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The paper reports an investigation of the changes that occur in the generation spectrum of a dye 
laser with atomic-barium vapor in the cavity resonator near the resonance absorption line 
(A = 553.5 nm). It is shown that the changes in the generation spectrum are determined by the 
nature of the interaction between the strong light field of the radiation and the two-level system. 
The nonresonance and resonance interactions between the radiation and the two-level system are 
studied. It is shown that in the case of the nonresonance interaction the changes in the generation 
spectrum are due to the formation of a nonlinear frequency-dependent lens. In the case of the 
resonance interaction, it is found that the absorption line splits up into two components, and that 
the splitting increases linearly with increasing intensity of the light-wave field. There occurs 
between these components a spectral intensity amplification, which is interpreted as amplifica- 
tion, without population inversion, of the dye-laser radiation in the atomic-barium layer. 

1. INTRODUCTION generation spectrum of a dye laser with atomic-barium va- 

rntensity amplification in the generation spectrum ofa  por in the vicinity of the absorption line with wavelength 

dye laser near the absorption line of atoms placed inside the A = 553.3 nm. The in 

cavity resonator has been studied in a large number of inves- the barium atom (the transition 6lSO - 6'P,) is a good ap- 

tigati0ns.l-l1 Two principal models have been theoretically proximation t' a two-1eve1 'ystem. 
- 

and experimentally investigated for the spectral concentra- 
tion of the radiation. One of these models assumes the exis- 
tence in the absorbing medium of a frequency-dependent 
lens due to the nonuniform distribution of the excited atoms 
over the cross section of the medium, while the other model 
assumes the creation of a nonlinear frequency-dependent 
lens in the medium by the high-intensity light field. The in- 
vestigations in which cw dye lasers with an intracavity ab- 
sorption cell were usedl*10 assume the natural lenticularity of 
the medium to be the principal mechanism responsible for 
the radiation concentration, while those in which high-pow- 
er pulsed lasers were used5." assume the nonlinear lenticu- 
larity to be the principal mechanism. Back in 1973 Shank 
and Kleinl formulated the chief characteristics of the "cap- 
ture" of a frequency during work with cw dye lasers: the 
frequency capture occcurs on both the short- and the long- 
wavelength sides of the absorption line; on the long-wave- 
length side the capture is frequency retuned when the gas 
pressure in the cell is changed; on the short-wavelength side 
the capture is immediately adjacent to the absorption line, 
and is not frequency retuned. Further theoretical investiga- 
tions showed that the natural lenticularity of the medium 
can explain the capture only on the long-wavelength side of 
the absorption line. In Ref. 11 an account is given of an ex- 
perimental and theoretical investigation of the effect of the 
radiation concentration on the susceptibility of the medium 
in the intracavity absorption cell. It is shown that the spec- 
tral concentration of the radiation on the short-wavelength 
side of the neon absorption line (A = 594.5 nm) is due to self- 
action of the laser radiation in the neon. The theoretical 
analysis was carried out on the basis of the solution to the 
wave equation for a cavity partially filled with a medium 
describable by a generalized two-level model. 

In the present paper we report investigations of the in- 
tensity amplification and weakening effects that occur in the 

2. EXPERIMENTAL PROCEDURE 

The investigations were carried out with the aid of the 
method of holographic interference spectroscopy developed 
by two of us (I. S. and S. A.),I2 and used in the investigation 
reported in Ref. 11. The method allows us to study the con- 
tour of the absorption line and the behavior of the refractive 
index near the absorption lines of the atoms in the intraca- 
vity absorption cell of a dye laser in the case of holographic 
processing of the intracavity spectrograms. 

The transmission distribution of the initial spectrogram 
has the form 

T-IO+IO exp (-2khl) +2z0 0Xp (-khl) 

Po a 
(1) 

where kA is the absorption coefficient of the barium atoms, I 
is the thickness of the absorbing layer,po is the period of the 
spectral bands of the empty cavity, x is the running coordi- 
nate in the dispersion direction of the spectrograph, and I, is 
the intensity in the empty arm of the cavity. 

