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Abstract.  The parametric generation in a nonlinear PPLN crystal 
synchronously pumped by a Q-switched mode-locked Nd : YAG 
laser with a pulse duration of 45 ps is studied. The output pump 
intensity in the nonlinear crystal reaches ~10 GW cm–2. At a pulse 
repetition rate of 1 kHz, the average output power at the idler 
wavelength (~3.6 mm) is ~12 mW, the peak power is ~25 kW, and 
the conversion efficiency (with respect to the absorbed power) is 
~10%. The radiation linewidth at the signal wavelength (~1.5 mm) 
is 13 cm–1. Along with the signal and idler waves, the output emis-
sion spectrum contains lines at wavelengths of 822, 754, 624, 532, 
463, 442, 392 and 355 nm. The tunable radiation with wavelengths 
in the vicinity of 392, 463 and 822 nm is observed for the first time. 
The tuning ranges for the new lines are measured (5 – 10 nm) and 
their origin is explained.

Keywords: parametric generation, Nd :YAG laser, synchronous 
pumping, Q switching, mode locking.

1. Introduction 

The development of new methods  for  implementing optical 
parametric generation in the mid-IR range remains an urgent 
problem. The interest of researchers to mid-IR optical para-
metric oscillators (OPOs) is related not only to their practical 
applications in various fields (medicine, safety systems, sens-
ing atmosphere, etc.), but also to the necessity of increasing 
the  sensitivity  of  the methods  developed  previously  on  the 
basis  of  laser  absorption  spectroscopy  (photoacoustic  spec-
troscopy,  CRD  spectroscopy,  etc.).  The  studies  aimed  at 
developing  high-power  tunable  OPOs  with  quasi-phase-
matched type of phase interaction on periodically poled lith-
ium niobate (PPLN) crystals are of particular interest due to 
their  large  nonlinear  coefficients,  high  efficiency,  relatively 
high  damage  thresholds,  availability  and  acceptable  prices. 
For  example,  average  output  powers  of  22.6  and  63 W  at 
wavelengths of 3.8 and 1.47 2 mm, respectively, were obtained 
when pumping a PPLN crystal by a nanosecond Q-switched 
Nd : YAG laser [1]. The average pump power was 150 W, the 
pulse repetition rate was 10 kHz and the pump pulse duration 
was 120 ns. A parametric  frequency  conversion  in a PPLN 
crystal pumped by nano-, pico- and femtosecond pulses was 

implemented in [2]. The conversion efficiency of a picosecond 
OPO  was  14 %  and  12 %  at  idler  wavelengths  of  3.5  and 
4.5  mm, respectively.

In this paper, we report the results of studying the para-
metric  generation  in  a  nonlinear  element with  quasi-phase-
matched type of interaction under synchronous pumping by a 
45-ps pulsed Nd : YAG laser. A doped MgO (5 mol %) PPLN 
crystal  (Z-cut) with  sizes  of  5 ́  1 ́  20 mm and  two  ‘tracks’, 
having  periods  of  a  regular  domain  structure  of  29.5  and 
30 mm, was used as a nonlinear element. The singly resonant 
OPO scheme was applied, and pumping was performed by a 
Q-switched mode-locked Nd : YAG laser using a spherical mir-
ror and acousto-optic modulator (the SMAOM method [3]).

The  pump  laser,  along  with  the  implementation  of  the 
mode-locking regime and Q-factor modulation using a travel-
ing-wave modulator, had another specific feature: a detuning 
of the cavity length from the value L0 = c/(4f  ) » 1.5 m (where 
c is the speed of light and f is the sound wave frequency in the 
modulator)  by  displacing  the  output  cavity mirror  led  to  a 
splitting of some picosecond pulses into two or more pulses 
(depending on the detuning value). This effect is related to the 
excitation of several competing transverse modes, which led 
to non-single-shot generation under mode-locking conditions 
with a time interval of ~100 ps between the pulses [4].

