to 
atomic emission a t  the frequency w,. An essential fea- 
ture of the investigated system is the monotonic depen- 

The purpose of the present investigation is twofold. dence of R, on w: Smaller values of w correspond to 
First, an experimental check on the validity of the as- smaller R,. This is the cause of a circumstance of 
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FIG. 1. Working terms of the system Rb+ Xe. Within the lim- 
its of the accuracy of Gallagher's data7 the spin-orbit splitting 
does not depend on R. The lengths of the arrows determine the 
hrequencies w,. 

importance for the further investigation, namely that 
laser radiation with w < w, (see Fig. 2) excites only 
states in which the atoms move apart, and cannot ex- 
cite molecular states. 

4. We measured in the experiment the intensities of 
the molecular (S,) and atomic (S,) emissions a s  func- 
tions of the laser excitation intensity I. The measure- 
ment results a r e  shown in Fig. 3. We discuss first the 
character of the molecular emission. 

'g 1 

FIG. 3. Dependence of the emission intensity S ,, on the ex- 
citation intensity 1 (&= = 820 nm): a-of an atomic doublet, 
m -of the molecular band &= 840 nrn) . 

that the quasimolecule is at resonance with the field is 
too short for the appearance of a noticeable optical 
quenching of the fluorescence. 

5. The nonlinearity observed in Sa(I) can be attributed 
to the fact4v5 that the Rb atoms optically excited into se- 
paration states can become temporarily bound with Xe 
atoms. The quasibound character of these atomic states 
in the presence of attraction between the atoms is en- 
sured by the rotational barr ier  of the relative-motion 
potential. The excited quasibound % atoms contribute 

The plot of S,(I) deviates substantially from a straight to the atomic emission only after tunneling decay of the 
line a t  I>Z,= 10' w/cm2. The nonlinearity in this pro- quasimolecule (RbXe)*. The de-excitation of the latter 
cess, just a s  the one observed in Ref. 4, can be attri- in induced transitions (in the vicinity of R,) decreases 
bukd to optical quenching (deactivation) of the excited the intensity of the atomic emission. 
molecule ( ~ b ~ e ) *  by the powerful radiation field in the 
vicinity of the point R,. We note that the characteristic 
power I, is much less than that necessary for  strong 
saturating excitation of the atoms per collision? The 
difference between the probabilities of the excitation 
and deexcitation of the molecule by laser radiation is 
connected with the difference between the time that the 
system is a t  resonance with the field in the ground di- 
verging state of motion (10-l3 sec) and the bound excited 
state (10" sec). 

The plot s,(I) of the atomic emission (Fig. 3) is simi- 
l a r  to S,(I) of the molecular emission. The character- 
istic value I,= 10" W/cm2 for the atomic emission is 
close to I, for the molecular emission and, while some- 
what larger than the latter, is still surprisingly low if 
it is recognized that in excitation of the atomic emission 
in both states-the lower and now also the upper-the 
particles move apart (separation states), and the time 

FIG. 2. Excitation scheme of molecular and atomic emission. 
The dashed curves show the effective (radial) potentials for 
2 >> 1. Transitions with w < w, occur in the region of R < R,; the 
ordinates represent the quantity U,@)=U~,~@)+I~Z(Z+ 1 ) / 2 p ~ ~ .  

We note that laser radiation can be used to excite the 
colliding atoms Rb and Xe both in states of quasibound 
motion with energy O< $< gb (see Fig. 2) and into states 
of rapid separation with $> $,. Contributions to the 
atomic emission is made by both processes, but the re- 
corded nonlinearity can be attributed only to the contri- 
bution of the former, since the appreciable laser de-ex- 
citation at relatively low intensity is possible only for a 
quasibound pair (during the time of i ts  tunneling decay). 

From the explanation proposed for the nonlinearity it 
follows that the latter cannot be observed even at Z>Ia 
if the frequency of the exciting radiation i s  w< w,. In- 
deed, light with w < w , cannot excite quasibound-motion 
states and excites only the rapid separation states with 
$> I,, inasmuch as at any instant KZ of the colliding 
atoms the minimum separation energy $,,,(I)= U,(R,) 
+E2Z(1+ 1)/2pR: is always larger than the height of the 
barrier: gb(Z) = U2(R ,) +E21(1 + 1)/2/.~~2, (R, is the coordi- 
nate of the position of the maximum centrifugal poten- 
tial-the barrier). This follows from the already noted 
singularity of the system U2(Rw)>0, Rw<R, and from 

S,, rel. un. 

