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We report an experimental realization of a subnanosecond optical parametric amplifier (OPA) system in a beta 
barium borate (BBO) crystal pumped by the third harmonic of a passively Q-switched Nd:YAG microlaser system 
and seeded by the continuum generated in a photonic crystal fibre (PCF). It yields broadband continuous signal 
wavelength tunability in the  visible spectrum range from 470 to 660  nm and the  idler wavelength from 768 to 
1450 nm. Besides the experimental data, the numerical simulation results of the BBO optical parametric amplifier 
are presented. The maximum output power of the subnanosecond BBO OPA is limited by laser induced damage in 
the BBO crystal by the pump radiation and seed radiation spectral power density. We also notice and discuss the ef-
fect of seed radiation on BBO OPA output radiation characteristics. The numerical simulations qualitatively agree 
with the experimental data.
Keywords: nonlinear optics, optical parametric oscillators and amplifiers, subnanoseconds pulses, con-
tinuum seed, beta barium borate crystal
PACS: 42.65.-k, 42.65.Yj, 42.81.-i, 42.70.Mp

1. Introduction

A huge variety of lasers is known to have a vast range 
of applications in industry, medicine, science, etc 
[1]. However, the inherent wavelength tunability of 
lasers is an issue in some fields such as spectroscopy, 
sensing, nonlinear microscopy, etc., where widely-
tunable laser radiation is required [2–7]. There-
fore, optical parametric amplifiers (OPAs) [8–10] 
and optical parametric generators (OPGs) [11] are 
used as sources of tunable coherent radiation. Due 
to the significant progress in laser development and 
nonlinear optical materials growth these devices 
are now advanced and widely available in terms of 
spectral coverage, output power and pulse duration 
[8, 12, 13]. For pump pulses longer than 1 ns, trav-
elling-wave OPGs or optical parametric oscillators 
(OPGs with a resonator) are used [14, 15], while in 
the case of femtosecond pump pulses synchronous 
pumping optical parametric oscillators (OPO) set-
ups or OPAs are used [16–20]. For pulse durations 
of several or several tens of picoseconds, both syn-
chronous pumping technique [21–23] or travelling 

wave configuration can be used [24, 25]. In this re-
gard, a  uniquely complicated temporal interval is 
the  subnanosecond (100 ps – 1 ns) pulse duration 
range. The  aforementioned synchronous pump-
ing technique cannot be realized due to a very long 
resonator length requirement set by low repetition 
rate subnanosecond laser systems, while a  simple 
travelling wave setup cannot be implemented due 
to the  laser-induced damage threshold (LIDT), 
which in the case of subnanosecond pulses is usu-
ally lower than the parametric generation threshold. 
Thus, subnanosecond optical parametric devices are 
very difficult to implement. Subnanosecond optical 
parametric devices would be more compact, cheaper 
and more robust than expensive and complex femto-
second parametric optical parametric generators or 
amplifiers, especially when the intended application 
does not require femtosecond temporal resolution, 
but nanosecond resolution is insufficient. Examples 
of such applications are some cases in pump-probe 
spectroscopy, gas sensing and laser tattoo removal. 
Currently, only several subnanosecond OPGs and 
OPAs generating tunable pulses in the IR have been 
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demonstrated [26–29] together with one demon-
stration of subnanosecond OPO [30]. In all these 
cases, periodically-poled nonlinear media (such as 
periodically poled lithium niobate) were used and 
quasi-phase matching was implemented.

In this paper, we present, to the  best of our 
knowledge, the  first subnanosecond OPA sys-
tem based on a beta barium borate (BBO) crystal 
generating widely-tunable radiation in the  visible 
spectrum range from 470 to 660 nm. BBO is a very 
popular nonlinear crystal, which has a broad trans-
parency range and higher LIDT compared to those 
of periodically poled crystals. Moreover, the angu-
lar wavelength tuning method used with BBO crys-
tals allows for continuous wavelength tenability, 
which is usually not the case for the quasi phase-
matching method used with periodically poled 
nonlinear crystals. The  demonstrated OPA uses 
the continuum generated in a photonic crystal fibre 
as a seed source, which enables parametric genera-
tion in a travelling wave configuration.