2. Experimental setup

Figure 1 shows a schematic of the experimental setup with a 
singly resonant OPO, which was used in our study. A 1064.5-
nm pump laser PL, implemented according to the scheme [4], 
emitted a train of pulses with a repetition rate of 1 kHz, train 
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Figure 1. Schematic of  the  experimental  setup:  (PL) Nd : YAG pump 
laser; (SD) spectral device; (OPS) optical power sensor; (A) polarisation 
attenuator; (L1, L2) matching lenses; (L3) focusing lens; (PPLN) non-
linear crystal; (M1, M2, M3) OPO cavity mirrors; (P1) sapphire plate; 
(P2) germanium plate; (S) absorbing screen. 
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duration of ~100 ns and an individual pulse duration of 45 ps 
in the train. The peak power was ~1 MW. The pump power 
incident on the PPLN crystal was gradually controlled using 
a polarisation attenuator A.

The OPO cavity was formed by mirrors M1, M2 and M3. 
Mirror M1 (Layertec, Germany) had a radius of curvature of 
100  mm,  a  reflectance  R1.4 – 1.7  =  99.5 %  in  the  range  of 
1.4 – 1.7 mm,  and  a  transmittance  of  about  99 % at  a wave-
length of 1.06 mm. Copper mirror M2 had a radius of curva-
ture of 125 mm and reflectances R1.0 – 1.7 = 90 % and R3.0 – 4.0 = 
97 %. Flat output mirror M3 on a ZnSe substrate (Layertec) 
(R1.2 – 1.7 = 99.5 %) had a high transmittance at 1.06 mm (78 %) 
and in the range of 3.0 – 4.0 mm (99.5 %). This mirror could be 
displaced along the cavity axis using an adjusting device. A 
sapphire plate P1 was oriented at an angle close to the angle 
of  normal  incidence  with  respect  to  the  cavity  axis  and 
reflected about 15 % radiation intensity from the cavity into 
the  spectral  device SD or on  the power meter. Germanium 
plate P2 was used to select idler wavelengths. Lenses L1 and 
L2  were  used  to  reduce  the  PL  beam  divergence.  Lens  L3 
(with a focal length of 250 mm) focused the pump beam into 
the PPLN crystal. The pump beam diameter in the waist was 
160 mm.

A screen S was applied to observe the superluminescence 
regime, where the cavity was absent and generation occurred 
during  one  pass  through  the  nonlinear  crystal.  The  crystal 
was  placed  in  a  thermostat,  the  temperature  of  which  was 
controlled  with  a  PID  controller.  The  spectral  device  was 
either  an  STS-VIS  scanning  spectrometer  or  an  MDR-23 
monochromator (the monochromator input and output slits 
were  50  mm  wide,  and  the  inverse  linear  dispersion  was 
1.2 nm mm–1) with an FEU-68 photomultiplier. The power at 
the  idler  wavelength  was  monitored  and  measured  with  a 
pyroelectric photodetector or an optical power sensor (OPS) 
of Thorlabs s302c type.

3. Experimental results 

The  OPO  was  tuned  by  changing  the  crystal  temperature 
from 20 to 150 °C. The dependence of the OPO output power 
on  the detuning of  the pump  laser cavity  length, DLp, mea-
sured at a double excess above the OPO generation threshold, 
is presented in Fig. 2. Here, DLp = 0 corresponds to the single-
shot regime of the Nd : YAG laser, at which the contributions 
of the single and double picosecond pulses to the total laser 
intensity were more than 95 % and ~5 %, respectively. Since 
undesirable  effects  (‘gray  tracks’,  surface  and  volume dam-
age) were  observed  in  the  crystal  in  the  single-shot  regime, 
where the peak pump intensity reached 10 GW cm–2, further 
measurements  were  performed  at  detunings  of  the  output 
pump laser mirror DLp = 300 mm (in this case, the pump laser 
generated ~53 % single, 37 % double and ~10 % triple pulses) 
and 700 mm (25 % single, 45 % double, 20 % triple and 10 % 
quadruple pulses).

