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Selective-laser-excitation study of the structure of 
inhomogeneously broadened spectra of Nd3+ ions in glass 

0. K. Alimov, T. T. Basiev, Yu. K. Voron'ko, Yu. V. Gribkov, A. Ya. Karasik, 
V. V. Osiko, A. M. Prokhorov, and I. A. Shcherbakov 
P. N. Lebedev Physical Institute, Academy of Sciences of the USSR 
(Submitted 24 May 1977) 
Zh. Eksp. Teor. Fiz. 74, 57-66 (January 1978) 

The selectivelaser-excitation technique was used to examine the structure of the inhomogeneously 
broadened bands of the ~ d j +  ion in silicate glass. A survey diagram of the Stark splittings of the 'I9,, level 
in various optical centers in the glass is presented for the first time. The luminescence decay kinetics and 
the radiative transition probabilities A for various centers in neodymium glass are investigated. It is 
shown that the variations of the mean lifetime of the 'F3,, level under selective excitation of various optical 
centers in the glass correlate with the variations of A for the centers. 

PACS numbers: 61.40.Df. 71.70.Ej, 78.55.H~ 

Lasers with fixed wavelength, but especially tunable instantaneously a t  selected times after the excitation 
lasers,  have recently been finding wider and wider enable one to approach the study of the Stark structure 
application as excitation sources for spectroscopic of inhomogeneously broadened spectra and the relaxa- 
studies. This is due to their unique capability of con- tion processes hidden by the inhomogeneous broadening 
centrating luminous energy in space, in time, and in a t  a qualitatively new level.C1121 
spectrum. The use of laser sources to excite lumines- 
cence together with stroboscopic photorecorders that Inhomogeneous broadening of spectra is a manifesta- 
allow one to fix the emission (record the spectrum) tion of the disorder of the structure of the activated 
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medium. In media that are  so widely used in quantum 
electronics as  mixed crystals and glasses, the inhomo- 
geneous broadening of the spectra of rare-earth ions is 
so great that it entirely smooths out the spectral char- 
acteristics of individual optical centers: the Stark 
splitting, radiative transition probabilities, lifejimes, 
and the magnitudes of the homogeneous broadening. 

The lack of information on the structure of the in- 
homogeneously broadened bands and on the rates of 
energy exchange within the inhomogeneous contour sub- 
stantially hinders the calculation of specific laser 
systems as  well as  the analysis and further study of the 
processes taking place in an excited activated medium. 
The selective laser excitation technique makes it pos- 
sible to fill these gaps. This technique i s  based on the 
narrowing of nonuniformly broadened luminescence 
lines incident to narrow-band selective excitation of in- 
dividual centers. This makes it  possible to reveal the 
structure of the Stark splitting and other properties of 
individual optical centers. In this technique one must 
distinguish two schemes for observing the luminescence, 
depending on whether the luminescence to be observed 
i s  or is not in resonance with the transition used for 
selective excitation of the ions (Fig. 1). The greatest 
narrowing of the luminescence lines i s  seen when the 
luminescence is recorded at the same transition as  i s  
used for selective excitation-the resonance scheme 
(Fig. la)-since the inhomogeneous component of the 
luminescence-line broadening narrows to the width of 
the laser line and can be made very narrow.[" When 
one observes nonresonance luminescence (Fig. lb) the 
inhomogeneously broadened spectrum also appears nar- 
rower, but the narrowing may be less marked since the 
correlation between the energies of the radiative transi- 
tion and the transition on which the laser photon was 
absorbed may be incomplete.[" 

The decrease of the inhomogeneous component of the 
broadening of the spectrum lines makes it possible to 
determine the following important characteristics of 
individual 

1) The magnitude of the homogeneous broadening, its 
variation from center to center in the glass, and the 
temperature dependences of the spectrum-line broad- 
ening~,  

2) The Stark-splitting energies for various optical 
centers and the correlation of the energies of transi- 
tions from center to center, 

3) The lifetimes and radiative relaxation rates of 
transitions, 

FIG. 1. Luminescence excitation and emission schemes: 
a-resonant, b-nonresonant. 