2. Experimental setup

The experimental setup of the  designed subna-
nosecond BBO OPA system is depicted in Fig.  1. 
The  pump source for the  OPA is a  passively Q-
switched Nd:YAG master oscillator power ampli-
fier (MOPA) laser system manufactured by Standa 
Ltd. and generating subnanosecond pulses at 1 kHz 
repetition rate.

The Nd:YAG MOPA laser has two outputs: it is 
optimized for the third harmonic (λ = 355 nm – we 
will term it as TH) radiation at the first output, but 
also emits fundamental (λ  =  1064  nm  –  we will 
term it as FH) and second (λ = 532 nm – we will 
term it as SH) harmonics at the second output. SH 
radiation was not used in the experiment, so it was 
directed into the beam dump BD.

The measured duration of TH pulses was ~500 ps 
(FWHM level) and for FH pulses it was ~400  ps 
(FWHM level), while the maximum pulse energy 
was 90 and 100 µJ, respectively. FH of the MOPA 
laser (λ = 1064 nm) was used as a pump to gener-
ate a continuum in a highly nonlinear polarization-
maintaining photonic crystal fibre (PCF) which in 
turn was used as seed radiation for the BBO OPA 
system. The  pump for continuum generation was 
focused into the  PCF using a  0.65 numerical ap-
erture and a 40× magnification microscope objec-

tive, which together with the input coupling end of 
PCF was mounted on a Thorlabs NanoMax 300D 
three-axis translation stage. A  highly nonlinear 
polarization-maintaining solid-core PCF manufac-
tured by NKT Photonics was used and its length was 
1 m. The PCF core diameter was d = 5 µm which 
corresponded to a  mode field diameter of 4.4  µm. 
A  scanning electron microscope picture of this 
PCF cross-section is depicted in Fig. 2. Polarization 

Fig. 1. The experimental setup: M1, highly reflective 
mirror for 1064  nm radiation; M2, highly reflective 
mirror for 35 nm radiation; M3, highly reflective for 
355 nm and highly transmitting for 400–1500 nm ra-
diation mirror; HS, harmonic separator mirror; MM, 
silver coated mirror; L1–L6, lenses; BD, beam dump; 
λ/2, half-wave plate; OB, 40× magnification micro-
scope objective; PCF, highly nonlinear photonic crys-
tal fibre; BBO, beta barium borate crystal; DG, dif-
fraction grating.
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is maintained by using stress inducing rods in 
the  cladding, which are outside the  microstruc-
tured region and therefore not visible in the image.

The generated continuum radiation and pump 
radiation were focused into a 6 mm (height) × 9 mm 
(width) × 15  mm (thickness) BBO crystal cut at 
θ = 28.2° and ϕ = 90° for type I phase matching using 
a 150 mm focal length lens L5. The BBO crystal was 
antireflection (AR)-coated for the λ = 355 nm and 
λ  =  400–760  nm spectral range and mounted on 
a rotational stage to enable angular wavelength tun-
ing. A delay line was used in the pump pulse line to 
achieve the maximum temporal overlap with seed 
pulses to maximize their nonlinear interaction. 
The generated signal and idler wave radiation was 

collimated using lens L6 and then the spatial sepa-
ration of the signal and idler waves was performed 
with the use of a diffraction grating.

The continuum radiation generated in PCF was 
used as seed in our BBO OPA system. The seed spec-
trum at the maximum FH pump power is depicted 
in Fig. 3. Vertical polarization (with respect to PCF 
principal axes of polarization) FH radiation was 
used to pump PCF because the generated continuum 
spectra in this case were slightly broader. It is impor-
tant to note that the LIDT of the PCF material (fused 
silica) limited the  maximum pump power that we 
could use for continuum generation. The maximum 
used continuum pump power was 7.5  mW, which 
was roughly 75% of the LIDT power of the PCF ma-
terial, and yielded roughly 5.7  mW seed power in 
the output (throughout the entire seed spectrum). At 
the maximum FH pump power the continuum spec-
trum extended approximately from 720 to 1600 nm. 
The maximum OPA TH pump power was limited by 
LIDT of the BBO crystal, thus the maximum pump 
power that we used was 23 mW.

