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Resonance molecular fluorescence of saturated Rb2 vapor excited by Q-switched ruby laser is studied. The usual linear 
dependence of fluorescence intensity on excitation intensity changes into a linear dependence on electric field intensity when 
the exciting power density exceeds 103 W /cm2. The concentration dependence of fluorescence intensity is found to be different 
for weak and strong excitation. The linear dependence of fluorescence on emission field intensity is shown to be due to 
nonresonance excitation of molecules with inhomogeneously broadened absorption band. The different measured concentration 
dependencies are interpreted as a manifestation of the dependence of transverse molecular relaxation on vapor concentration. 

1. INTRODUCTION 

WE reported previouslyfll on the observed phenome
non of nonlinear population of the excited states of K2 
molecules by a Q-switched ruby laser emission. The 
degree of population of the excited states was deter
mined from the change in molecular fluorescence in
tensity observed at a right angle to the direction of the 
exciting emission, We discovered that the fluorescence 
intensity is proportional to the square root of I0 when 
the excitation intensity is I0 = 103 - 10 6 w/cm2. This 
dependence was interpreted as a manifestation of non
resonance excitation of K2 molecules considered as an 
ensemble of two-level systems with different natural 
transition frequencies. The theoretical interpretation 
implies that the change from the usual linear depend
ence of fluorescence intensity on Io to a linear depend
ence on ffo (henceforth called root dependence) is de
termined by the constants of the longitudinal and trans
verse molecular relaxation. At the same time the 
linear and root regions have different dependence of 
fluorescence intensity on the longitudinal and trans
verse relaxation constants r2l, 

To verify the proposed theoretical interpretation we 
performed a more detailed investigation of the phe
nomenon using saturated vapor of molecular rubidium 
Rb2 as the object. Compared to K2, Rb2 vapor has an 
order-of-magnitude greater density and absorption 
cross section at the ruby laser wavelength at the same 
temperatures. This permitted us to expand significantly 
the useful range of the resonance fluorescence signal, 
which is bounded below by the photomultiplier shot 
noise and above by the parasitic signal of the ruby 
laser light scattering. Furthermore, as we show below, 
the longer fluorescence decay time of Rb2 (25 nsec) 
provides a relatively better justification of the theoret
ical model represented by the two-level absorption and 
emission systems under pulse excitation conditions. 

2. THE EXPERIMENT 

Figure 1 shows the spectral dependence of the 
molecular rubidium absorption cross section in the red 
band 1~g- 1 ilu measured under stan~ard conditions 
at T = 290°C (spectral resolution ~30 A; the molecule 
concentration corresponding to the measurement tem
perature is taken from Nesmeyanov's book[3 l). As seen 
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FIG. I. Absorption cross section J 
of molecular rubidium in the red band 2 
'~g~ 'Tiu. 

i\,nm 

from the figure, the molecular vapor absorption cross 
section near the ruby emission wavelength (Ao = 6943 A) 
amounts to ( 2 - 3) x 10-16 cm2. Direct measurement of 
the ruby emission absorption by Rb2 vapor as a func
tion of laser pulse power revealed bleaching of the 
molecular vapor. 

To identify the ground-state vibrational level re
sponsible for absorption of ruby laser emission we 
photographed the spectrum of resonance fluorescence 
of Rb2 • The cell (Wood's horn) with rubidium vapor 
saturated at 320°C was exposed to the emission of ruby 
laser operating in a spiking mode. The pulse energy 
was 0.5 J. Figure 2 shows a spectrogram of the anti
Stokes wing of resonance fluorescence accumulated 
from 100 pulses of spiking emission with a 5 A spectral 
slit width of an STE-1 recording spectrograph. The 
set of equidistant lines in the spectrogram corresponds 
to transitions from the excited vibration level of the 
'nu state to the vibrational levels of ground state, 

Analysis of the resonance fluorescence spectrum 
and data on the frequencies of the electron-vibrational 
transitions of Rb2 [61 showed that transitions occur 
from 6-10 vibrational levels of the ground 1 ~g state 
to 2-6 levels of the excited state, depending on the 
ruby laser frequency (in this experiment the width of 
free-running emission spectrum was ~1 cm-1). The 
presence of discrete bands in the Rb2 fluorescence 
spectrum indicates that no molecular relaxation from 
the vibrational states of the excited term takes place 
during fluorescence decay of the excited state. 