4) The spectral migration of energy on the inhomo- 
geneously broadened contour from laser-excited centers 
to spectrally distinct unexcited centers. 

EXPERIMENTAL TECHNIQUE 

To investigate the structure of inhomogeneously 
broadened spectra by the selective excitation method 
we developed a technique involving a narrow band tun- 
able dye laser employing a rhodamine 6G solutioncs1 
and operating in the periodic pulse regime (A,= 560- 
630 nm, AX= 0.1 nm, t,= lo-' sec, and f = 12.5-100 Hz), 
together with a photorecorder based on an FEU-83 
photomultiplier and a strobe integrator (type PAR-162 
boxcar integrator). The apparatus is diagramed sche- 
matically in Fig. 2. 

The working dye (rhodamine 6G) was excited to 
generation in a three-prism dispersion resonator by the 
second harmonic radiation from a standard type 
LTIPCh-7 garnet laser containing neodymium. The 
wavelength of the emission from the tunable laser was 
monitored visually, using a Carl Zeiss type PGS-2 
spectrograph. A type UTREKS cryostate (Cr) was 
used to control the temperature of the specimen; it 
enabled the temperature to be held at values from 4.2 to 
300%. To register the spectra and isolate the lumines- 
cence lines we used a type MDR-2 high-transmission 
grating monochromator (MCh) having a dispersion of 
4.0 nm/mm. The luminescence signal I(t) was register- 
ed with an FEU-83 photomultiplier (PhM) and was fed 
into one of the channels of the strobe integrator. As 
was noted above, the strobe integrator is capable of 
recording delayed spectra Z(t,; A,; A,) with a time resolu- 
tion At down to 5 nsec. 

The power output of the tunable dye laser varies a s  
the generating wavelength A,; i s  altered. To compen- 
sate for these variations, pari.of the laser light was 
diverted to a bolometer (Bol) whose sensitivity i s  vir- 
tually constant over the entire spectral interval (we 
made special measurements to verify this). The refer- 
ence signal from the bolometer was brbught through an 
amplifier (Amp) to the second channel of the strobe 
integrator. The time instability of the laser intensity 
as  well as  the variations of the laser intensity incident 

FIG. 2. Diagram of the apparatus: GL-type LTIPCh-7 garnet 
laser with neodymium, Bol-bolometer , Amp-amplif ier , 
PGS-spectrograph, Cr-cryostat, MCh-type MDR-2 mono- 
chromator. PhM-type FEU-83 photomultiplier, PAR-162- 
boxcar integrator. Rec-1-type EPP-09 plotter, Rec-2-type 
PDS-021 recorder. 
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to varying A,, were taken into account by dividing the 
signal I(t,; A,; A,) by reference signal W(A,) during the 
process of registering the entire spectrum. Then the 
signal I/W was recorded with an EPP-09 plotter (Rec-1) 
or  a PDS-021 recorder (Rec-2). 

Used in the time gating regime, this technique makes 
it possible to measure the luminescence decay curve 
I,(t) at fixed exciting and recording wavelengths A, and 
X,, the luminescence spectrum I,(x,) a t  fixed X, and 
fixed delay time t, between the excitation and the begin- 
ning of recording, and the luminescence excitation spec- 
trum I,(x,) with a resolution of 0.2-0.3 nm for fixed A, 
and t,(At). In the work reported here luminescence 
decay curves were recorded for various values of A, by 
photographing the screen of a TR-4401 oscilloscope 
when a 160-nm wide section of the spectrum in the 
vicinity of the maximum intensity of the 4F31, -4Zg12 
transition in Nd3+ was isolated. 