FIG. 4. Long-wave excita- 
tion spectra of atomic emis- 
sion at I = lo6 (a) and I 
= lo9 (b) w/cm2. 
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the obvious LI,(RJ < 0. 

For an experimental check on the described interpre- 
tation of the nonlinearity we investigated the excitation 
spectrum of the atomic fluorescence at low (I <<Ia) and 
high (PI,) excitation powers. In the experiment, Rb 
+Xe pairs were excited by focused laser  radiation 
whose power was decreased by neutral light filters. 
The obtained spectra a r e  shown in Fig. 4. It is seen 
that in excitation with X,,> 867 nm both spectra agree 
within the limits of the measurement accuracy .l' The 
difference between the linear and saturated spectra 
manifests itself clearly in the region X,, < A,. 

Within the limits of the accuracy of the available 
data the experimental value of A,,, agrees well with the 
cutoff wavelengths X,(II,/,) and A,(II,,,) calculated from 
the known terms (see Fig. 1). The observed large value 
X,(II,,,) = 865 nm is very close to A,,, and the smaller 
one A,(II,,,) = 855 nm i s  located in the deformed region of 
the spectrum and therefore does not mainfest itself as a 
singularity. 

7. The results presented within the framework of the 
developed concepts offer unequivocal evidence in favor 
of the proposed explanation of the nonlinearity mechan- 
ism. However, for the concretely investigated system 
Rb+Xe the same results can be interpreted also in a 
different manner. In fact, a contribution to the atomic 
emission in the case of short-wave A,,< A, excitation 
can be made also by dissociation of the ( ~ b ~ e ) *  mole- 
cules when they collide with the xenon atoms: 

If this mechanism is decisive in the formation of the 
atomic emission, then the nonlinearity of Saul and the 
deformation of the short-wave par t  of the spectrum are  
attributed to the aforementioned de-excitation of the 
molecular states of ( ~ b ~ e ) * .  

In principle, the two considered mechanisms (both tun- 
nel and impact) can jointly cause the observed nonlinear 
phenomena. However, the contribution of each of them 
to the intensity of the atomic emission depends different- 
ly on the xenon concentration. The efficiency of the tun- 
nel mechanism i s  a linear function of the concentration, 
while that of the impact mechanism is a quadratic func- 
tion in the case of excitation in the region X,,,<X, and a 
linear one in the region A,> X,. This concentration dif- 
ference between the mechanism makes i t  possible to 
establish the role of each of them in the observed non- 
linearities. 

The dependence of the linear excitation spectrum of 
the atomic emission on the pressure of the xenon was 
investigated with a specially produced installation that 
includes a high-power incandescent lamp and two MDR-2 
monochromators for the monochromatization of the ex- 
citing and recording radiations. The obtained spectra 
a r e  shown in Fig. 5 (the resolution is 6 nm). It is  seen 
that the spectrum deformation due to the nonlinear de- 
pendence of the intensity of the emission on the Xe con- 
centration is significant only at high (>30 ~ o r r )  pres- 
s u r e ~ , ~  and the spectra obtained at 10 and 30 Tor r  

I 
8 4 860 860 

A, nrn 

FIG. 5. Linear excitation spectra of atomic emission at dif- 
ferent Xe concentrations. Curves 1, 2, 3, and 4 correspond 
to 10, 30, 100, and 300 Torr, respectively. 

agree within the limits of the measurement accuracy. 
This is evidence that the contribution of the collisional 
dissociation to the observed nonlinearities is  negligible 
at low pressures (10-30 ~ o r r ) .  

From the presented experimental results we can draw 
the following conclusions. A large fraction of the Rb 
and Xe atoms excited by the collision a r e  in a state of 
quasibound motion. The dissociation of the excited qua- 
simolecule (RbXe)* proceeds via tunneling of the atom 
through the centrifugal barrier.  The nonlinearity of 
Sa(f) at high excitation powers (and low pressures) i s  
due to the field-induced de-excitation of the predissoci- 
ated molecules. The characteristic value of I, makes 
i t  possible to estimate5 the average lifetime of the pre- 
dissociating molecule: T,,, = - lo-'' sec. The con- 
clusions a re  obviously valid in general for all systems 
with an attracting upper term. This gives grounds for 
assuming that the optical excitation of the quasibound 
motions in a system of colliding atoms and their r e -  
cording by methods of nonlinear spectroscopy will find 
use in various branches of laser  physics and chemistry, 
in view of the timeliness of research on excimer and 
quasimolecule system. 