It follows from (1) that the spectral-band contrast 

- Z n  2  exp (-khl) 
v ( a ) =  = 

I + Z i n  I +  exp ( -kh l )  ' 

For kAI,l, 

V (A) = exp (-kil), 

i.e., the band contrast over the spectrum is determined by the 
absorption line contour. In the case when the spectrogram is 
illuminated by a coherent wave and the zeroth diffraction 
order is filtered out the intensity distribution in it is given by 

Za"-Z, [ 1 +  exp (-2kJ) 1. (4) 
Thus, the intensity distribution in the zeroth diffraction 

order characterizes the distribution of the initial intensity 
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over the spectrum, without the modulation introduced by 
the interference term. 

The intensity distribution in the first diffraction order is 
given by 

1,-V2=exp(-2kd) . ~ ( 5 )  

This intensity distribution reflects the spectral shape of the 
absorption line contour for the atomic medium. 

3. EXPERIMENT 

In the experiment, for the recording of the spectro- 
grams, we used a dye laser with a Michelson cavity. The dye 
was pumped by the second harmonic of a rubidium laser (of 
power -200-400 kW and pulse duration - 30 nsec) in the 
transverse scheme. The dye (coumarin 153) was in a quartz 
cuvette with windows cut at the Brewster angle, which en- 
sured the linear polarization of the radiation. The vapor was 
obtained through the evaporation and dissociation of bari- 
um hydroxide in a variable-current arc discharge at two val- 
ues of the current, 3-4 A and 10-12 A. The stand of a DG-2 
arc generator was placed in one of the arms of the Michelson 
cavity. The thickness of the absorbing layer in the interelec- 
trode gap ranged from 5 to 10 mm. The laser radiation was 
trained on a DFS-13 spectrograph. The entrance slit of the 
spectrograph was fully open, and the laser radiation was fo- 
cused on the plane of the slit by a cylindrical lens. The inten- 
sity distribution in the exit plane of the spectrograph com- 
prises, in the case of an empty cavity, equidistant spectral 
lines. The use of a cylindrical lens allowed us to obtain spec- 
tral lines at the rate of - 15 lines/mm, which is not possible 
in the case when the entrance slit is used. 

The spectrograms were recorded on a "Mikrat-300" 
photographic film. The 15 lines/mm frequency allows us to 
easily filter out the first diffraction order from the zeroth, 
and eliminate the processing procedure errors connected 
with this order. 

We studied at an arc current 3-4 A the variation of the 
intensity of the generation spectrum near the absorption line 
ofbarium atoms (A = 553.5 nm) for different radiation inten- 
sities. The measured halfwidth of the absorption line is 
-0.015 nm. The most typical results of the experiments are 
presented in Figs. la-lc. These figures (the upper parts) 
show photographs of the initial spectrograms. In Fig. l a  we 
can clearly see the following regions: on the short-wave- 
length side of the reference line (A = 553.5 nm) we can see a 
bright region, which corresponds to the amplification of the 
radiation intensity, and on the long-wavelength side we can 
see a dark region, which corresponds to intensity diminu- 
tion. In Fig. lb  (upper part) we can see three regions: a bright 
and a dark region on the short-wavelength side of the refer- 
ence line (A = 553.5 nm) and a dark region on the long-wave- 
length side of the reference line. The dark regions corre- 
spond to a weakening of the radiation, while the bright 
region corresponds to the intensification of the radiation. 
Figure lc  (the upper part) also clearly exhibits three regions 
of spectral variation of the radiation intensity, but the re- 
gions of spectral enhancement and diminution of the intensi- 
ty located on the short-wavelength side of the absorption line 
are broader than the corresponding regions in Fig. lb. Fig- 

FIG. 1. Experimental results obtained in the holographic processing of 
the spectrograms: a) field broadening of the absorption line; b) and c) Stark 
shift of the absorption line for different intensities of the dye-laser radi- 
ation. 

ures la  and lc  (the lower parts) show photographs of the 
interference patterns obtained upon the illumination of the 
initial spectrograms by two coherent beams propagating at 
such angles to each other that they interfere after the filtra- 
tion + the first light-diffraction orders on the spectrogram. 
The interference bands represent on some scale the depen- 
dence n(A ) - 1. It can clearly be seen in Fig. l a  that the cen- 
ter of the absorption line coincides with the reference line set 
on the initial spectrogram by the radiation emitted by the 
barium atoms in the arc. 

