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Abstract 

We describe a simple method for the determination of the stimulated emission cross-section of laser media. It is based on the 
analysis of the laser output power as a function of the output coupling, using an acousto-optical modulator to change the 
equivalent output reflectivity. The effective emission cross section can be obtained from a laser oscillation model. This method 
allows the determination of the emission cross section by two independent parameters, the gain and the output power. The 
procedure was applied for an Nd : YLF laser, where the P (A = 1047 nm) and u (A = 1053 nm) emission cross-sections were 
obtained, resulting in V~ = 3.1(2) X lo-” cm’, and V~ = 1.9(2) X lo- lg cm’, respectively. 

1. Introduction 

In spite of the vital importance of the effective stim- 
ulated cross-section, its precise measurement is com- 
monly a nontrivial work, and usually appreciable 
differences are found among the values listed in the 
literature for the same material. For instance, the deter- 
mined values of the 1064 nm emission cross section of 
Nd: YAG are in the range of 2.7 to 8.8 X lo-l9 cm2 
[ 1,2]. The three main techniques used for the deter- 
mination of the emission cross-section are: the reci- 
procity method [ 3,4], the Fiichtbauer-Ladenburg 
equation [ 5,6], and measurements of the gain. 

The gain measurement is a direct method to obtain 
the stimulated emission cross-section and there are sev- 
eral techniques to do it. The pump-and-probe technique 
is commonly used to determine both the small-signal 
gain [ 71 or the saturation fluence [ 81, thus allowing a 
calculation of the emission cross-section using simple 

models. Both methods are reliable, with a typical pre- 
cision in the range of l&20%, and can be used in a 
large range of materials. However, to determine the 
stimulated emission cross-section of a material that 
already shows laser action, the simplest approach is to 
analyze the output power using the convenient laser 
model. 

The small-signal gain of a laser can be experimen- 
tally determined from the delay to the onset of laser 
oscillation, relative to the pumping. This method avoids 
the complexity of the analysis of pumping conditions, 
even in pulsed lasers. It has been used in order to deter- 
mine the effective emission cross-section by using a 
one-dimensional model to the laser oscillation [9]. 
Although this experiment can be easily analyzed, the 
experimental technique requires temporal resolution. 

For longitudinally pumped lasers, there are reliable 
models for the output power [ 10,111, In this case, with 
the knowledge of pumping and cavity parameters, it 
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has been shown that the emission cross-section can be 
determined by analyzing the absorbed pump power at 
threshold, with a precision of 20% [ 121. 

In this work we demonstrate a method of emission 

cross-section determination using a laser model anal- 
ysis, where all the laser output power range is relevant, 
not only the threshold of oscillation. We have used 
basically a one-dimensional laser oscillation model, 
that describes very well the output power dependence 
with the mirror transmission [ 5,131. The double-pass 
cavity losses and small-signal power gain can be deter- 
mined from the fitting of a theoretical expression to the 
experimental data. The effective emission cross-section 
is a third parameter obtained from this analytical fit, if 
the beam area inside the laser medium is approximately 
constant and known with some accuracy. A second 
cross-section determination can also be obtained, by 
analyzing the previous determined value of small-sig- 
nal power gain, using a standard model of longitudinal 
gaussian pumping [lo]. The precision in the cross- 
section determination is also increased by repeating the 
described procedures at different pump power levels. 
The experimental data were obtained by monitoring the 
laser output power while an intracavity acousto-optical 
modulator varies the output reflectivity [ 121. We have 
used this very simple method to obtain the 1053 nm 
((T) and 1047 mn (r) emission cross-sections of 
Nd : YLF. 

Ar laser 

(h=514.5 nm) 

Fig. 1. General scheme of the Nd: YLF resonator. The lenses L, and 
Lz am used to modematch the pumping beam. 

A three-mirror resonator was used, with astigmatic 
compensation, permitting a very tight beamwaist in the 
active medium region (Fig. 1) . The mirror M,, M2 and 
M3, have radius pi = 5 cm, p2 = m and p3 = 100 cm; M1 
and M, are highly reflecting reflectors for the emission 
region (R1,3 > 0.995) and Mr has high transmission at 
514.5 nm (dichroic mirror). The M2 reflectivity is 
96%. The incidence angle on M3 must be 10” in order 
to compensate the astigmatism. The distance between 
M, and M3 is 52.4 cm; between M, and M, is 97.6 cm. 
Thus, the beamwaist at the laser medium is ~~~93 

pm. 

It must be stressed that the determination of the stim- 
ulated emission cross section during the laser action 
leads to the effective value of it, regarding all transitions 
that contribute to the laser amplification. 