Figure 3 shows the resonance intensity S of molecu-

'>The bleaching of molecular Rb2 vapor by ruby laser emission was 
used by us for simultaneous passive Q-switching and stabilization of the 
ruby laser frequency[4l. Q-switching and frequency stabilization of a 
neodymium glass laser were achieved in a similar manner using Cs2 

vapor[51• 
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FIG. 2. Spectrum of anti-Stokes wing of Rb2 vapor resonance fluo
rescence excited by ruby laser emission. 
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FIG. 3. Resonance fluorescenee intensity S of Rb2 vapor as a func
tion of single pulse intensity 10 of ruby laser. 

lar rubidium as a function of the intensity 10 of a single 
ruby pulse measured in the experimental setup shown 
in Fig. 4. 

A molybdenum-glass cell (Wood's horn) with rubi
dium vapor saturated at 31l0°C was exposed to a ruby 
laser operating in the giant pulse mode. The laser was 
Q-switched by a solution of gallium chloride phthalo
cyanin in nitrobenzene. The frequency dispersion of a 
single laser pulse did not exceed 0.1 cm- 1 from flash 
to flash, owing to the use of a double refraction crystal 
in the laser system as a frequency stabilizer, as was 
done by Circovjc et al. f7l The length of the laser pulse 
(at half amplitude) was 20 nsec, and the resonance 
fluorescence was recorded in a direction perpendicular 
to laser emission. Fluorescence intensity was meas
ured with an FEU-28 photomultiplier connected to an 
81-11 pulsed oscilloscope .. The laser emission intensity 
was attenuated in steps with calibrated neutral density 
filters, and the power of a single pulse was determined 
photoelectrically with a graduated FEK-09 coaxial 
photocell and an Si-7 osciUoscope. Platinum neutral 
density filters were used to attenuate the light in the 
fluorescence recording channel. 

The observed fluorescence signal was integrated 
over the spectrum within the range 720-900 nm. The 
.maximum power density in the horn was ~ 2 MW/cm2 • 

An FS-7 optical filter effectively cut off the scattered 

FIG. 4. Experimental setup. !-Wood's horn with saturated rubidium 
vapor; 2-Q-switched ruby laser; F 1-calibrated neutral density filters; 
F2-neutral density platinum ftltt:rs; F-FS-7 optical fJ.lter. 

emission of the ruby laser. Preliminary experiments 
revealed that a parasitic scattered signal is present 
along with the molecular vapor fluorescence signal in 
the spectral range. The parasitic signal is constant over 
the spectrum, does not depend on the te:mperature of the 
rubidium vapor horn, and increases linearly with laser 
pulse power. The magnitude of the parasitic scattering 
signal observed under our conditions (the fluorescence 
signal was observed in the region 2 em away from the 
horn window to eliminate the effect of linear absorption 
of the exciting radiation within the range of Rb2 pres
sures used) is shown by the dashed line in Fig. 3. 

According to Fig. 3 the fluorescence intensity is 
proportional to laser intensity 10 up to a certain limit 
(~1 kW/cm2 for a rubidium vapor temperature of 
360°C) beyond which the fluorescence intensity is pro
portional to ffo (in the logarithmic scale, the linear 
and root regions correspond to respective slopes equal 
to 1 and %). The concentration dependence of the 
fluorescence signal was measured in the linear (weak 
excitation) and root (strong excitation) regions. 

Figure 5 shows the relative magnitude of the reso
nance fluorescence signal as a function of the saturated 
molecular vapor pressure for weak (line 1) and strong 
(line 2) excitation. In the experiment we measured the 
temperature of the rubidium vapor horn, while the 
vapor pressure was obtained from data in Nesmeyanov's 
bookr3 J. Line 2 was plotted under the same conditions 
as those in plotting fluorescence intensity as a function 
of laser pulse power. To increase the range of fluores
cence signal in the weak excitation region, line 1 of the 
concentration dependence was plotted by recording the 
total fluorescence spectrum in the region 640-900 nm. 
The FS-7 filter was removed from the photomultiplier, 
thus increasing the fluorescence signal by a factor of 
70, so that the recording range of the fluorescence 
signal was now limited below by the scattered emission 
of the ruby laser. The ratio of fluorescence signals 
received from the entire band (640-900 nm) to those 
from the Stokes region (720-900 nm) was found to re
main constant within the entire power range of the 
laser pulse. 