A. Zones of variation of the generation spectrum in the case 
of field broadening of the absorption line 

The shape of the interference bands shown in Fig. l a  
(the lower half) corresponds to the behavior ofn(A ) - 1 for a 
contour broadened by a light-wave field, and is given by the 
expression13: 

where N is the concentration of the excited atoms in the 
absorption cell, f is the oscillator strength of the transition 
under investigation, A = 0.22X 10-16, T = y-' is the reci- 
procal halfwidth of the absorption line, A = (w, - w)Tis the 
detuning from the absorption line (w is the running frequen- 
cy and w, is the frequency of the absorption line), J = E is 
the radiation intensity, and J, = E is the saturating field 
intensity. 

In the weak field limit (i.e., for J = 0) the expression (6) 
goes over into the usual Sellmeier formula. Thus, the peri- 
pheral low-intensity dye-laser radiation zone gives rise, on 
passing through barium vapor, to the usual Sellmeier behav- 
ior of the refractive index. The central, high-intensity radi- 
ation zone causes the refractive index to behave in the man- 
ner described by the expression (6). As a consequence, there 
is formed over the cross section of the radiation beam a fre- 
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quency-dependent refractive-index gradient that brings 
about frequency-dependent focusing or defocusing of the 
dye-laser radiation. Thus, the nonlinear characteristics of 
the susceptibility of the intracavity medium determine the 
frequency lenticularity of the atomic medium and the re- 
gions of spectral enhancement and diminution of the intensi- 
ty of the dye-laser radiation. 

Using (6), we easily obtain the refractive-index incre- 
ment with respect to the normal dispersion given by the Sell- 
meier formula: 

6 (n- 1) = N f A  
A 

[ 1 + A 2 + l / h  1+A2 

In this case the condition for spectral enhancement of the 
intensity can be expressed as S (n - 1) > 0 (condition for fre- 
quency-dependent focusing). For S (n - 1) < 0 there should 
occur defocusing of the radiation, accompanied by spectral 
diminution of the radiation intensity. It follows from the 
expression (7) that focusing, with spectral enhancement of 
the intensity, occurs in the region A < 0 (the short-wave re- 
gion), while defocusing, with spectral diminution of the radi- 
ation intensity, occurs in the region A > 0 (the long-wave- 
length region). 

Figure 2 shows the plot (the continuous curve) of the 
dependence n(A ) - 1, obtained in the processing of the inter- 
ference pattern shown in Fig. l a  (the lower part). In process- 
ing the interference pattern, we used the expression (6) and 
computed the values ofNf- lOI3 at/cm3 and J/J, - lo3. As 
is well known,14 for discharge in air, J, -0.3 esu (S-  100 W/ 
cm2). From the Sellmeier formula we computed for the ob- 
tained Nf value the dependence n(A ) - 1, which is depicted 
in Fig. 2 by the dashed line. Subtracting one graph from the 
other, we easily obtain the regions of spectral enhancement 
and diminution of the intensity. The width of these regions 
are in good agreement with the width of the corresponding 
regions in the initial spectrogram in Fig. l a  (the upper part). 

Figure lb (the middle part) shows the pattern obtained 
upon the filtration of the zeroth light-diffraction order in the 
spectrogram. This pattern reproduces the radiation-intensi- 
ty distribution in the vicinity of the absorption line. The in- 
tensity distribution is negative with respect to the photo- 
graph in Fig. lb  (the upper part), which is the positive of the 
initial intensity distribution. We can clearly see two bright 

regions, which correspond to intensity reduction, separated 
by a dark region, which corresponds to intensity enhance- 
ment. Figure lb  (the lower part) shows the pattern obtained 
upon the filtration of the first light diffraction order in the 
spectrogram, which clearly exhibits the absorption line, dis- 
placed relative to the reference line by -0.07 nm into the 
short-wavelength region. 

