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Abstract. We review our recent achievements with narrowband, nanosecond, non-resonant optical parametric
oscillators based on periodically-poled LiNbO3, which are pumped at 1064 nm and emit close to degeneracy in
the near-IR part of the spectrum between 1860 and 2486 nm. The average output power has been scaled up to
the 10-W level with tuning across 40 nm (signal) and 66 nm (idler) using transversely chirped volume Bragg
gratings (VBGs) acting on the signal wave. The maximum total average output power (signal + idler) achieved
with a narrowband VBG has reached 11.35 W at 20 kHz, corresponding to a conversion efficiency of 63%.
In this case, the signal and idler bandwidths amount to 0.7 and 0.9 nm at ~1922 and ~2384 nm, respectively.
The experimentally observed spectral narrowing is reproduced by numerical simulations based on a split-step
method within the plane-wave approximation taking account pump depletion and back-conversion. Spatial
effects are also incorporated in the model, taking into account the transversal intensity distributions, in order
to better reproduce the input-output power characteristics.

Keywords: Non-resonant optical parametric oscillator, Periodically-poled lithium niobate, Volume Bragg
gratings, Near-infrared parametric light sources.

1 Introduction

Nanosecond optical parametric oscillators (OPOs) repre-
sent one of the most efficient approaches for extending
the wavelength coverage of existing powerful coherent laser
sources operating in the Q-switched mode from the near- to
the mid-infrared (mid-IR) part of the spectrum. However,
their power scaling capability often suffers from unwanted
back-conversion and spectral broadening. The compromised
spectral selectivity of the output is a serious drawback
not only in direct applications but also when pumping a

second-stage in a cascade configuration for further fre-
quency down-conversion deeper into the mid-IR beyond
5 lm [1]. The second stage can be again an OPO pumped
by the near-IR signal or idler output of the first stage or
alternatively difference frequency generation (DFG) utiliz-
ing both of them [1]. This stage relies on narrow band-
gap, low-phonon energy non-oxide nonlinear crystals such
as ZnGeP2, AgGaSe2, CdSe or orientation patterned GaAs
(OPGaAs) which feature extended mid-IR transparency
but typically require pump wavelengths above 1.5 lm to
avoid two-photon absorption. These crystals exhibit rela-
tively narrow pump spectral acceptance bandwidth [1].
On the positive side, as a consequence of their narrow
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band-gap, they possess substantially higher second-order
susceptibility compared to the oxide type nonlinear crystals
employed in the first stage.

The non-resonant OPO (NRO), in which none of the
waves are resonant and the signal- and idler-waves leave
the cavity after just one round trip in opposite directions,
can alleviate the degradation of the beam quality and
conversion efficiency caused by back conversion which
occurs in conventional resonant OPOs. One of the NRO
cavity mirrors is highly reflective (HR) at the signal and
highly transmissive (HT) at the idler wavelength, while
the other cavity mirror has the opposite properties (HT
signal/HR idler). In contrast to the conventional OPOs
where this is just an option to reduce the oscillation thresh-
old, the pump wave in a NRO must be retro-reflected
through the cavity to propagate in both directions in order
to realize the feedback for the signal and idler waves.

The idea of such a resonatorless parametric oscillator
was suggested theoretically as early as 1970 as a non-
collinear scheme (to avoid the use of dichroic mirrors) using
LiNbO3 [2], and realized experimentally in the same year as
a collinear NRO (to utilize the higher parametric gain)
using an a-HIO3 crystal [3]. The optical components in this
early realization consisted of retro-reflecting prisms and
polarizers as alternatives to dichroic mirrors which was
possible thanks to the type-II phase-matching chosen. With
the availability of high quality, damage resistant dichroic
mirrors, and having in mind that their design as long-pass
filters is easier due to the absence of parasitic reflectivity
bands, the generic scheme of a modern linear cavity NRO
will look like Figure 1.

It shall be emphasized that the early interest in
resonatorless OPOs or NROs was motivated in those years
by the fact that in the absence of both suitable laser sources
and nonlinear crystals, the parametric gain was insufficient
for travelling-wave type optical parametric generation
(OPG) without any cavity. In this sense the NRO shall be
distinguished from a related idea suggested even earlier, in
1966, the so-called backward-wave or mirrorless OPO
(MOPO) [4], experimentally demonstrated more than
40 years later in 2007 [5]. In the MOPO, the feedback is real-
ized by counterpropagating waves which requires very large
birefringence: thus while the original work suggested the
use of a Se single crystal which exhibits huge birefringence
but unfortunately also high residual absorption [4], the
realization became possible through engineered quasi-phase-
matching (QPM) in a KTiOPO4 (KTP) crystal [5]. In con-
trast, the NRO is based on mirrors although no longitudinal
modes exist in the cold cavity. The two concepts were com-
pared in an early review paper in terms of threshold which
was estimated to be much higher for the MOPO [6].

Unfortunately, the first publications on the NRO con-
cept [2, 3] remained largely unknown and the same idea
was “rediscovered” 20 years later in [7] where a type-I
b-BaB2O4 (BBO) crystal was employed in a collinear
scheme. This experiment revealed that a NRO can provide
similarly high slope and conversion efficiency as a singly-
resonant oscillator (SRO). In the same paper [7], also an
original scheme employing an intracavity quarter-wave
plate was suggested for a single output degenerate NRO.