EXPERIMENTAL RESULTS AND DISCUSSION 

It i s  important to study the structure of the inhomo- 
geneously broadened bands of the Nd3' ion in glasses 
because of the widespread use of neodymium glass 
lasers. The commercial silicate glass LGS-28 is a 
typical example of a laser glass having considerable 
inhomogeneous broadening and, a s  a result, having 
almost structureless Nd3' luminescence lines. The 
metastable 4F31, level in Nd3' lies lower than the cor- 
responding level in the E U ~ '  ion, which we investigated 
earlier,['] so  that for selective resonant excitation of 
the 4Z,,2 - 4 ~ 3 1 2  transition one requires a pulsed periodic 
tunable laser whose A,, can be varied in the vicinity of 
0.88 pm. No such lasers  a r e  available a t  present, s o  
for our studies we chose the nonresonant scheme for 
selective excitation of the Nd3' on the 4 ~ , 1 2 - ( 4 ~ 5 1 2 , 2 ~ 7 / 2 )  
transition, using the radiation from a rhodamine 6G 
tunable laser. 

We measured the luminescence and excitation spectra 
with time grating, as well as the kinetics af the lumi- 
nescence decay, on specimens of LGS-28 glass contain- 
ing 0.3 wt.% of Nd,O, at temperatures T of 4.2 and 77%. 
Analysis of the luminescence spectra from the 4 ~ , / ,  - 4Z9 /, and 4F, /, - 4Z1, I, transitions obtained by varying 
the wavelength of the laser  light within the limits of the 
41,,, - ( 4 ~ 5 / 2 ,  2 ~ 7 / 2 )  absorption band (A, = 566-600 nm) 
showed that these spectra do differ substantially from 
the spectra obtained by nonselective excitation (using 
an incandescent lamp with an SZS-21 filter) and, in 
addition, a re  strongly X, dependent. Thus, we were 
able to achieve the greatest narrowing of the lumines- 
cence spectra by exciting in the short wave and long 
wave wings of the absorption band. This can be under- 
stood, since the absorption is due to a transition from 
the ground level to individual Stark components of the 
(4~,1, ,  2 ~ 7 1 2 )  state, the lowest and the highest. 

Exciting in the center of the absorption band where 
the spectra of the Stark components of various centers 
pile up does not lead to narrowing of the lines, and in 
some cases one even finds the spectra to be broadened, 
owing, most likely, to the simultaneous preferential 
excitation of centers having the longest- and shortest- 

wavelength luminescence spectra. These facts indicate 
that there a re  correlations between the energies of the 
Stark levels of the 4Zg12,4Z1,1,,4F31,,4~5~2, and 2G,l, 
states, a s  is necessary if the structures of the bands 
a r e  to be investigated by nonresonant selective excita- 
tion. 

Figure 3 shows the luminescence spectra of the 4F31, - 4Z91, and 4F3F2 -4Z11/2 transitions for excitation a t  two 
wavelengths in the short wave part  of the absorption 
spectrum, namely at A,= 575 nm (Fig. 3.1) and x,= 568 
nm (Fig. 3.2). It is evident that shifting the exciting 
light toward the shorter wavelenghts (to the wing of the 
absorption spectrum) leads to a large shift of the lumi- 
nescence lines and brings out more clearly the struc- 
ture of the 4F31,-4Z912 and 4F,1,-41,1,, bands. More- 
over, the fourth Stark component of the 4Zg,, level i s  
resolved, a s  well a s  the third (high-energy) Stark com- 
ponent of the 4Z111, level, which is not seen with un- 
selective excitation and had not previously been observ- 
ed. The changes in the luminescence spectra a r e  such 
that the short wave components shift toward the shorter 
wavelengths and the long wave components, toward the 
longer wavelengths. This indicates that there a re  Nd3' 
centers in this glass that have substantially different 
Stark splittings for the 4Z9/, and 4Z11 /, levels. Thus, 
centers for which the energy of the 4Zg1, -(4G5/,,2G,/2) 
transition is low ( ~ , = 5 7 5  nm) have small Stark splittings 
(lie in a weak field of ligands), while for centers for 
which the 419/, - (4G5/2, 2 ~ , , 2 )  transition energy is higher 
(x,= 568 nm) the Stark splitting is substantially greater 
(the ligand field is stronger). 