We used an argon ion laser, at A, = 514.5 nm, as a 
pump source for the Nd : YLF laser. At this wavelength, 
the absorption coefficient is ag = 0.18 ( 2) cm- ’ for the 
u polarization and CY~= 0.30( 2) cm- ’ for the ‘TT polar- 
ization. The low absorption coefficient was compen- 
sated using long samples (I = 33 mm). The pump beam 
was conveniently focused to match the resonator’s 
TEMoo mode at the pumping wavelength. The geom- 
etry of the laser and pump beam at the active medium 
region is shown in Fig. 2. 

2. Laser system configuration 3. Experimental procedure and results 

The active medium samples were obtained from a A traveling-wave acousto-optic Bragg modulator 
Nd : YLF crystal grown in our labs, in the ( 1, 1, 0) [ 141 was inserted into the Nd : YLF cavity, near the 
direction. The Nd concentration is 0.6( 1) mol% output mirror M2 (see Fig. 1) . The modulator was 
(0.85 X lo*’ cmP3). Two samples were prepared operated in a cw mode, extracting a fraction of the 
(extracted along the growth direction) consisting in intracavity power into two additional output beams, 
rectangular prisms with cross-section (3 X 3) mm* and depending on the radio-frequency amplitude. The total 
length I = 33 mm. The optical faces are at the Brewster extracted power defines an effective reflectivity. Thus, 
angle, one for the rrand the other for the apolarization, we could change continuously the output effective 
and polished to a surface flatness of h/10. The trans- reflectivity, R, while the laser output power, P,, was 
mission of the prepared samples at h = 1.06 p,m was monitored using a Ge detector connected to a lock-in 
0.995(5). amplifier. The radio-frequency amplitude and the lock- 
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Fig. 2. Waist of the resonator’s TEI& mode (EMISSION) and the 

pumping beam (PUMP) inside the gain medium. The pump beam 

profile was measured using the knife-edge method. 
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Fig. 3. Laser output power versus reflectivity, at some different pump 

power levels, for the r (a) and u (b) polarization. The theoretical 

fitted curves are also shown. 

in output were recorded in a PC micro-computer, using 
an analog-digital interface. The output power as a func- 
tion of the output reflectivity curves were obtained for 
different values of pump power, for the CT and the r 
polarizations (the laser polarizations is coincident with 
the pump polarization, in both cases). Some of these 
sets of data are shown in Fig. 3a and 3b. 

The round-trip logarithmic unsaturated gain, p, the 
round-trip logarithmic cavity losses, L, and the effec- 
tive stimulated emission cross-section, a,, were 

obtained performing a fit of the following theoretical 
expression [ 131: 

p =A* -1nW) P 
O”t 

r(r, 2 ( 

_1 

1 L-in(R) ’ (1) 

where A is the average (emission) beam area within 
the active medium, h Y= 1.9 X lo-” J is the photon 
energy, 7~ 530 p,s it the Nd: YLF upper laser level 
lifetime for the present Nd3+ concentration [ 151. 

The obtained values for the double-pass intracavity 
losses are L= 0.05( l), and they are nearly constant 
over all the pump power range and polarizations stud- 
ied. The gain values determined are shown in Fig. 4, 
for both polarizations, as a function of the pump power. 
Fig. 5 presents the obtained values for the effective 
emission cross-section and the calculated averages (flat 
lines) : us = 3.0( 2) X lo- lg cm*, for the rpolarization, 
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Fig. 4. Double-pass logarithmic unsaturated power gain, as a function 

of the pump power, Pp, for both polarizations. It is also shown the 

best fit of a linear expression to the data. 

5 A x polarization 

p, w 
Fig. 5. Values of the Nd: YLF effective stimulated emission cross- 
section, for both polarizations (1047 and 1053 nm transitions), 

obtained from the fit of the theoretical expression 1 to the measured 

data (Fig. 3), for various pump power levels. It is also shown the 
calculated average values (straight lines). 
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Fig. 6. Values of the Nd: YLF effective stimulated emission cross- 

section, for both polarizations (1047 and 1053 nm transitions), 

applying expression (3) to the obtained small-signal gain values, for 

various pump power levels. The calculated averages are the straight 

lines. 

and a, = 2.0( 2) X 10-i’ cm’, for the (T polarization. 
A second determination of the effective emission 

cross-section can be carried out from the values of 
small-signal gain obtained, using the well-known 
expression from the model of longitudinal gaussian 
pumping [ lo] : 

T”=PP [1-exp( -a,Z)] 
4(&ZWP 

%-<w; +Wp)ZS ’ 
(2) 

where Pp is the pump power, Z, = h UIU~T is the satu- 
ration intensity, and fi is the thermal population distri- 
bution factor for the (T and rr metastable state. The 
values of p, calculated at room temperature (300 K) , 
are: p = 0.43, for the S- polarization, and p = 0.57, for 
the a polarization. Therefore, using expression (2) and 
the data for the argon laser pumped Nd: YLF 
laser: 10 = Kpp, where K = a,/ (2.6 X lo-“), for the 7~ 
polarization, and K = a,/ (2.8 X lo- “), for the apolar- 
ization. 