The principle of our subnanosecond BBO 
OPA system operation is as follows. The  gener-
ated continuum radiation is seed for the paramet-
ric amplification of the  longer wavelength (idler) 
wave. The difference frequency wave generated in 
the process has a shorter wavelength than the seed 
radiation, thus we call it the  signal wave. In this 
case, the  signal wave covers the  visible spectrum 
range  –  the  spectrum region that was aimed for 
the BBO OPA operation.

Fig.  2. The scanning electron microscope image of 
the PCF cross-section used for continuum generation.

Fig. 3. The generated continuum spectrum at the maximum FH pump power (P = 7.5 mW). Spectra were 
measured using two separate spectrometers that cover different spectral ranges.
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3. Experimental results

The achieved signal wave tuning range was from 
470 to 660 nm and corresponded to the BBO crys-
tal angular tuning range from 28.7 to 31.3° (Fig. 4, 
right). Since the  theoretical signal wave tuning 
range in the BBO crystal at 355 nm pump should be 
from 396 to 710 nm, practical limitation of the tun-
ing range was essentially set by the  seed spectrum 
extent: the  470  nm signal wavelength corresponds 
to the 1450 nm idler wavelength, which is close to 
the seed (continuuum) spectral edge, and the 660 nm 
signal wavelength corresponds to the 768 nm idler 
wavelength, which is also close to the seed radiation 
spectral edge. The seed spectrum can be extended by 
using a longer PCF, but in such case losses in the long-
er PCF would be greater and we would have less seed 
power, therefore we chose a greater seed power over 
a slightly broader signal wave tuning range.

Although the bandwidth of 500 ps duration pump 
pulses is estimated to be roughly ∆λ = 0.37 pm, gen-
erated signal wave spectral bandwidths (at FWHM 
level) are of the order of nanometres and in a range 
from 0.6 to 13 nm. This indicates that the generated 
signal wave pulses have a significant chirp. At longer 
wavelengths (such as 625 nm wavelength, with spec-
trum depicted in Fig. 4, left), the signal spectra are 
even broader since they approach the  degenerate 
regime.

Energy characteristics of the  BBO OPA were 
measured at the  maximum seed power (Pseed  = 

5.7  mW) and the  FH pump polarization was set 
to correspond to the  maximum spectral extent of 
the seed (continuum) spectrum. The maximum sig-
nal wave power at different wavelengths is depicted 
in Fig. 5 (left). The first important thing to note is 
that the pump to signal conversion efficiency is very 
low and does not exceed 0.35% for any wavelength. 
Such result is related to very complicated subna-
nosecond BBO OPA operation conditions: a  low 
spectral power density of the seed radiation, a  low 
pump intensity and a  relatively large spatial walk-
off effect in the BBO crystal. The nonlinear interac-
tion length for the signal wave in theory should be 
around 14 mm; however, due to the spatial walk-off 
effect between pump and signal, the actual interac-
tion length at our focusing conditions was 3–4 mm 
(depending on the signal wavelength). The 5.7 mW 
seed power is the overall power through the entire 
continuum spectrum, but the spectral power density 
for distinct wavelengths varies by several orders of 
magnitude (Fig. 3), e.g. at 1168 nm seed wavelength 
(which corresponds to 510  nm signal wavelength) 
the spectral power density is only 210 nW/nm.

The low pump power problem is related to 
the  fact that the  maximum peak intensity of 
the  TH pump is roughly 1.45  GW/cm2 which is 
relatively low and sharper focusing conditions can-
not be used due to the  LIDT of the  BBO crystal. 
Another important factor regarding the BBO crystal 
is the spatial walk-off effect between pump and sig-
nal waves which ranges from 69 to 74 mrad across 

Fig. 4. The measured signal wave spectra at different BBO crystal rotation angles (left); the BBO crystal angular 
tuning curve when λp = 355 nm (BBO): dots indicate experimentally measured values, dashed lines show theo-
retically calculated values, while numbers next above the experimental data points correspond to the measured 
spectra in the left picture.
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the signal wave tuning range. Such walk-off values 
even at the  current soft focusing conditions limit 
the nonlinear interaction length in the BBO crystal.

The second important feature, which is also vis-
ible from the  signal wave power dependence on 
pump power (Fig. 5, left), is a considerably greater 
power of the λ = 532 nm signal wave. This is related 
to the aforementioned seed radiation spectral pow-
er density variations: seed (continuum) generation 
efficiency is low and most of the  energy remains 
concentrated at the seed (continuum) pump wave-
length (1064 nm), which corresponds to 532 nm sig-
nal wavelength.