Reasoning in this way, we may regard the energy of 
the 4Zgl, - (4G5/2, 'G~/ , )  transition a s  an index (para- 
meter) of the strength f of the ligand field and plot the 
Stark splitting of the 4Z,,, level in various optical cen- 
t e r s  in the glassy matrix as a function of this parameter 
(much a s  was done earlier for Eu3' centers in sodium 
borosilieate glassc1]). For  this purpose we recorded 
and analyzed a ser ies  of luminescence spectra for the 
4F31,+4Zg12 transition, varying the exciting wavelength 
he from 575 to 566 nm in 1 nm steps (these measure- 
ments were made a t  T = 77 %; reducing the temperature 
to 4.2 "K had little effect on the spectra). The results 
of these measurements a r e  shown diagramatically in 
Fig. 4. The dashed curve in the upper part of the figure 

FIG. 3. Luminescence spectra of type LGS-28 silicate glass 
under selective laser excitation (T = 77°K); curve 1 (the full 
curve) is for &= 575 nm, and curve 2 (the dashed curve), for 
h,= 568 nm. 
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FIG. 4 .  Stark-level din- 
gram for a continuous set 
of ~ d ' *  centers in L G S 2 8  
glaes. 

shows the short wave edge of the absorption spectrum in 
which the Nd3' ions were excited. The scheme for 
exciting and recording the luminescence i s  also shown. 
The laser light selectively excites only centers for 
which the 'Iw2 - ('G,~,, 2G,I,) transition (full arrow) has 
a definite energy. When the centers a re  excited they 
decay rapidly by a nonradiative transition to the meta- 
stable 4F31, level (wavy line), and luminescence cor- 
responding to transitions from the lower component of 
the 'F3,, level to levels of the 'I, /, multiplet is later 
emitted. The energies of the levels were determined 
from the positions of the four maxinia in the lumines- 
cence spectrum as  measured from the lower Stark 
component of the 'I,,, ground state (the fifth maximum 
corresponding to the transition to the fifth Stark level 
of the 'Ig1, state was not observed). 

The diagram shows the relation between the energies 
of the different Stark levels of the (q~,,,, 2G,12), 'F3/,, 
and 'Ie1, states, the correlated variations of these 
energies, and the quantitative values of the Stark split- 
tings of the 4191, level for various optical centers in the 
glass. It reveals the complex structure of the inhomo- 
geneously broadened collective spectrum of Nd3* ions 
in such a highly disordered matrix as  silicate glass. 

The above demonstrated possibility of distinguishing 
various Nd3+ optical centers in glass by nonresonant 
laser excitation made it possible to investigate such 
important spectroscopic characteristics of the elemen- 
tary emission centers in glass a s  the lifetime r of the 
metastable level and the spontaneous radiative transi- 
tion probability A. 

We made use of this possibility to investigate the decay 
kinetics of the Nd3' luminescence excited by monochro- 
matic laser light at various wavelengths. The Nd3+ 
luminescence of the LGS-28 glass was found to decay in 
a nonexponential manner, as  it had previously been 
found to do under broader-band exc i t a t i~n ;~~ '  moreover, 

FIG. 5. Decay curves for the luminescence from the 'hI2 
level of in LGS-28-0.3 glass under selective laser excita- 
tion @=4.2%); curves 2-4 are for &=466,  567, 568, and 
573 nm, respectively. 

the luminescence decay rate was found to depend sub- 
stantially on the exciting wavelength1' A,. Figure 5 
shows a series of decay curves taken at 4.2 '% and at 
several values of A, from 566 to 573 nm in the short- 
wave region of the &sorption spectrum, for which we 
already have an analysis of the Stark structure of the 
'rgI, state in various centers (see Fig. 4). It is evident 
from curves 1-3 in Fig. 5 that there is a certain de- 
crease in the luminescence decay rate at all stages of 
the decay process a s  the exciting wavelength is increas- 
ed from.566 nm to 567 and then to 568 nm. Comparison 
with the diagram (Fig. 4) shows that these changes cor- 
relate with the decrease in the Stark splitting (weaken- 
ing of the ligand field strength) of the centers excited at 
A,= 568 nm as  compared with those of the centers ex- 
cited at Ae= 566 nm. Such correlation between r-' and 
AE allows us to suppose that the changes in 7-' are due 
to a change in the radiative transition probability A in- 
cident to a simultaneous decrease of both the even 
ligand field parameters (which a re  responsible for AE) 
and of the odd ones (which a re  responsible for A). How- 
ever, such a correlated change in both the even and odd 
field strength parameters is not at all necessary, and in 
the general case it may not occur (for example, incident 
to a change in the symmetry of the optical center). 

