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Abstract.  This paper considers the effect of the longitudinal lithium 
concentration distribution in PPLN converters on their efficiency 
in high-power cw laser second harmonic generation.
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Periodically poled lithium niobate (PPLN) structures are suc-
cessfully used for laser second harmonic generation, instead 
of bulk lithium niobate nonlinear optical converters [1]. This 
approach is particularly effective in converting the output of 
cw fibre and semiconductor lasers and in designing paramet-
ric oscillators [2]. However, when PPLN is used as a nonlinear 
optical element in second harmonic generation with high-
power cw lasers for producing a bright, contrast picture in 
applications such as projection television and other multime-
dia devices, photorefraction is a significant limiting factor 
[3, 4]. The photorefractive damage threshold of PPLN can be 
raised by doping the crystalline host with Mg, In, or Sr, or by 
switching from PPLN to periodically poled lithium tantalate 
(PPLT) [4].

Another, no less important factor limiting the use of 
PPLN in nonlinear optical conversion of the output of high-
power cw lasers is the intrinsic absorption in this crystalline 
material. It is known [5] that increasing the pump power leads 
to a temperature field redistribution in PPLN, with the result 
that its working temperature differs from that corresponding 
to the maximum conversion efficiency. Moreover, at some 
critical pump power, the pump conversion efficiency ensured 
by PPLN, e.g. second harmonic generation efficiency, 
decreases in an oscillating manner [5, 6].

In this paper, we examine the possibility of improving the 
efficiency of PPLN converters through the use of composi-
tionally graded nonlinear optical media. Previously [7, 8], a 
crystal growth process was proposed in which the composi-
tion of a crystal, or the doping level, was varied in a controlled 
way during pulling [7, 8]. Variations in composition during 
pulling should lead to a phase velocity mismatch between 
interacting waves in PPLN, compensation of the induced 
wave vector mismatch (at a constant domain grating period) 
and, as a consequence, a reduction in the thermal effect of the 
intrinsic absorption in the crystalline material.

To analyse the effect of an axial composition gradient in 
PPLN on the efficiency of 1.06-mm pump conversion to the 
second harmonic, we used a configuration in which a PPLN 
bar 1 ́  1 ́  8 mm in dimensions was situated in a metallic box. 
The temperature in the box was maintained constant at 30 °C 
by an external temperature controller (Fig. 1).

To model the temperature effect on light propagation 
along the PPLN axis, we used standard second harmonic gen-
eration equations [5]:
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where k1,2 = n1,2w1,2/c, n1,2, w1,2 and a1,2 are the wavenumbers, 
refractive indices, frequencies and intrinsic absorption coeffi-
cients of the crystalline material for the fundamental and sec-
ond harmonics, respectively; Dk = 2k1 – k2 is the magnitude of 
the wave vector mismatch between the pump and second har-
monic waves; b is the two-photon absorption coefficient for 
the second harmonic; d(z) = deff signcos(2p/L); deff  = 16 pm 
V–1 is the effective nonlinearity coefficient; L is the regular 
domain structure period;
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are the input amplitudes of the pump and second harmonic 
waves, respectively; I0 is the initial intensity of the first har-
monic; f1(x, y) = exp[–(x2 + y2)/r0

2] is the input laser pump 
intensity distribution; r0 is the beam radius;  f2(t) = 1 and f2(t) 
= exp[–(t – t0)2/t2] are the time functions for continuous and 
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Figure 1.  PPLN converter schematic.
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pulsed laser pumping; t is the pump pulse duration; and t0 is 
the instant at which the pump pulse begins.