Figure 3 shows the dependences of the signal-wave power 
in the OPO cavity [Psign, curve ( 1 )] and the output idler-wave 
power [Pidle, curve ( 2 )] on the average pump power Pp for the 
configuration with a sapphire plate and the dependence of the 
output  idler-wave  power  [curve  ( 3 )]  without  this  plate  at 
room temperature (~25°C) of the PPLN crystal on the track 
with  a  period  of  30  mm.  The  threshold  pump  power  was 
~100 mW in the entire specified range of crystal temperatures 
and changed only slightly with variation in temperature.

The  signal-wave  radiation was  extracted  from  the  cavity 
using a sapphire plate (the total reflection loss from the plate 
faces was ~30 %). Part of radiation was recorded by a power 
meter equipped with a light filter having a transparency win-
dow in the range of 1.4 – 1.6 mm to estimate the power in the 
cavity. To increase the pump – idler wave conversion efficiency, 
plate P1 was removed from the cavity. In this case, the average 
output power at the idler wavelength reached 12 mW.

We  also  measured  the  pump  power  Pout  transmitted 
through  the OPO  (with  allowance  for  the  transmittance  of 
mirror M3) as a function of the incident radiation power Pp, 
and  the  data  obtained  were  used  to  calculate  the  pump 
absorption coefficient k = 1 – a – Pout/ Pin; here, a is the loss 
on mirrors  in  the OPO cavity, which  turned out  to be 10 % 
(generally on  the mirror with a  copper  coating). The pump 
absorption coefficient was ~50 %. Thus, the conversion effi-
ciency for the idler wave with respect to the absorbed power 
was ~10 %. Note that the pump absorption and output power 
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Figure 2. Dependence of the output power Pidle at the idler wavelength 
on the detuning DLp of the output mirror of the pump laser cavity.
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Figure 3. Dependences of the idler-wave output power Pidle and signal-
wave  power Ps  in  the  cavity  on  the  average  pump  power  at  DLp  = 
300  mm: ( 1, 2 ) the signal-wave power in the OPO cavity and the idler-
wave output power with plate P1, respectively, and ( 3 ) the idler-wave 
output power without a plate.
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could  be  increased  by  increasing  the  length  of  nonlinear 
PPLN crystal. 

A necessary condition for implementing efficient genera-
tion of parametric radiation is to provide matching between 
the intermodal frequency of the OPO cavity and the intermo-
dal frequency of the pump laser, which was done by choosing 
the same cavity lengths for the pump laser (L0 » 1.5 m) and 

OPO. Their exact matching was obtained by displacing mir-
ror M3 along the OPO cavity axis. Figure 4 shows a depen-
dence of the output power on the change in the OPO cavity 
length d  at  different  detunings DLp.  It  can  be  seen  that  an 
increase in DLp from 300 to 700 mm leads to an increase in the 
curve FWHM from 8 to 10 mm.

The tuning temperature characteristic for the signal wave-
length was measured on two tracks of the PPLN crystal with 
periods of 30 and 29.5 mm. The tuning characteristic for the 
idler wavelength was calculated based on these data. The thus 
found tuning characteristics  in  the ranges of 1.48 – 1.55 and 
3.4 – 3.8 mm are shown in Fig. 5. A change in the crystal tem-
perature by DТ = 130 °С results in detuning of the idler and 
signal wavelengths by ~400 and ~70 nm,  respectively. The 
generation  linewidth  at  the  signal wavelength, measured  at 
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Figure 4. Dependences of the relative idler-wave output power Pidle on 
the change in the OPO cavity length d at pump-laser cavity detunings of 
(a) 300 and (b) 700 mm.
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Figure 5. Tuning characteristic of the PPLN crystal on two tracks with 
periods of 29.5 and 30 mm.