Fig. 6 shows the effective emission cross-section 
values, calculated using the expression (3) and the data 
of Fig. 4. The calculated averages values (straight 
lines) are mS=3.3(2) X lo-” cm’, for the QT polari- 
zation, and a, = 1.7(2) X lo-” cm’, for the (+ polari- 
zation. 

4. Discussion 

The accuracy of the determined values for the S- and 
(T stimulated emission cross sections depends obvi- 

ously on how well the system is described by the simple 
laser model used [ 161. 

The low gain approximation is valid in the present 
analysis because the system was studied only up to 50% 
of output transmission, privileging the high reflectivity 
data. The Gaussian profiles of pump and emission 
beams were not considered in the main analysis, but 
the parameters obtained agree very well with the pump 
expression that take it into account. 

The measurement of the laser spectrum reveals, in 
our system, the presence of, at least, five simultane- 
ously oscillating longitudinal modes ‘, as shown in Fig. 

7. Considering that the simultaneous oscillation of 
these modes homogenizes the longitudinal distribution 
of gain saturation, the effect of longitudinal spatial hole 
burning is not a source of error in this case [ 161. The 
hole-burning modes frequency separation is given by 
the relation [ 171: Av,, E c/ (4d), where c is the veloc- 
ity of light and d is the distance of the active medium 
to the resonator end. In our case, this is the distance to 
mirror M1 : d z 2 cm. Thus, the frequency separation is 
As,,= 3.8 THz, or 0.13 cm-‘. 

For the present laser system, the observed output 
power can be completely described using the model 
(see Fig. 3)) for the range of reflectivities studied. The 
system parameters, obtained form the fit of the theo- 
retical expression, match very well the values obtained 
from direct measurements (system losses, pumping 
power and geometry, etc.). 

’ We have used a 1 m SPEX spectrometer. The hole-burning modes 

spectral shape could not be resolved due to effects of spectral thermal 

drift (of the laser). 

9552.5 9553.0 9553.5 
Wavenum ber (cm-‘) 

Fig. 7. Time averaged laser output power spectrum (curves labeled 

a) measured for the Nd: YLF laser system used, indicating the pres- 
ence of (at least) five hole-burning modes. It is also shown (insert) 
the fluorescence lineshape (curve b) 
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Finally, we prefer to assume the determined values 
of the Nd:YLF cross-sections as the average of the 
values obtained from the two independent parameters. 
Thus, a, = 3.1(2) X lo- I9 cm’, for the n polarization, 

and a, = 1.9( 2) X lo- lg cm*, for the g polarization. 
Usually, the reported values for these cross-sections of 

Nd : YLF are in the range of 1.9 X lo- lg cm* up to 
3.7 X lo- lg cm*, for the n= polarization, and 
1.4 X 10-l’ cm* up to 2.6 X 10-‘gcm2, for the crpolar- 
ization [ 12,l g-201. 

5. Conclusion 

We have presented a simple method to the in situ 
determination of the effective stimulated emission 

cross-section, based on the analysis of the output power 
as a function of the output reflectivity, in C.W. pumped 
lasers. The use of an acousto-optical modulator allows 
the controlled variation of the output reflectivity. Since 
the modulator is permanently located inside the reso- 
nator during the measurements, the spatial beam profile 
is preserved. Also, the total time taken for a complete 
measurement is shorter than any laser short term insta- 
bility. This method was applied to the Nd: YLF laser, 
where the u (1053 nm) and rr (1047 nm) emission 

cross sections were determined. We have demonstrated 

that the emission cross-section can be obtained from an 
elementary laser oscillation model, being the obtained 
value in agreement with the results of a second deter- 
mination, based on the analysis of the gain from the 
pumping conditions. The precision of both determina- 
tions was around lo%, what is better than the most part 
of previously reported determinations. Finally, there 
was not observed any dependence of the cross section 
on the power density levels studied. 
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