Local pump and second harmonic intensities are given by

( , , , ) | ( , , , )|I x y z t
n c

A x y z t
2,
,

,1 2
1 2

1 2
2

p= .	 (2)

The absorption of light in the PPLN by the crystalline 
material with absorption coefficients a1 = 0.002 cm–1 and a2 
= 0.025 cm–1 and a two-photon absorption coefficient b = 
5 ́  10–11 m W–1 causes heating of the PPLN. The temperature 
field in the PPLN can be taken into account by numerically 
solving, using the finite element method, the heat equation

¶
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t
T K T q x y z t2dr = + ,	 (3)

where r = 4600 kg m–3, C = 650 J kg–1 K–1 and K = 4.6 W m–1 K–1 
are the density, specific heat and thermal conductivity of lith-
ium niobate [5] and q(x, y, z, t) represents heat sources. At the 
end faces of the PPLN, heat exchange is with air, and the 
boundary conditions have the form K Td-  = ( )h T T0- , 
where h = 10 W m–2 K–1 is the heat exchange coefficient of 
lithium niobate in air at Т0 » 20 °С. In solving the heat equa-
tion, we used a 30 ́  30 ́  20 computational mesh and 400 
points for time discretisation. The temperature values 
obtained were linearly interpolated for the system of Eqns (1), 
in which we used a 30 ́  30 ́  500 mesh.

The heat source distribution in the PPLN was represen
ted by
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Since the phase velocity mismatch curve for PPLN is 
determined not only by its temperature but also by its compo-
sition, because its refractive index depends on wavelength, 
crystal temperature and lithium concentration [9], in our 
studies we analysed various lithium (or niobium) concentra-
tion profiles in the lithium niobate crystal before poling.

To this end, various lithium concentration distributions 
along the PPLN axis (Fig. 2) were introduced into Eqns (1). 
In all the distributions, the average lithium concentration in 

the PPLN was 49.9916 mol %. It is for this concentration that 
we calculated the wave vector mismatch between interacting 
waves, and the mismatch was compensated for by the regular 
domain structure period L = 2p/(2k1 – k2) at a temperature of 
30 °С.

Figure 3 shows the efficiencies of the converters made 
from crystals with the above lithium profiles. It is seen that a 
parabolic decrease in lithium concentration along the PPLN 
axis has an adverse effect on conversion efficiency: at pump 
powers above 35 W, the efficiency is almost zero. On the 
whole, the second harmonic power at the output of the PPLN 
is in this instance lower than that at a constant lithium con-
centration over the entire range of cw laser pump powers 
examined. At the same time, conversion efficiency in the 
PPLN made from a crystal with the lithium concentration ris-
ing as a hyperbolic tangent is higher than that in the PPLN 
made from a crystal with a constant lithium concentration. 
The constant lithium concentration is equal to the average 
lithium concentration in a compositionally graded converter, 
and the periods of the PPLN structures used correspond to 
zero mismatch just at this lithium concentration.

It is known [5] that, when there is no temperature effect, 
conversion efficiency is considerably higher and is only lim-
ited by partial withdrawal of the pump and second harmonic 
radiation from the conversion process via the intrinsic absorp-
tion in the lithium niobate.

If temperature effects are taken into account when the 
pump power exceeds some threshold (10 W in our case), con-
version efficiency experiences damped oscillations, dropping 
to 10 % at a pump power of 50 W.

This sharp decrease in conversion efficiency is caused by 
the temperature effect. Local heating of the PPLN in the 
beam propagation direction changes the phase matching con-
dition for interacting fundamental (pump) and second har-
monic waves. The change in phase matching condition is 
equivalent to a change in refractive indices along the propaga-
tion direction of the interacting beams, i.e. to so-called ther-
mal lensing. Figure 4 illustrates thermal lensing at a pump 
power of 18 W in PPLN containing 49.9916 mol % Li.

