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Based on the transmission and emission experimental spectra of  Er
+3

-doped Ti:LiNbO 3  optical waveguides in this paper 
we report some experimental and theoretical results concerning the evaluation of the real and imaginary parts of the 
complex atomic susceptibility of the above mentioned waveguides in the visible and near IR spectral range. The absorption 
and emission experimental spectra were used to determine the homogeneous absorption and emission cross sections 
(utilising the density matrix formalism and the McCumber's theory and taking into account the Stark splitting of the levels) 
around 1550 nm, 980 nm and 550 nm, respectively and finally for the evaluation of the complex atomic susceptibility. 
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1. Introduction 
 

The absorption and emission cross sections of Er +3 -
doped Ti:LiNbO 3  optical waveguides are widely used for 
the theoretical modelling of the guided lasers and 
amplifiers, design of complex integrated optoelectronic 
circuits etc., the exact knowledge of them playing a very 
important role [1-5].  

Using the obtained transmission and emission 
experimental spectra in the case of Er +3 -doped 
Ti:LiNbO 3  optical waveguides, in this paper we report an 
exact evaluation of the homogeneous absorption and 
emission cross-sections in three regions of the optical 
spectra: around 1550 nm, 980 nm and 550 nm, 
respectively. For the evaluation of the homogeneous 
absorption and emission cross-sections from the 
inhomogeneous ones, obtained experimentally we used the 
density matrix formalism and the McCumber's theory 
taking into account the Stark splitting of the levels [6-9]. 
Finally we used the homogeneous absorption and emission 
cross-sections for the evaluation of the real and imaginary 
parts of the complex atomic susceptibility.  

The paper is organised as follows. In Section 2, we 
present the basic equations used for the evaluation of the 
real and imaginary parts of the complex atomic 
susceptibility of the above mentioned waveguides in the 
visible and near IR spectral range. Section 3 is dedicated 
to the discussion of the obtained results while in Sections 4 
the conclusions of this work are outlined. 

 
 
 
 

2. Theory 
 

For the evaluation of the homogeneous absorption and 
emission cross-sections the interaction between the atomic 
system and the electric field may be described considering 
a three-level system Stark splitted and the semiclassical 
formalism presented in papers [6-8]. 

Based on the model presented in paper [6] the spectral 
real, ( )ωχ'  and imaginary, ( )ωχ ''  parts of the complex 
atomic susceptibility, 

 
( ) ( ) ( )ωχ+ωχ=ωχ ''i'          (1) 

 
may be evaluated using the equations: 
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In Eqs. (2)-(3) 
p

p

Ah
P

P
ν

= ~
, 

s

s
Ah

PS
ν

= ~ ,  ( )sp
H

ea ,, ωσ  

represent the homogeneous absorption, a  and emission, 
e  cross sections at the pump, p  and signal (saturated), s  

frequencies, respectively having spP ,  and spA ,  powers 
and effective areas, 

 

( )
kjkj

kj

kj

kj
kj

n ωΔτπ

λ

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

ωΔ

ω−ω
+

=ωσ 2

2

2 2
41

1     (4) 

 
is the cross section of Lorentzian line shape associated 
with the individual laser transition ( )jk  characterized by 

the wavelength kjλ , linewidth, kjωΔ  and radiative 
lifetime, τ , n  is the refractive index, ρ  is the dopant 
ionic density and ν~   is an average frequency arbitrarly 
taken as any value of  kjλ  which varies by only 1 % over 
the wavelength range of interest. 

In Eq. (2) nmp  define the Boltzmann distribution of 

the populations,  nN  corresponding to individual Stark 
sublevels (Fig. 1): 
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3,2,1E  being the energies of the levels and 3,2,1g  the 
degeneracies. 
 

 
 

Fig. 1. The energy diagram corresponding to the Er3+ 
Stark split three-level system. 

  
The effective areas, spA ,  (Eqs. (2) and (3)) were 

evaluated from the fields profiles measured experimentally 
using the near field method in the case of the radiations 
around 1550 nm [5] and simulated for 980 nm and 550 nm, 
respectively using the formula: 

 

( )2,1,3,4, spwspwspwspA +
π

=                    (6) 

 
where spw ,  are the parameters which characterize the 

mode profiles of the waveguide (Fig. 2). 
 

 
 

Fig. 2. The parameters which characterize the mode 
profiles in width and depth of the waveguide. 