The seed radiaton influence to signal wave pow-
er was further investigated by measuring the  sig-
nal wave power dependence on seed power, with 
the  pump power fixed at the  maximum value 
(PTH = 23 mW). Seed power was adjusted by chang-
ing the seed pump (FH) power, which also consider-
ably changed the spectral characteristics of the seed 
radiation. Results for most wavelengths are very sim-
ilar to the signal wave maximum power dependence 
on the pump pulse power depicted in Fig. 5 (left); 
however, for the signal wavelength around 532 nm 
the dependence is different (Fig. 6(a)).

When seed radiation power is decreased, an in-
crease of signal wave power up to 0.264 mW, which 
corresponds to 1.15% pump to signal conversion 
efficiency, is observed. It peaks at Pseed = 2 mW and 
then signal wave power starts to decrease. This ef-
fect and its occurrence for λs = 532 nm can be ex-
plained as follows. Decreasing seed pump power 

Fig. 5. The measured BBO OPA signal wave output power dependence on TH pump power (left) when seed 
power is maximum (Pseed = 5.7 mW); the measured BBO OPA maximum signal output power dependence on 
the wavelength at the maximum seed power (right).
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reduces the continuum spectral extent (Fig. 6(b, c)), 
but raises the spectral power density of the pump FH 
wavelength, which corresponds to the λ = 532 nm 
signal wavelength, and thus compensates the  de-
crease of spectral intensity due to decreasing seed 
pump power. Therefore, an increase of power is ob-
served for the λ = 532 nm signal wavelength, but is 
negligible for other wavelengths where no noticeable 
spectral intensity increase due to the shrinking con-
tinuum spectrum was observed. When seed power 
is decreased below 2 mW, the seed spectrum width 
is reduced to the  vicinity of the  seed pump wave-
length (1064 nm) and the further spectral intensity 
increase due to the shrinking continuum bandwidth 
does not exceed the intensity loss due to decreasing 
pump power, resulting in decreasing signal wave at 
λ = 532 nm power.

Another important characteristic that was meas-
ured is the signal pulse duration. We used the time-
correlated single photon counting (TCSPC, [31]) 
system PicoHarp 300 to estimate the  duration of 
BBO OPA signal wave pulses. The  TCSPC system 
measures signal photon arrival time statistics with 
respect to a reference signal, which in this case was 
an optical signal: a reference photodiode was used to 
provide an optical signal from SH pulses generated 
by our Nd:YAG MOPA laser system. The retrieved 
signal photon arrival time histogram was approxi-
mated by a  Gaussian function and pulse duration 
was estimated at the  FWHM level (Fig.  7, left). 
The  temporal resolution of our TCSPC measure-
ment setup was 16 ps.
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Fig. 6. (a) the measured BBO OPA signal wave at the λ = 532 nm maximum output power dependence on seed 
power; (b) the measured NIR part of the seed radiation spectrum at PFH = 2 mW; (c) the measured IR part of 
the seed radiation spectrum at PFH = 2 mW.

Fig. 7. The measured TH pump pulse TCSPC histogram (left) with the corresponding Gaussian function fit 
(red curve); the measured BBO OPA signal pulse duration (right) at various wavelengths.
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The measured signal pulse durations are de-
picted in Fig. 7 (right). The generated signal pulses 
have subnanosecond durations ranging from 166 to 
303 ps. Longer generated pulse duration correlates 
with a greater maximum output power, indicating 
that stronger nonlinear interaction yields signal 
pulse duration closer to the  pump pulse (500  ps) 
duration.

Signal pulse duration essentially remains 
the same (within the 16 ps temporal resolution lim-
it of the TCSPC setup) when changing the pump 
power (Fig. 8, left), which is the case when para-
metric amplification has a low efficiency and is far 
from the  pump depletion regime. However, seed 
radiation and its temporal matching with pump 
radiation significantly affects the  generated signal 
pulse duration (Fig. 8, right).