Figure l c  (the middle part) also shows the pattern, 
which shows a -0.19-nm shift of the absorption line, ob- 
tained upon the filtration of the first light-diffraction order 
in the spectrogram. The mean radiation intensity is higher 
here than in the case (b) by roughly a factor of three. The 
interference pattern shown in Fig. lc  (the lower part) differs 
appreciably from the pattern shown in Fig. l a  (the lower 
part). The asymmetry in the behavior of n(A ) - 1 is clearly 
visible. Thus, there occur under the action of intense radi- 
ation a shift of the absorption line (the high-frequency Stark 
effect) and deformation of n(A ) - 1. 

6. Zones of variation of the generation spectrum under 
conditions of a Stark shift of the absorption line 

It is shown in Ref. 11 that, to explain a similar behavior 
of n(A ) - 1, we must use the generalized-two-level-model 
theory developed in Ref. 14, which takes account of the re- 
distribution of the populations between the levels and the 
high-frequency Stark effect. The dependence n(A ) - 1 can, 
in the case of the single-photon resonance, be represented in 
the form 

JK ( 8 - 1 )  + A  
n ( A )  - l=NfA\  

1+ (A-JK)  2+J/J, ' 

where J K  is the high-frequency Stark shift, 
K = h - ' ( x ~ ~  - x1')Tis the "repolarizability" parameter for 
the transition under investigation (the xU denote the linear 
polarizabilities of the atom in the excited and ground states), 
and 8 = 2r/T, r being the lifetime of the barium atom in the 
excited state. In our specific case r- sec, T- 10-1°sec, 
and 8- 200. 

The expression (8) goes over into (6) in the case of a small 
Stark shift, i.e., for JK(A. It should be noted that the for- 
mula (8) is valid for the stationary susceptibility, and is not, 
generally speaking, valid for the present experiment. But the 
qualitative character in the behavior of n(A ) - 1 is pre- 
served. Using the expression (8), we easily obtain the refrac- 
tive-index increment (for A 1): 

From the expression (9) we can easily obtain the regions of 
spectral enhancement and diminution of the radiation inten- 
sity. The regions of spectral enhancement are given by the 
inequality 

FIG. 2. Plots showing the positions of the regions of spectral amplification 
and weakening of the radiation under conditions of field broadening of the 
absorption line: 1 )  region of positive gradient and radiation amplification; 
2) region of negative gradient and radiation weakening. 

It follows from (10) that, for K > 0, there should be two focus- 
ing regions: one on the long-wavelength, and the other on the 
short-wavelength, side of the original absorption line. For 
K <O there is one focusing region, which abuts on the ab- 
sorption line on the short-wavelength side. 
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FIG. 3. Plots showing the positions of the regions of spectral variation of 
the radiation intensity under conditions of Stark shift of the absorption 
line: 1) and 3) regions of negative gradient and radiation weakening; 2) 
region of positive gradient and radiation amplification. 

The regions of spectral diminution of the intensity are 
given by the inequality. 

For K > 0 we have one defocusing region on the long-wave- 
length side of the absorption line, and for K < 0 we have two 
regions, one of which is located on the short-wavelength side 
of the absorption line (A < - (1 + JJ,K ')/J, IK 1(9 + I)), 
while the other is located on the long-wavelength side 
(A > 0). 

In the experiment with barium vapor, K < 0 (the absorp- 
tion line shifts into the short-wavelength region), and, conse- 
quently, there should, according to (10) and (1 I), be two re- 
gions of intensity attenuation and one region of 
enhancement, which is what is observed in experiment. For 
quantitative estimates let us use the following data. For Fig. 
lb, J K - 0 . 4 ~  lo2; for Fig. lc, JK- 1.2X lo2, K- lop3. 
Then for Figs. lb and l c  the beginnings of the defocusing 
regions will be defined as A < - 20 (AR < - 0.03 nm) and 
A > 0. Since JJ, K 2( 1, the beginnings of the defocusing re- 
gions depend weakly on the radiation intensity, but the 
width of the regions depends essentially on the intensity. 