It i s  evident from Fig. 5 that a s  A, increases mono- 
tonically the lifetime first rises smoothly and then 
falls sharply (the decay rate rises) when A, reaches 573 
nm (curve 4). This increase in 7'' is no longer corre- 
lated at all  with the small Stark splitting AE for these 
centers (Fig. 4), and there a re  two possible reasons 
for it: 1) an increase in the radiative transition prob- 
ability A for the center concerned occasioned by an 
increase in the odd component of the crystal field (even 
though the even component decreases), a s  a result of 
which the electric dipole transitions 'F3 /, -'I, are  no 
longer forbidden; and 2) and increase in the nonradia- 
tive losses from the 'F3/, level for this center. 

It is very important to discover the causes for such 
sharp changes in the decay rate of the metastable state, 
since the same causes determine the relaxation chan- 
nels for the energy stored in the laser, and this, in the 
end, affects the laser's efficiency. In an attempt to dis- 
cover these causes we conducted an independent study of 
the relative variations of the radiative transition prob- 
abilitites from center to center a s  A, was varied and 
compared them with the corresponding change of the 
mean lifetime ?(Ae) for the same centers. The relative 
variations of the radiative transition probability A(&,) 
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can be obtained by comparing the excitation spectra for 
the Nd3+ luminescence a t  the 4Zg/2 - (4G5/2, 2G,/2) band 
with the absorption spectra a t  this same transition. 
The luminescence intensity I, immediately after rapid 
excitation (at t = 0) i s  of course given by 

It is evident from this formula that the dependence of 
the luminescence intensity on the wavelength of the 
exciting light (the luminescence excitation spectrum) is 
determined by the A, dependences of two parameters: 
n*(O, A,), the number of excited Nd3' ions, and A(x,) 
(hv, is the luminescence photon energy). Under the 
assumption that there a r e  no (or relatively few) Nd3* 
ions that have zero quantum yield, i.e., that absorb 
photons but do not emit them, the number n*(O, X,) of 
Nd3+ ions excited to the metastable level will be equal to 
the number of photons absorbed in the specimen (active 
absorption): 

where W,(X,) is the energy dispersion of the light from 
the tunable laser,  D(x,)=Z,(X,)/Z, i s  the relative ab- 
sorption of energy on the 4Zg12 -(4G512,2G,12) transition 
or  the absorption spectrum in relative units for a speci- 
men of low optical density, and hv, is the photon energy 
of the exciting radiation. 

On substituting expression (2) into formula (1) we 
obtain 

Our technique for registering the luminescence using 
the PAR-162 allows us simultaneously to record Z,(t, A,) 
and W,(X,) and so to obtain the yield function in the form 
of the required ratio Z,(t, X,)/W(X,). The form of the 
excitation spectrum at the short delay time2' td= 10 ksec 
(at the initial instant) a s  corrected in this manner is 
shown by curve 1 in Fig. 6. The excitation spectrum 
for the long delay td= 3 msec (curve 2) is also given, but 
only to show the long lived centers more prominently, 
since by that time the short lived centers will have died out. 
The absorption spectrum D(x,) is shown by curve 3 (in 
relative units) for comparison. It will be seen that for 
centers excited a t  A, < 573 nm (A,> 573 nm) the excitation 
spectrum for td= 10 psec (curve 1) runs below (above) 
the absorption spectrum (curve 3). As formula 3 shows, 

this can be explained only by an increase in the Einstein 
coefficient A with increasing excitation wavelength near 
Xe= 573 nm (hv, changes little-by less than 10%-within 
the limits of the absorption band). 