The exact temporal matching (zero delay) cor-
responds to the  maximum output power and 
the  minimum generated pulse duration. When 
there is a certain delay between pump and seed ra-
diation, generated signal pulses have lower power 
and longer duration. This effect is due to the  fact 
that seed radiation (continuum) obeys the complex 
temporal characteristic, which is longer (>1  ns) 
than that of the pump pulse. When pump pulses are 
delayed with respect to seed radiation, the tempo-
ral peak of seed radiation does not match the peak 
of pump pulses and the energy of seed and pump 
radiation is redistributed in a broader time inter-
val – the generated signal wave duration increases.

4. Results of numerical simulation and 
discussion

We have performed the  numerical simulations of 
the three-wave nonlinear interaction equations in-
cluding the dispersion terms: 

*1
1 1 1 2 3i [ ],S K S FT A A

z
σ∂

= +
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 (1)

*2
2 2 2 1 3i [ ],S K S FT A A

z
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3
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z
σ∂
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Here, Sj(Ω) is the Fourier transform of the complex 
amplitude Aj(t) and the real electric field is given by 
E(t, z) = ℜ[A(t, z)exp(iωj0t)]. Indices 1, 2 and 3 refer 
to the  signal, idler and pump waves, respectively. 
The first rhs terms describe the  linear dispersion. 

30

( ) ( ) –j j jK k
u

ω ω Ω
= is the  wavenumber (kj) shifted 

with respect to the  pump wave propagation. ω is 
the  radial frequency and u30 is the  pump group 
velocity. The  nonlinear interaction coefficient is 
σj  =  deffωj0/(cnj(λj0)). Here deff is the  effective non-
linear susceptibility that depends on the crystal ori-
entation [32], c is the speed of light and nj is the re-
fractive index at the central wavelength λj0 calculated 
from the  Sellmeier equations for the  BBO crystal 
[32]. FT [◦] denotes the  Fourier transform. Eqs. 
(1–3) were simulated by the symmetrized split-step 
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Fig.  8. The measured λ  =  532  nm signal pulse duration at various TH pump powers (left); the  measured 
λ = 532 nm signal pulse duration dependence on the temporal delay between TH pump and seed radiation 
(right). Negative delay values mean that TH pump pulses are ahead of the seed radiation.
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Fourier method [33]. The crystal length L = 15 mm 
was divided into 500 longitudinal steps. The bound-
ary condition for the pump wave can be expressed as

2

3 30 2( , 0) exp –2ln 2 .tA t z a
τ

 
= =  

 
 (4)

Here a30 is the  input amplitude and τ  =  500  ps is 
the  pulse duration at FWHM. The  pump wave is 
the  Gaussian subnanosecond pulse. There was no 
signal wave at the input, A1(t, z = 0) = 0. The input 
idler wave was simulated from the  experimentally 
measured spectrum. The spectra displayed in Fig. 3 
were combined and linearly interpolated so that 
in the  time domain they were subdivided into 222 
equal steps. The time interval was [–16τ, 16τ). Af-
terwards, 1/16 part of the  spectrum was cut from 
the  spectrum at the  predefined central frequency 
(for example, frequency corresponding to 1064 nm 
wavelength). This part of the  spectrum was multi-

plied by the chirp phase factor: exp(iγΩ2τ2), where 
the non-dimensional chirp parameter γ = 10–4. Such 
chirp expands the idler time pulse to several nano-
seconds. In the simulations, the input pump power 
was 23 mW, the repetition rate 1 kHz and the beam 
diameter 1.5 mm. The input idler power was 5 mW.

The numerically obtained results are presented 
in Fig. 9. Five spectra in Fig. 9(a) correspond to 
a  different phase matching (type  I) angles BBO 
crystal. As in the  experiment, the  maximum 
output power is obtained at 532  nm wavelength 
that corresponds to the  idler peak at 1064  nm. 
The curve in Fig. 9(b) resembles the experimental 
data: numerically simulated signal wave power is 
low (fractions of miliwatts), similar to Fig.  5(b). 
However, the output power is higher than the mea-
sured one since the spatial effects like diffraction 
and walk-off between ordinary and extraordinary 
waves were neglected in the numerical simulation.