 
The homogeneous absorption and emission cross 

sections, ( )ωσH
ea,  may be determined from the 

experimental (inhomogeneous) cross sections ( )λσ I
ea,  

through the inverse Fourier transform relation (and its 
properties) [6]: 
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where 2/2 λλΔπ=ωΔ inhc  is the inhomogeneous 
bandwidth and inhλΔ  the inhomogeneous linewidth. The 
relation between the absorption and emission cross 
sections is [6] : 
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where: T  is the temperature, Bk  is the Boltzmann’s 
constant and ε  represents the excitation energy. 

The spectra can be numericaly generated through 
the fitting formula [5], [6]: 

 
( ) ( )[ ]{ }∑ λΔλ−λ−=λ

i
iiiaI 2/2log4exp .          (9) 

 
The experimental line shapes ( ) ( )λσ≈λ I

eaeaI ,, . The 
fitting curve is not unique but the deconvolution expressed 
in ( )ωσH

ea,  has a unique solution. 
Knowing the emission cross section one can evaluate 

the radiative life time, τ  using the following relation [6], 
[9]: 
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3. Discussion of the results 

 
Using the experimental setup presented in papers [5], 

[8] and [9] we measured at room temperature the 
nonpolarised absorption spectra around: 1530 nm 
(corresponding to the transition 4

15 2
4

13 2I I/ /→ ), 980 nm 
(corresponding to the transition 2/11

4
2/15

4 II → ) and 550 
nm (corresponding to the transition 2/3

4
2/15

4 SI → ) of a 7.5 

μm Er +3 :Ti:LiNbO3 waveguide.  
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Fig. 3. The nonpolarised measured absorption spectra 
around: (a) 1530 nm, (b) 980 nm and (c) 550 nm. 

Based on the theory presented in Section 2 of this 
article we evaluated the homogenous absorption and 
emission spectra (Fig. 3 (a), (b), (c)). For the simulation of 
the inhomogenous absorption spectra we used eight 
Gaussian functions to assure the best fit with the 
experimental data. The peak values of the evaluated the 
homogenous absorption and emission spectra and the 
radiative lifetimes corresponding to the above mentioned 
transitions are presented in Table 1. For the evaluation of 
the real and imaginary parts of the complex atomic 
susceptibility (Eqs. (2) and (3)) the refrctive indices for 
several wavelengths were calculate using the Sellmeier 
equation. Also, we considered -325 m 10=ρ  (widely used 
in the doping process) and we used the values of other 
spectroscopic parameters presented in paper [9]. 

The spectral dependence of the real and imaginary 
parts of the complex atomic susceptibility corresponding 
to the above mentioned transitions are presented in Figs. 4 
a), b) and c) and the peak values of the real part of the 
susceptibility are outlined in Table 1. 
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Fig. 4. The  real  and  imaginary  parts  of  th e complex 
atomic susceptibility around: (a) 1530 nm, (b) 980 nm 

and (c) 550 nm. 
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As can be seen from Fig. 1 (a)-(c) the dependencees 
of real part of the complex atomic susceptibility are 
determined by the homogeneous absorption and emission 
cross-sections while imaginary parts vary linear in the 
range of interest and vanish for the wavelength of the laser 
signal transitions. Also, the powers of the pump (more 
significant) and signal (less significant) radiations and the 
corresponding effective areas determine the values of the 
susceptibilities. 

 
Table 1. 

 

Parameter λ =1530 

(nm) 

λ =980 

(nm) 

λ =550 

(nm) 

( )2mH
aσ

2410−×  

0.13 0.76 1.32 

( )2mH
eσ  

2410−×  

0.18 0.65 0.58 

( )sτ  (ms) 4.46 2.01 1.51 
''χ  2.4 710−⋅  9.7 810−⋅    1.2 410−⋅   

 
The real and imaginary parts of the complex atomic 

susceptibility are related to the power gain and gain-
induced refractive index change [6]. 
 

 
4. Conclusions 

 
In this paper we report some experimental and 

theoretical results concerning the evaluation of the real and 
imaginary parts of the complex atomic susceptibility of the 

Er
+3

-doped Ti:LiNbO 3  optical waveguides in the visible 
and near IR spectral range. 

For the spectral dependence of the susceptibilities 
(around 1550 nm, 980 nm and 550 nm, respectively) we 

used the homogeneous absorption and emission cross 
sections evaluated according to the McCumber's theory 
and the density matrix formalism and and taking into 
account the Stark splitting of the levels. 

The dependencees of real part of the complex atomic 
susceptibility are determined by the homogeneous 
absorption and emission cross-sections while imaginary 
parts vary linear in the range of interest vanishing for the 
wavelength of the laser signal transitions. 
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