Dividing the excitation spectrum (curve 1) by the 
absorption spectrum (curve 3), we obtain A (in relative 
units) as a function of A,. The resulting A(X,) curve is 
shown a s  curve 1 in Fig. 7. To compare this curve with 
the decay ra tes  of the metastable 4Fs1, state in different 
centers we determined the average lifetime 7, for  
different he values by integrating the corresponding 
nonexponential luminescence decay curves: 

These values of 7 ,  are  also plotted on Fig. 7 (curve 2). 
Comparison of the A(A,) and T,(A,) curves shows that 
there is a sharp fall in 7 ,  as A, r i ses  from 569 to 575 
nm, corresponding to the r ise  in the radiative transition 
probability A on that same interval. 

In the work reported here we attempted to obtain a 
quantitative correspondence between A(X,) and T,(x,), 
s o  in determining the A, dependence of A we did not take 
all the Nd3' luminescence lines into account, but only a 
region 160 nm wide cut from the peak of the 4F312-4Z912 
luminescence spectrum with the aid of an MDR-2 mono- 
chromator. As a result of the redistribution of the 
transition probability A over the Stark levels o r  multi- 
plets for the different centers, the A, dependence of the 
total transition probability ;SA(X,) may differ somewhat 
from the dependence shown by curve 1 in Fig. 7. 

We also examined the luminescence decay kinetics for 
various values of A, a t  T =  77% in an Li-La-Nd-phos- 
phate glass (containing 1 wt.% Nd203) that has been des- 
cribed elsewhere,[8g91 and which has substantially nar- 
rower spectrum lines than the LGS-28 glass. Unlike 
the LGS-28 glass, the Li-La-Nd-phosphate glass has a 
quantum yield of nearly unity for the luminescence from 
the 4F312 level a t  the specified activator concentra- 
t i o n ~ . ' ~ ~ ' ~ '  The variations of in the phosphate glass 
for different excitation wavelengths amounts to -13% 
(from 330 to 380 psec) while the luminescence decay 
curves turn out to be fairly well approximated by expo- 
nent ia l~.  On the basis of these facts we may conclude 
that the variations of the radiative transition probabili- 
t ies  for the different optical centers in the phosphate 
glass that we investigated a r e  very small. 

We note that only correlated variations of T(A,) and 

FIG. 6. Luminescence ex- 
citation spectrum for Nd3* 
in LGS-28-0.3 glass at dif- 
ferent delay times td (curve 
1, td= 10 sec; curve 2,  td 
= 3  msec) and the absorp- 
tion spectrum at the 4~812 - tG5/2 ,2~7 /2)  transition 
(curve 3) at 77°K. 

560 570 580 590 600 
A, nm 
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A(A,) detected by two different methods 'make it possible 
to establish at least one of the reasons for the nonexpo- 
nential decay of the Nd3' luminescence in LGS-28 glass 
and for the A, dependence of T,-the reason associated 
with the variations of the radiative transition probabili- 
ties A for different optical centers in the glass. Just 
the fact that a A, dependence of r has been observed, 
however, is not enough to permit a correct conclusion 
to be reached concerning the mechanism responsible for 
the changes in the r values for the different centers. 

Thus, our results show that by using nonresonant 
selective excitation one can obtain new information con- 
cerning the Stark structure, the variations of the decay 
kinetics, and the variations of the radiative transition 
probabilities A for various optical centers in a dis- 
ordered activated medium, i.e., information that is 
usually quite hidden by large inhomogeneous broadening 
when traditional spectroscopic methods a re  used. 

short a time aa sec when the ~ d ~ +  concentration is as 
low as it was (0.3 wt.%). 

'0. K. Alimov, T. T. Basiev, Yu. K. Voron'ko, L. S. Gaiger- 
ova, and A. V. Dmitryuk, Zh. Eksp. Teor. Fiz. 72, 1313 
(1977) [Sov. Phys. JETP 46. 690 (1977)). 

'E. M. Dianov, A. Ya. Karasik, and I. A. Shcherbakov, Kvant. 
Elektron. 4, 1050 (1977) .[Sov. J. Quantum Electron. 7, 588 
(1977)l. 

' ~ a o t o  Montegi and Shigeo Shionoya, J. Lumin. 8, 1 (1973). 
'c. Brecher and L. A. Riseberg, Phys. Rev. B13, 81 (1976). 
'M. J. Weber, J. A. Paisner, S. S. Susman. W. M. Yen, L. A. 