Figure 3 shows plots of the dependence n(A ) - 1: the 
continuous line is the plot obtained in the processing of the 
interference pattern shown in Fig. l c  (the lower part), while 
the dashed line is the theoretical graph computed from the 
Sellmeier formula (Nf- 1013 at/cm3). The regions of spectral 
variation of the intensity are obtained by subtracting one 
graph from the other. The widths and positions of these re- 
gions are in good agreement with the widths and positions of 
the corresponding regions in the original spectrogram in Fig. 
lc  (the upper part). 

It should be noted that the character of the spectral 
concentration is qualitatively preserved in the case of a high 
frequency of the spectral bands ( -  15 lines/mm) when the 
empty arm ofthe Michelson cavity is shut off. This indicates, 
that at such a frequency, the Stark shift of the absorption line 
is not caused by the modes of the Michelson cavity, but is 
determined by the spectral "unevenness" of the dye-laser 
radiation intensity, which undergoes more-than-an-order- 
of-magnitude fluctuations in different parts of the genera- 
tion spectrum. It is well knownI5 that the nonmonochroma- 

tic line near the absorption contour causes a Stark shift 
practically equivalent to the effect of the monochromatic 
component. 

To estimate the focal lengthf, of the nonlinear lens that 
arises in the absorbing layer of barium atoms under the ac- 
tion of the high-power radiation, let us use the results ob- 
tained in Ref. 16. If the refractive-index distribution in the 
medium is given by the expression 

n (x, y) =no [ l - ' I Z a ~ x ~ y ~  1, (12) 

where no is the value of the refractive index on the optical 
axis and a is some complex parameter, then 

f, =n/2a, (13) 

and the radius wJ of the constriction region of the Gaussian 
beam is equal to 

wf= (k/nan,) ". (14) 

The parameter a can be estimated from the refractive-index 
gradient Sn between the center and the edge of the beam: 

a= (26n/noroZ) '", 

where r,, is the radius of the initial beam (r,-0.015 cm) and 
Sn - Then from (1 3) and (14) we find that f, - 20 cm 
and 2wf - 0.02 cm. 

C. Resonant interaction of the radiation with a two-level 
system 

Another series of experiments were performed in which 
the barium vapor was obtained through the evaporation and 
dissociation of barium hydroxide in a 10-12 A arc discharge. 
The halfwidth of the absorption line is -0.06 nm. The fre- 
quency of the bands of the generation spectrum was reduced 
to 4-5 lines/mm. In this case the halfwidth of the Michelson- 
cavity mode is -0.02 nm. Figure 4a shows a photograph of 

FIG. 4. Experimental results obtained in the caseofresonance interaction 
of the radiation with a two-level system: a) the initial spectrogram; b) the 
densitogram of this spectrogram; c) splitting of the absorption line; d) 
interference-dispersion pattern; e) plot of the dispersion-induced variation 
of [n(A ) - 11 in the vicinity of the split absorption line. 
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the initial spectrogram. The intensity of the spectrum is 
found to increase symmetrically with respect to the position 
of the unshifted absorption line corresponding to the reso- 
nance transition (A = 553.5 nm). Figure 4b shows the densi- 
togram of this spectrogram. Figure 4c (the upper part) shows 
the pattern obtained upon the filtration of the first light- 
diffraction order in the spectrogram. We can clearly see a 
symmetric-with respect to the reference line-splitting of 
the absorption line into two components (a + 0.1-nm split- 
ting). Figure 4c (the lower part) shows the pattern obtained 
upon the filtration of the zeroth light-diffraction order in the 
spectrogram, and characterizing the intensity distribution in 
the generation spectrum. We can clearly see the intensity- 
enhancement regions, located symmetrically with respect to 
the reference line between the absorption lines. In Fig. 4d we 
show the interference pattern resulting from the interference 
of the + first light-diffraction orders in the spectrogram. 
Figure 4e shows the plot of the dependence n(A ) - 1 ob- 
tained in the processing of the interference pattern shown in 
Fig. 4d. The two vertical lines located symmetrically with 
respect to the original absorption line (A, = 553.5 nm) indi- 
cate the centers of the splitting components. 