The setup shown in Fig. 4 was used also to measure 
the fluorescence decay time of the excited 1 llu state 
of rubidium molecules. Fluorescence was excited by 
a 5-7 nsec ruby laser pulse. The fluorescence was 
recorded with fast FEU-77 and FEU-36 photomulti
pliers connected to the 81-11 pulsed oscilloscope. The 
resolution time of the recording system did not exceed 
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FIG. 5. Relative resonance fluorescence signalS as a function of 
molecular rubidium vapor pressure P: !-weak excitation; 2-strong ex
citation. 
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4 nsec. The measurements showed that the fluorescence 
decay time T 1 does not depend on the concentration of 
molecules within the entire range of temperatures used 
(~up to 400°C) and amounts to (25 ± 5) nsec, The 
measurement of T 1 yielded the same result whether the 
fluorescence spectrum was recorded over the entire 
band or in the Stokes region, as well as for weak and 
strong excitation. Figure 6 shows oscillograms of the 
exciting pulse of the ruby laser and the fluorescence 
pulse. The measured value of T 1 is in satisfactory 
agreement with the computation of T 1 from the integral 
cross section of the absorption band ( ~40 nsec ). 

3. THEORY 

The present theory, just as that of Burshte1n raJ, is 
based on a model of two-level systems with different 
natural transition frequencies w 0 characterized by 
their distribution function p ( w 0 ) (inhomogeneous broad
ening of the absorption band). The fluorescence inten
sity is proportional to the total number of excited 
molecules F(t). To compute it we must find the popu
lation of the upper level fu(w 0 ) for each species of 
molecules and then to average f 11(w 0 ) over frequencies 
wo with the aid of the distribution function p ( w0 ). 

The population f 11 ( w 0 ) can be found from the follow
ing system of equations for the molecular density 
matrix in a monochromatic radiation field E = o cos wt: 

. 1 
/to= th(1- 2/u) V"- iw,j"- yz/10 • 

(1) 

Here T 1 = 1/y 1 is the time constant of excited state 
population relaxation, T2 = 1/y2 is the time constant of 
trans verse relaxation, and V 10 = V'!;1 = d ?! , where d is 
a matrix element of dipole moment projected on the 
direction E. 

The methods and nature of the solution of system (1) 
are known in sufficient detail (seef 8 • 9 l for example). 
We now merely consider some typical solutions neces
sary for the interpretation of the obtained experimental 
results. 

1. Stationary excitation regime. In this case the 
solution of system (1) for a quasi-resonance excitation 
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FIG. 6. Oscillograms of the exciting ruby laser pulse (a) and fluo
rescence pulse (b). Scale 20 nsec/division. 

w- Wo << Wo leads to the following stationary value of 
fu(Wo): 1 nz 1 >< y, y, 

fstat ( Wo) = 2 y,' + Q'y,/y, + { (fJ _ Wo} 2 (2) 

Here and below n = d o/11. To obtain the total number 
Fstat of excited molecules we integrate fstat(w 0 ) over 
the entire ensemble of molecules: 

+~ 

Fstat = J dwofstat { Wo} P { Wo} (3) 

Under our experimental conditions the distribution 
function p(w 0 ) is smooth in comparison to the function 
fstat( Wo); its effective width is of the order of the ab
sorption bandwidth (~10 14 sec- 1), whereas the width of 
the function fstat(wo) for the maximum intensities used 
does not exceed 10 12 sec-1 • Therefore 

F - p(w) !:_g,r dw, 
stat- 2 y, __ (w _ Wo} 2 + Yz' + Q'yz(y, 

n v y, Q' 
=-p(w) . 