350

350

400

400

450

450

500 550 600 650 700 750 800
Wavelength/nm

In
te

n
si

ty
 (

re
l. 

u
n

it
s)

0.5

1.0

8

7

6

4

2

3

1
5

5000

10000

15000

0

Figure 6. Panoramic spectrum of output radiation in the range of 350 – 830 nm, with lines at ( 1 ) 822, ( 2 ) 754, ( 3 ) 624, ( 4 ) 532, ( 5 ) 463, ( 6 ) 442, 
( 7 ) 392 and ( 8 ) 354.7 nm. The inset shows the lines recorded with an MDR-23 monochromator.
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room  temperature  on  a  track with  a  period  of  30 mm, was 
found to be 13 cm–1 (or 390 GHz). 

Parametric generation occurred also in the superlumines-
cence  regime, where  an  opaque  screen was  installed  before 
output mirror M3. In both cases, along with the idler and sig-
nal waves,  the output  emission  spectrum  contained  lines  in 
the visible range. However,  the  lines were much stronger  in 
the parametric generation regime.

All measurements in the visible range were performed in 
the stable-cavity regime (i.e., there was no screen before mir-
ror  M3)  on  a  track  with  a  30-mm  period.  A  spectrogram 
recorded  in  the  range of  350 – 830 nm at  room crystal  tem-
perature  is  presented  in Fig.  6. Along with  the  second-har-
monic generation  lines  from  the pump  (532 nm) and  signal 
(754 nm) waves,  the  spectrum contained  spectral  lines with 
centre wavelengths of 624, 463, 442, 392 and 354.7 nm. Lines 
( 1 – 4 )  in  Fig.  6  are  wider  because  of  the  lower  resolution 
(~2 nm) of the panoramic spectrometer. We should also note 
that a PS-15 light filter was placed at the input of the STS-VIS 
spectrometer, which reduced the intensities of lines at 532 and 
624 nm by factors of 40 and 30, respectively.

The linewidths measured with an MDR-23 monochroma-
tor we equal to Dn355 » 250 GHz, Dn392 » 360 GHz,  Dn442 »  
350  GHz,  Dn463  »  230  GHz,  Dn532  » 200  GHz,  Dn624  » 
400  GHz and Dn822» 230 GHz.

The  conversion  efficiency  (with  respect  to  the  absorbed 
pump  power)  for  the  emission  lines  at  619,  532,  436  and 
392 nm was measured with a change in the crystal tempera-
ture.  In  this  case,  a  diffraction  grating  and  an Ophir Vega 
power  meter  (PD300)  played  the  role  of  a  spectral  device. 

Table  1  contains  the  values  of  the  conversion  efficiency  h 
obtained at different temperatures.

The change in the wavelengths of visible-range lines with 
a  change  in  the  nonlinear-crystal  temperature  is  shown  in 
Fig. 7.

4. Analysis of the results

The main specific feature of the quasi-phase-matched interac-
tion  is  that  the  energy  transfer  from  the pump wave  to  the 
idler  and  signal  waves  should  in  principle  occur  efficiently 
throughout  the  entire  length  of  the  nonlinear  crystal. 
According to [5], at a threefold excess of the pump intensity 
above the threshold, in the case of Gaussian beams, the pump 
depletion is 50 %; this value is in agreement with our experi-
mental data. The one-pass gain in the high-intensity approxi-
mation,  in  the  case  of Gaussian  beams  and  under  optimal 
focusing conditions, is given by the formula [6, 7] 

  eG
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ns, i, p are the refractive indices of the PPLN crystal at the sig-
nal, idler and pump wavelengths, respectively; deff is the effec-
tive nonlinear coefficient of PPLN crystal;  l = 20 mm is the 
length of PPLN crystal; lp, s, i  are the pump, signal and idler 
wavelengths, respectively; c is the speed of light; e0 is the per-
mittivity; Ip is the pump power density in the crystal waist (the 
waist radius is wp); gs = wp

2/(ws
2 + wp

2) and  /( )gt p s p
2 2 2t t t= +  

(in our case, gs = 0.9 and gt = 0.86); k = 0.5 is the pump deple-
tion coefficient; and tp and ts are the pump and signal pulse 
durations,  respectively.  At  Ip »  2  GW  cm–2  (which  corre-
sponds to DLp = 300 mm and wp » 80 mm), deff = 14 pm V–1 
and ls = 1.51 mm; the gain is G » 3 ́  1012. 