')The quantity that normalized the spectra was the intensity of 
the atomic emission excited at hXc= 890 nm. The linear 
Sa (IX.890) dependence was verified specially in the entire 
range of measurement of I. 

 he spectra were normalized to the intensity of the emission 
excited at A,,= 879 nm > h. We recall that emission with 
A,,> A, does not produce excited molecules, although molecu- 
lar emission does take place. Therefore the intensity of the 
atomic emission in this region depends linearly on the Xe 
concentration also under conditions when the impact mechan- 
ism predominates. 
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General quantum-mechanical equations are derived for an electron in a spatiaily periodic magnetic field 
and in the field of an electromagnetic wave. The limits of applicability of the calculations in the lowest 
order of perturbation theory are obtained. It is shown that for gain calculations these limits are much 
wider than in the general case owing to the substantial cancellation of the higher-order corrections that 
contribute to the gain. The saturation parameter p is determined. The asymptotic dependence of p on 
the gain is obtained at p> 1. The spectral properties of the gain, namely the width and the shift of the 
resonant maximum, which depend on the field intensities, are investigated. An analytic expression is 
obtained, at p > 1, for the maximum (in the spectrum) gain, which decreases in proportion to EC"~ with 
increasing intensity E, of the amplified wave. 

PACS numbers: 42.50. + q 

1. INTRODUCTION 

~ m ~ l i f  icationl and generation2 of radiation produced 
when a beam of relativistic electrons i s  scattered by a 
spatially-periodic potential of a time-independent mag- 
netic field were recently observed experimentally, for 
the f irst  time ever, at Stanford University. The theory 
of the process was developed in a large number of pa- 
perss''5 both on the basis of a classical description5-" 
and a quantum one. 3'4*12-15 At the same time, and inde- 
pendently, a theoretical and experimental investigation 
was made of spontaneous radiation in systems of this 
type-undulator (Wiggler) radiation. 16-" 

One of the principal results  of Refs. 3-15 i s  the deri- 
vation of formulas for the gain of a weak t r ia l  wave (in 
the "weak signal" approximation). As  shown by u s  
earlieri5 these calculations a r e  equivalent to a direct 
quantum-electrodynamic calculation in the lowest order 
of perturbation theory (in f i rs t  order in the magnetic 
field and first  order in the field of the electromagnetic 
wave). Saturation effects were considered in a number 
of papers by way of qualitative  estimate^^'^"^ and also 
on the basis of a numerical solution of simplified equa- 
tions in a classical model. lo'" No analytic solutions 
have been apparently published to date. The present 
paper i s  devoted to a theoretical description of the 
amplification of an  intense external wave when elec- 
trons a r e  scattered by a spatially periodic strong mag- 
netic field. We shall use one of the simplest variants 
of the quantum-mechanical description of the electron 
motion in the classical fields, proposed in our earl ier  
papers'5 and based on the interpretation of these pheno- 
mena in terms of stimulated bremsstrahlung and ab- 

sorption. On the basis of the analysis of the exact 
equations we find the conditions for applicability of the 
calculations in the lowest order of perturbation theory. 
In the general case these conditions a r e  much more 
stringent than in the calculation of the gain. We shall 
obtain the solutions for the equations in different ranges 
of variation of the field intensities, including the asymp- 
totic solution for  a strong field and a description of 
the saturation effect. 

To  estimate various parameters we shall frequently 
use below the data of Ref. 2. We shall therefore as-  
sume that the following relations hold, 

where c and m a r e  respectively the energy and mass  of 
the electron, qo = 2n/X,, X, is the period of the mag- 
netic field, and u is the frequency of the amplified 
wave; we use a system of units in which 6= c = 1. Jus t  
a s  in a l l  the preceding papers1-" (with the exception of 
Ref. 12), we use the approximation of the given field 
of the electromagnetic wave, assuming i t s  amplitude 
to be constant; this  is justified by the a posteriori 
smallness of the gain per pass. 

2. FORMULATION OF PROBLEM. PRINCIPAL 
EQUATIONS 

We consider the initial problem, assuming that the 
interaction of the electron with the magnetic field is 
turned on a t  a certain instant of time (the instant when 
it enters the region where the magnetic field exists), 
and lasts  for a limited time t =L/v =L, where v is the 
electron velocity and L i s  the length of the magnet. A 
direct check shows that the equations obtained in this 
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