2 Yt (Q 2 + y1y2 ) 'lz 

It follows from (4) that for low intensities of the ex
citing emission, when n 2 << y 2 y 1 , the magnitude of 

(4) 

F stat and consequently the fluorescence intensity are 
proportional to the intensity of the exciting emission: 

F weak_ n Q' 
stat --2 p(w)-. 

y, 
(5) 

In the other limiting case of large intensities, when 
n 2 >> y 2 y 1, the magnitude of F stat is proportional to 
the square root of the intensity of the exciting emis-
s~n: _ 

strong n 1/ Vz 
Fstat = - 2 p(w) V -Q. 

y, (6) 

The change from linear to root dependence occurs with 
exciting emission intensities for which n 2 is of the 
order of Y2Y 1• Hence it follows that the analysis of 
fluorescence intensity as a function of the intensity of 
exciting light represents a new method of measuring 
the time constants of the longitudinal T 1 and trans verse 
T 2 relaxations with inhomogeneously broadened absorp
tion band of the molecules. 

The physical interpretation of the change from 
linear to root dependence is based on the fact that for 
n2 >> Y2Y 1 the excited state involves all molecules 
whose absorption frequency w 0 falls within the inter
val w ± n ry;ry; (see (2)) in proportion to the square 
root of the exciting emission intensity. On the other 
hand, in the case of n 2 <<. y 2 y 1 only those molecules 
whose w0 lies within the interval w ± Y2, independent 
of excitation intensity, can be effectively excited. 

2, Nonstationary excitation regime for Y2 = y 1 = r. 
In this case system (1) with the initial condition fu 
= f10 = 0 at t = 0 has a solution for f 11(w 0 , t): 

1 Q' 
!" ( w,, t) = 2 -z< 1- e-'' cos Rt); 

Z=Q'+v'+(w-w,)', R=f(w-w,)'+Q'. (7) 

Exact integration of f 11 (w 0 , t) over the ensemble of 
molecules 

F= p(w)Q'+J~dw 1-e-''cosRt 
2 -~ 0 z (8) 
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is difficult in this case. However, in the case of short 
excitation pulses At« 1/r (8) can be integrated ap
proximately in the limiting cases of weak and strong 
excitation. 

In the case of weak excitation intensities, when 
n << y, we have cos Rt RJ 1 in the region of sharp vari
ation of the function z- 1 a.nd 

(9) 

In the other limiting case of large excitation inten
sities, when n »At-\ the function cosRt oscillates 
rapidly in the region (w -- w0 ) ~ 0 of the main contri
bution of the function z-1 and 

(10) 

Comparison of (9) and (10) with (5) and (6) shows 
that in the limiting case of strong excitation the 
fluorescence intensity for short excitation At « 1/y 
coincides with its stationary value for Y2 = r 1 = Y and 
is proportional to the square root of the excitation in
tensity. On the other hand, in the case of low excita
tion intensities the fluorescence intensity is propor
tional to that of the exciting radiation and differs from 
the stationary value merely in that T 1 = 1/r 1 is re
placed by At. The change from linear to root depend
ence in the case of short-time excitation occurs at ex
citation intensities for which y < n < C 1• 

3. Nonstationary excitation regime for Y2 » r 1 • In 
this case the approximate value of f11(w 0, t) can be ob
tained in the frequency region (w - wo):::: Y2 and has 
the form 

1 Q'y,/y, 
/u(IDo,t)~-2 - '+"'' / +( )' y, " V• V• (J) - IDo 

{ 1 _ x [-t V•(Ci>-IDo)'+V•[Q'+v•V•l ]} . 
X e P Q'+V•'+(ID-IDo)' (11) 

As in the preceding case, an approximate computation 
of the total number of excited molecules is possible 

+~ 

F ~ p(ID) J /u(IDo,M)diD0 

for short-period excitation Y21 «At« r11 by strong 
and weak emission pulses. For weak emission excita
tion 0 2 « y 2At- 1 

:wea~ 1t 
F' '\M)~ p(ID)-Q'M 

2 . (12) 

In the converse case of strong pulse excitation 0 2 
» Y2At- 1 

(13) 

Consequently for Y2 ?-> y 1 the change from linear to 
root dependence occurs at excitation intensities for 
which 0 2 becomes of the order of y 2AC1 and depends 
on the pulse length At. In contrast to the case Y2 = r1 

the constant of proportionality in the root region is 
proportional to m, i.e .. , it depends on the pulse 
length. 