With allowance for the fact that the average output power 
Pidle = 12 mW and  that  the  emission pulse  at  the  idler  and 
signal wavelengths is shortened (according to [8]) to ~30 ps, 
the output peak power is 

0.64P NF
P

m
i

idle

t=  » 25 kW,

where N is the number of picosecond pulses in the train at its 
half maximum; F is the repetition rate of train pulses; and the 
factor 0.64 is a correction to the non-single-shot character of 
generation.

Let us consider the data of Fig. 4. Under the conditions of 
synchronous  OPO  pumping  (see,  e.g.,  [9]),  cavity  detuning 
width d is generally (1/20 – 1/10)сtp. The detuning width for a 
synchronously pumped OPO cavity  is  also  governed,  along 
with tp, by  the group-velocity dispersion  for  the pump and 
signal-wave pulses. The d value was increased to ~0.25сtp in 
[10] by compensating for the cavity dispersion using a diffrac-

Table 1. 

T (°C) h624 (%) h532 (%) h442 (%) h392 (%)

137 0.09 0.12 0.06 0.13

97 0.06 0.19 0.04 0.09

23.5 0.05 0.05 0.04 0.08
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Figure 7. Tuning characteristics of the PPLN crystal at wavelengths of 
(a) 442 and 463 nm and (b) 624 nm.
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tion grating. In our case,  d ~ сtp without using any elements 
for  dispersion  compensation,  and  this  result  is  somewhat 
unusual. The enlarged width of the curves in Fig. 4 is a conse-
quence of the short time interval between the pulses (in com-
parison with the time of double cavity round trip in the non-
single-shot regime). One might expect the OPO cavity detun-
ing not to affect the generation power at high repetition rates 
of pump pulses (above 10 GHz).

The  spectral  lines  observed  in  the  near-UV  and  visible 
ranges  are  the  result  of mixing of  the pump-wave  (wp)  and 
signal-wave  (ws)  frequencies,  which  occurs  in  a  nonlinear 
crystal:

2wp = w532,  2ws = w754,  wp  + ws = w624,  3wp  – ws = w463,

wp  + 2ws = w442, 2wp + ws = w392, 3wp = w355, 2wp – ws = w822.

With a change in the crystal temperature, the lines generated 
with participation of the signal wave were shifted due to the 
signal-wave detuning  (Fig. 7). The  lines at 624 and 442 nm 
were observed previously [11, 12], whereas the tunable lines at 
392, 463 and 822 nm were observed for the first time.

As was  indicated above,  the conversion efficiency at  the 
idler wavelength was found to be ~10 %. It decreases due to 
the processes of frequency mixing and second- and third-har-
monic generation. This efficiency can be reduced due to the 
generation  of  not  only  recorded  but  also  some  other  lines, 
e.g., the line 3wp  + ws = w286, which is absorbed by the nonlin-
ear crystal.

The  conversion  efficiency  of  tunable  lines  in  the  visible 
and UV ranges can be increased by fabricating a PPLN crys-
tal in the form of two or three sections, each having an indi-
vidual period. In this way, a conversion efficiency of 21 % was 
obtained on the 624-nm line in the continuous regime in [11].

Thus, the main features of an OPO based on a PPLN crys-
tal,  synchronously  pumped  by  a  Q-switched  mode-locked 
Nd : YAG  laser  using  the  SMAOM  method,  were  investi-
gated. In particular, it was found that the use of this method 
allows  one  to  significantly  reduce  the  requirements  to  the 
accuracy of matching  the  cavity  lengths  for  the pump  laser 
and OPO. Along with  the  signal  (1.48 – 1.55 mm)  and  idler 
(3.4 – 3.8  mm)  wavelengths,  the  output  spectrum  contained 
lines at 822, 754, 624, 532, 463, 442, 392 and 355 nm. The tun-
able lines at 392, 463 and 822 nm were observed for the first 
time.  The  tuning  ranges  of  the  new  lines  were  measured 
(5 – 10 nm), and their origin was explained.
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