Fig.  9. Numerical simulation results. Signal output spectra (a), power (b) and pulse 
duration at FWHM (c).
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The pulse duration in Fig. 9(c) does not coincide 
exactly with the experimental duration (Fig. 7) due 
to the chirp parameter that in the numerical sim-
ulations was equal for all spectral parts. The  real 
continuum spectrum obeys a  complicated spec-
tral phase that could not be measured. However, 
the  numerically calculated pulse profiles qualita-
tively agreed with the  experiment  –  signal pulses 
were in the subnanosecond range.

5. Conclusions

To the  best of our knowledge, the  first widely-
tunable in the  visible spectrum range BBO op-
tical parametric amplifier generating subnano-
second pulses was demonstrated and its spectral 
energy and temporal characteristics were investi-
gated. The  continuous signal wavelength tuning 
in the  470–660  nm spectral range was achieved 
and was limited by the  seed radiation spectral 
extent. The  maximum pump to signal conver-
sion efficiency was low (1.15%) due to a  strong 
spatial walk-off effect in the  BBO crystal and 
the limitation of the maximum pump power due 
to the laser induced damage threshold in the BBO 
by the  pump pulses. Seed radiation spectral en-
ergy distribution was the  key factor determin-
ing that the maximum signal wave power was at 
λ = 532 nm, which corresponded to the 1064 nm 
idler wavelength for which seed spectral pow-
er density was the  highest. This indicates that 
a  greater pump to signal coversion efficiency 
could be achieved with a  more powerful seed 
source and additional parametric amplification 
stages. The pulse duration measurements showed 
that the  generated pulses also have subnanosec-
ond durations ranging from 166 to 303 ps at dif-
ferent signal wavelengths. The numerical simula-
tions displayed qualitatively similar results and 
slight discrepancies were related to some factors 
not accounted for in them.
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SUBNANOSEKUNDINIO PLAČIOJE SPEKTRO SRITYJE DERINAMO BBO OPTINIO 
PARAMETRINIO STIPRINTUVO TYRIMAS

G. Stanionytė, V. Tamulienė, R. Grigonis, J. Vengelis

Vilniaus universiteto Lazerinių tyrimų centras, Vilnius, Lietuva

Santrauka
Taikymuose, reikalaujančiuose tolygiai derinamo daž-

nio lazerinės spinduliuotės, naudojami parametriniai 
šviesos generatoriai ir stiprintuvai. Didelis tokių prie-
taisų poreikis lėmė spartų su jais susijusių technologijų 
tobulėjimą ir pritaikymą veikti kaupinant tiek nuolatinės 
veikos, tiek įvairių trukmių lazerio spinduliuote. Vis dėlto 
subnanosekundinių trukmių (100 ps – 1 ns) intervale pa-
rametrinių šviesos generatorių ir stiprintuvų realizavimas 
yra labai komplikuotas dėl subnanosekundinių trukmių 
intervale santykinai žemo lazerio indukuotos pažaidos 
slenksčio daugelyje medžiagų. Šiame darbe pristatomas, 
autorių žiniomis, pirmasis subnanosekundinis plačioje 
spektro srityje derinamas optinis parametrinis šviesos sti-
printuvas, kai netiesinėje terpėje naudojamas beta bario 
borato (BBO) kristalas. Signalinės bangos ilgio derinimo 
sritis siekė 470–660 nm ir iš esmės buvo apribota užkra-

to spinduliuotės spektro pločio. Užkratu parametriniam 
stiprinimui pasirinkta kontinuumo spinduliuotė gene-
ruota fotoninių kristalų šviesolaidyje. Nustatyta, kad ne 
tik spektrinės, bet ir energinės užkrato charakteristikos 
iš esmės lemia generuotos spinduliuotės savybes. Maksi-
malus parametrinio keitimo efektyvumas iš kaupinimo į 
signalinę bangą buvo labai nedidelis (1,15 %) dėl erdvinio 
nunešimo efekto BBO kristale ir lazerio indukuotos pa-
žaidos lemiamo kaupinimo spinduliuotės intensyvumo 
apribojimo. Jį padidinti būtų galima naudojant didesnio 
intensyvumo užkrato spinduliuotę arba papildomas para-
metrinio stiprinimo pakopas. Signalinės bangos trukmės 
skirtingiems signalinės bangos ilgiams taip pat buvo sub-
nanosekundinių trukmių intervale (168–303  ps). Skai-
tinio modeliavimo rezultatai kokybiškai atitiko eksperi-
mentinius duomenis.
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