4. DISCUSSION OF RESULTS 

Owing to the possible transition of a molecule from 
the excited electron-vibrational state to any vibrational 
sublevel of the electron g;round state, the molecular 

rubidium vapor under investigation represents an in
homogeneously broadened multilevel system. The ap
plicability of the model developed for the ensemble of 
two-level systems in this case is determined by the 
relation between the exciting laser pulse length At and 
time T 1 of the fluorescent decay of the excited state of 
the molecule o 

For At -;;;, T 1 the two-level model; is approximately 
valid and the fluorescence intensity for weak and strong 
excitation is described by (12) and (13). 

For At» T1 in a strong laser field rapid radiative. 
decay of the excited state and depletion of the ground 
state electron-vibrational terms responsible for ab
sorption result in complex kinetics of the fluorescence 
pulse. Nevertheless the results of the two-level model 
can be used in this case provided the rise time of the 
leading edge of the pulse is much smaller than T 1 • 

For At = T 1 (as noted above under our experimental 
conditions, At = 20 nsec and T1 = 25 nsec) Eq. (4) is 
approximately valid for the stationary regime. This 
equation determines the dependence of fluorescence 
intensity on excitation intensity and relaxation con
stants r 1 and Y2· The observed dependence of fluores
cence intensity on excitation intensity (Fig. 3) is 
qualitatively in good agreement with the dependence 
predicted by (4). 

As noted above we discovered that the lifetime of 
excited state of rubidium molecules is independent of 
vapor concentration in the investigated temperature 
interval (absence of concentration quenching of fluores
cence). The difference in the concentration dependence 
of fluorescence intensity for weak and strong excitation 
we attribute to the dependence of transverse relaxation 
time T2 = 1/Y2 on the vapor concentration No The con
centration dependence of Y2 can be obtained from (5) and 
and (6): 

p•trong 
__:.!!!!..._ (N) = A .r" (N) 
F weak ~ •• ' 

'stat. 

A_ VY;,nf!' strong 

- dl&~eak ' 

where A does not depend on concentration. 
According to the plot in Fig. 5 y 2 changes in the in

vestigated range of temperatures of saturated rubidium 
vapor by a factor of 40. From Nesmeyanov's dataf3 l 
such is also the change in vapor concentration of 
atomic rubidium. The concentration of molecular vapor 
within this range changes by a factor of ~250. The 
concentration of Rb exceeds 100-150 times that of 
Rb~. These data indicate that the quantity y 2 is most 
probably determined by collisions of molecules with 
rubidium atoms. However the concentration dependence 
of fluorescence intensity for weak excitation (Fig. 5) 
differs considerably from linear. We assume that this 
difference is due to inexact determination of saturated 
Rb2 vapor pressure P as a function of temperature T 
given in Nesmeyanov's bookf3 l. An analogous deviation 
of the P(T) function fromf 3 l was also revealed by us in 
an independent experiment performed to measure the 
absorption cross section of Rb2. A greater precision 
of the function P( T) will permit us to make a definitive 
conclusion about the mechanism of transverse relaxa
tion in a rubidium molecule. Determination of y 2 re
quires absolute measurement of molecular concentra
tion and fluorescence intensity for weak and strong 
excitation. 
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5. CONCLUSION 

We assume that the obtained experimental data allow 
us to validate the theoretical interpretation of the ob
served nonlinear phenomena based on the model of non
linear absorption of intense emission by an ensemble 
of two-level systems with various natural transition 
frequencies (i.e., molecules with inhomogeneously 
broadened absorption bands). 

The above method of studying nonlinear absorption 
of powerful monochromatic radiation by inhomogeneously 
broadened molecular systems can serve as a new 
technique of measuring the homogeneous broadening of 
individual molecular transitions masked by inhomo
geneously broadened band and also of mechanisms 
causing such broadening. Of considerable interest is 
the study of nonlinear absorption of nonmonochromatic 
intense radiation by molecules with inhomogeneously 
broadened absorption bands. 

The authors are indebted to V. V. Ovsyankin for the 
opportunity to perform spectroscopi<; measurements 
with his setup, to S. G. Przhibel'skii for useful discus
sion of the results of this work, and to A. M. Bonch
Bruevich for his support and interest in the investiga
tion. 
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