Riseberg, and C. Brecher, J. Lumin. 12/13, 729 (1976). 
5. T. Basiev, Prib. Tekh. Eksp. No. 2, 182 (1976). 
IT. T. Basiev, T. G. Mamedov, and I. A. Shcherbakov, Kvant. 

Elektron. 2, 1263 (1975) [Sov. J. Quantum Electron. 5, 684 
(1975)l. 

%u. K. Voron'kov, B. I. Denker, A. A. Zlenko, A. Ya. Kara- 
sik, Yu. S. ~uz 'minov,  G. V. Maksimova, V. V. Osiko, A. M. 
Prokhorov, V. A. Sychugov, G. P. Shipulo, and I. A. Shcher- 
bakov, Dokl. Akad Nauk SSSR 227, 75 (1976) [Sov. Phys. 
Doklady 21. 146 (1976)l. 

's. Kh. Barygov, Yu. K. ~oron 'ko ,  B. I. Denker, A. A. Zlenko, "ln an earlier it was not possible to detect the h, de- A. Ya. Karasik, G. V. Maksimova, V. B. Neystruev, V. V. pendence of T because of the higher temperature $ = 300°K) 
Osiko, V. A. Sychugov, I. A. Shcherbakov, and Yu. S. ~ u z ' -  and broader-band excitation sources (A&,= 1.0-1.5 nm) that 

were used. minov, Kvant. Elektron. 3, 2272 (1976) [Sov. J. Quantum 
Electron. 6, 1236 (1976)l. "The choke of a ahon delay time of lo-' sec in recording the 

1%. M. Dianov, A. Ya. Karaehh, A. A. Kutsenkov, V. B. Neu- excitation spectra eliminates the effects of slow nonradiative 
struev and I. Shcherbakov, Kvant. Elektron, 3, 168 (1976) deactivation processes such a s  intracenter relaxation and 
[Sov. J. Quantum Electron. 6, 90 (1976)l. NdSz~d" cross relaxation. which. as  our measurements 

show, cannot change the population of the ' ~ 3 ~ 2  level in so Translated by E. Erunner 

Investigation of the absorption spectrum of a two-level 
system subjected to intense two-photon excitation 
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We invcatigate the absorption spectrum of weak emission from a two-level system (the Zeeman-splitting 
kvels of " ' ~ d  atoms) under inkme two-photon excitation. It is observed that, at sufficiently high 
probability of two-photon uc i ta th ,  a change in the sign of the absorption 4 c i e n t  (i.e., amplification) 
taka place without population inversion, analogous to the changes of the absorption contour in resonant 
(singlephoton) excitation. A theory is constructed that describes the shape of the absorption line in the 
case of two-photon excitation of a two-level system; the results of the theory agree well with the 
upaimental data. It is shown that revenal of the sign of the absorption codklcient can be used to 
convat h e r  emission frequency (to generate the third optical harmonic). Estimates of the efficiency of 
the Frequency tripling of the 7784 A emhion in sodium vapor show that near the third-harmonic 
frequency it h powible to attain a gain of - 1 cm-' at a aodium atom concentration - 1016 an-' and at a 
pump intamity - lo7 W / d .  

1. INTRODUCTION 

The changes in the absorption and emission line 
shapes of a two-level system under intense resonant 
excitation have by now been investigated in sufficient 
detail.E""3 The usual Lorentz shape of the absorption 
and emission lines is the consequence of the exponential 
law governing the damping of the upper and lower states 
of the system. The change in the kinetics in the damp- 
ing of the states of an atom subjected to intense excita- 

tion i s  the reason for the change in the atomic emission 
and absorption line shapes. 

The most interesting phenomenon, first  predicted 
theoretically,['] is the essential difference between the 
changes in the line shapes of the spontaneous emission 
and absorption of awiliary weak radiation. In the case 
of intense resonant excitation, the probability of the 
transition of an atom to an upper state comes close to 
the stationary value, oscillating about this value at a 
frequency dE/E (d  is the matrix element of the dipole 
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