The results obtained can be explained on the basis of the 
model of a two-level system located in a resonance-radiation 
field.I7 This model predicts: 1) a symmetric splitting of the 
absorption line into two components; 2) a symmetric (with 
respect to the reference line) increase in the intensity as a 
result of negative absorption by the barium atoms (amplifi- 
cation without population inversion). Let us note that ampli- 
fication without population inversion has been observed be- 
fore in the radio-frequency The behavior of the 
refractive index (Figs. 4d and 4e) also corresponds qualita- 
tively to the resonant-splitting model. To verify this surmise, 
we obtained and processed several spectrograms for differ- 
ent radiation intensities. In Fig. 5 we present the experimen- 
tal data, obtained with the aid of a microphotometer, show- 
ing the dependence of the normalized (to the minimum 
value) magnitude of the splitting on the normalized (to the 
minimum value) magnitude of the field intensity at the inten- 
sity peaks of the Michelson-cavity modes. We show on the 
graph the intensity spread in the generation modes (the 
lengths of the horizontal lines). The experimental data are 
well approximated by a linear dependence, which demon- 
strates the resonant character of the splitting. The maximum 

FIG. 5. Dependence of the normalized splitting A / A ,  of the absorption 
line (the distance between the splitting components) on the normalized 
amplitude (I/I ,) ' lZ of the dye-laser radiation field. 

splitting is - f 0.1 nm; the minimum splitting, - + 0.05 
nm. Let us estimate the Rabi frequency from the formula 
a = + d,,E / f i ,  whered,, is the dipole moment of the transi- 
tion. For the chosen transition d,2-10-'7 esu. Then 
E - 3 x  lo4 V/cm, which corresponds to an intensity of 
I- 2 x lo6 W/cm2. 

In the experiment we measured at the output end of the 
dye laser the radiation power, which was found to be - 100 
kW. Furthermore, we photographed at the output end of the 
cavity the lasing spot, from which we estimated the lasing- 
spot diameter, which was found to be -0.03 cm. To the 
measured values of the power and area of the lasing spot 
corresponds an intensity of - lo8 W/cm2. The intensity I, 
per spectral mode is - lo6 w/cm2, which agrees with the 
estimate for the Rabi frequency. 

Still unclear is the question of the monochromaticity 
requirement for the exciting radiation in the case of reso- 
nance interaction. 

4. CONCLUSION 

It has been shown that the spectral amplification and 
weakening of the radiation of a high-power dye laser with 
barium vapor in the cavity are determined by the interaction 
between the strong light field of the radiation and the two 
level system. Three main situations have been considered: 

1) the light-wave field causes broadening of the absorp- 
tion contour and a symmetric "constriction" of the disper- 
sion curve, which leads to the appearance of a converging 
lens in the region on the short-wavelength, and a diverging 
lens in the region on the long-wavelength, side of the absorp- 
tion line; the position of these regions does not depend on the 
concentration of the atoms; 

2) the "unevenness" of the intensity in the generation 
spectrum of the dye laser causes a Stark shift of the absorp- 
tion line and an asymmetric deformation of the dispersion 
curve. In this case the spectral regions where the converging 
and diverging lenses arise are determined largely by the dif- 
ference between the polarizabilities of the levels involved in 
the transition in question and the radiation intensity. They 
are given by the expressions (10) and (1 1); the position of 
these regions does not depend on the concentration of the 
atoms, but the focal power of the nonlinear lenses depends 
essentially on the concentration of the excited atoms; 

3) when the halfwidth of the absorption line is -0.06 
nm we observe: a splitting of the absorption line into two 
components symmetrically located with respect to the origi- 
nal absorption line; the magnitude of the splitting linearly 
increases with increasing intensity of the light-wave field, 
which attests the resonance character of the splitting; the 
magnitude of the splitting does not depend on the concentra- 
tion of the atoms; there occurs in the region between the split 
components a spectral intensity enhancement, which is sym- 
metric with respect to the original absorption line, and 
which is interpreted as amplification (without population in- 
version) of the dye-laser radiation in the atomic-barium lay- 
er. 

The possibility of constructing amplifiers and lasers op- 
erating on a two-level system without population inversion 
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under conditions of applied high-power radiation field is dis- 
cussed in Ref. 19. 

In conclusion we express our gratitude to A. M. Lyali- 
kov for his help in the performance of the experiments. 
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