It is seen in Fig. 4a that the index difference profile for the 
pump wave and its second harmonic has a ‘hump’ 0.5 cm 
from the end face of the PPLN bar, which means that the 
central part of the converter is optically denser. Taking into 
account the longitudinal variation in refractive index along 
the PPLN in our model leads to refraction of the pump and 
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Figure 2.  Axial lithium concentration profiles examined: ( 1 ) constant 
lithium concentration in the PPLN crystal, ( 2 ) parabolically decreasing 
concentration, ( 3 ) rising as a hyperbolic tangent, ( 4 ) in the form of a 
hyperbolic tangent, ( 5 ) parabolic.
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Figure 3.  PPLN converter efficiencies corresponding to the lithium 
concentration profiles in Fig. 2. W0 and W2 are the pump and second 
harmonic powers.
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second harmonic beams, deviation from the phase matching 
condition and, as a consequence, a reduction in conversion 
efficiency. As seen in Figs 3 and 4, a thermally activated hump 
in the index difference profile emerges not at once but starting 
at some pump power. Before this critical change in index dif-
ference, the power at the output of the PPLN increases, the 
hottest part of the converter is its back end (primarily because 
of the two-photon absorption), and the temperature varies 
monotonically along the converter axis (as does the refractive 
index difference).

At the same time, the occasionally higher efficiency of the 
compositionally graded PPLN converter can be accounted 
for by the compensation of such thermally activated optical 
distortions in the compositionally graded crystal in the range 
of pump powers used. Figure 4b shows temperature profiles 
along the PPLN axis and the corresponding index difference 
profiles for pump and second harmonic waves at various lith-
ium concentration profiles.

It is seen in Fig. 4b that, when the lithium concentration 
decreases along the PPLN axis, the index difference profile 
has not one but two thermally induced humps, in contrast to 
that in the case of constant lithium concentration in PPLN. 
When the lithium concentration rises as a hyperbolic tangent, 

there are also thermo-optic distortions, but with no maxima. 
The lithium concentration gradient along the PPLN axis then 
compensates for the variation in the index difference between 
the interacting waves so that the temperature increases mono-
tonically along the length of the PPLN, indicating an increase 
in second harmonic power. In the model we use, the increase 
in temperature is mainly due to two-photon absorption at the 
second harmonic frequency. The overall reduction in the effi-
ciency of the PPLN converter when the lithium concentration 
in it increases as a hyperbolic tangent is attributable to the 
fact that the refractive indices for extraordinary pump and 
second harmonic waves increase with temperature at different 
rates, which is particularly evident when the index difference 
between the interacting waves is considered.

Figure 5 shows temperature profiles along the PPLN axis 
at different instants of time. It is seen that the temperature 
relaxation time in PPLN, estimated at 0.3 – 1 s, is consistent 
with the present results: the temperature distribution along 
the converter axis stabilises in 200 – 300 ms.

In the geometry under consideration and in the range of 
pump powers examined, the temperature distribution along 
the PPLN axis stabilises in 0.2 – 0.3 s both at a constant lith-
ium concentration and in compositionally graded PPLN. 
Figure 6 illustrates the time variation of the output Gaussian 
second harmonic beam power profile normalised to the pump 
power. It is seen that the conversion efficiency is first at its 
maximum level and then decreases to a lower level as the 
PPLN heats up and stabilises.

Thus, the conversion of the output of high-power cw 
lasers by PPLN converters in the form of compositionally 
graded lithium niobate crystals may be several times as effi-
cient as that by PPLN converters from conventional, opti-
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Figure 4.  Temperature and index difference profiles along the PPLN 
axis at W0 = 18 W for extraordinary pump and second harmonic waves: 
(a) constant lithium concentration in the PPLN, (b) ( 1, 3 ) parabolically 
decreasing concentration, ( 2, 4 ) concentration rising as a hyperbolic 
tangent.
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Figure 5.  Temperature profiles along PPLN with constant lithium con-
centration at different instants of time (temperature step, 0.2 °C). The 
pump pulse begins at t0 = 0.
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Figure 6.  Second harmonic power W2 normalised to the pump power 
(W0 = 18 W) at the output of compositionally graded PPLN with a 
lithium concentration profile in the form of a hyperbolic tangent at dif-
ferent instants of time.
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cally homogeneous lithium niobate crystals. In the former 
case, however, higher conversion efficiencies occur in a nar-
rower range of pump powers, which is caused by a possible 
nonlinear variation in the phase difference between the inter-
acting waves.
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