While initially the NRO was considered for nanosecond
pumping by frequency doubled Nd lasers in the green due to
the higher parametric gain [2, 3, 7], another 15 years later it
was realized using type-II KTP pumped at 1064 nm in a
ring cavity [8, 9]. These authors preferred to use the term
cross-resonant oscillator (CRO) to emphasize the fact that
in the presence of a pump wave (hot cavity), certain phase
relationships have to be fulfilled after one cavity round-trip.
However, this conclusion appears to be related to their
choice to use the same ring cavity mirrors for circulating
the pump. This does not correspond to the original NRO
design [2, 3] and is technically more challenging to realize
both in ring and linear cavities. Nevertheless, under reason-
able assumptions (undepleted plane-wave limit and contin-
uous-wave (CW) pumping) the authors of [9] compared
theoretically their CRO to a SRO in terms of threshold,
built-up time, saturation, etc., and concluded that the
CRO is characterized by less back conversion and stronger
pump depletion than the SRO, shorter build-up time and
weaker saturation, supporting this with experimental
results in the nanosecond regime. Thus, while degradation
of beam quality and conversion efficiency caused by back
conversion will be intrinsically suppressed in an NRO
because the intracavity intensity of both the signal and idler
waves is reduced to a minimum, as could be expected the
pump threshold will be higher compared to a conventional
SRO with 100% feedback for one of the waves and a retro-
reflected pump wave [8]. Nevertheless, the NRO is a very
promising concept for power scaling.

Another practical advantage of the CRO or NRO com-
pared to the SRO is the dual wavelength output, in partic-
ular when it comes to DFG in the second stage of cascade
down-conversion schemes for the mid-IR spectral range
[1]. This has been experimentally demonstrated in [8] using
KTP in the CRO and CdSe for DFG. It is obvious that the
NRO scheme (see Fig. 1) is also ideal for seeding at one of
the wavelengths, including narrowband and single-
frequency seeding. In this aspect the NRO can be in fact
considered also as a multi-pass parametric amplifier and
this has been experimentally realized in [10, 11] as a compo-
nent of a complex, single-frequency nanosecond system with
impressive tunability from the visible to the mid-IR. This
experiment in fact supports the interpretation of the
NRO as a resonatorless parametric device.

Maintaining a narrowband spectrum at high average
power is still, however, challenging for an NRO just as for
an SRO since the parametric gain bandwidth increases with
the pump power beyond the DFG limit determined by the
difference of the signal and idler group velocities [1], which
further broadens the output spectrum if no spectral con-
straining elements are employed. Broad spectral extent of
the pump wave for the second stage of cascade parametric
frequency down-converters not only clamps the conversion
efficiency but will result in broadband output in the mid-
IR. Volume Bragg Gratings (VBGs) in bulk glass acting
on the signal or idler wave in the first stage OPO can be
an elegant solution with relatively low insertion losses and
high damage resistivity in a compact cavity configuration.
In addition, Transversely Chirped VBGs (TC-VBGs) can
be used not only for spectral narrowing of the OPO output
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but also to ensure tunable operation in these conditions
[12]. The transparency of such photo-thermo-refractive
glass makes the choice of the signal wavelength preferable.

In our previous work we demonstrated that QPMmate-
rials, such as periodically-poled LiNbO3 (PPLN) and KTP
(PPKTP) are ideally suited for use in NROs because of the
high parametric gain they can provide [13, 14]. However,
exactly for such QPM structures the output of a NRO is
normally broadband due to the same polarizations of all
three waves (Type-0 interaction), in particular close to
degeneracy. We also established that the use of VBGs at
the signal wavelength is simpler to implement and provides
higher spectral contrast [13, 15] when compared to laser
seeding [16–18], at least when single-frequency operation
is not targeted. This is related to the continuing action of
the VBG at increased power levels during the build-up pro-
cess and the absence of transversal spectral narrowing
dependence.

In this work we review our ongoing efforts on power
scalable and tunable operation of nanosecond, narrowband
PPLN NROs. Using TC-VBGs as spectral narrowing
elements, tuning ranges of 1860–1900 nm for the signal
wave and 2420–2486 nm for the idler wave are obtained
with spectral bandwidths less than 2 nm. The total average
output power of the tunable, narrowband PPLN NRO
using 1-mm thick PPLN is successfully scaled up to
9.84 W at a pulse repetition rate of 30 kHz. Increasing
the PPLN thickness to 3 mm enabled some energy scaling
at safer pump levels in [15], however, the oscillation thresh-
old increased and the conversion efficiency dropped. The
use of both thicker (3-mm vs. 1 mm in [13]) and longer
(50-mm vs. 25 mm in [15]) PPLN that recently became
commercially available can produce simultaneously the low-
est NRO threshold and the highest output (total average
power of 11.35 W) and conversion efficiency (63%) in the
narrowband regime (sub-1-nm bandwidths achieved
through a fixed wavelength VBG), at minimum risk for
optical damage [19]. The results in terms of output spec-
tra are supported by numerical simulations based on a split-
step method within the plane-wave approximation that
accounts for pump depletion and back-conversion.
Although diffraction is not included, spatial effects are
incorporated in the model, taking into account the transver-
sal intensity distributions, in order to better reproduce the
input-output power characteristics.

2 Experimental setup

The PPLN-NRO is pumped at 1064 nm by a multi-longitu-
dinal mode (spectral linewidth ~0.66 nm) Nd:YVO4 master
oscillator power amplifier (MOPA) laser system (Canlas
GmbH), delivering a maximum average power of 21 W
with a beam quality factor of M 2

~1.15. The pulse duration
varies roughly between 5 and 17 ns depending on the repe-
tition rate that could be varied from 5 to 50 kHz. A half-
wave plate and a polarizer are used to adjust the pump
power whilst keeping other characteristics (pulse duration
and spatial quality) constant. A Faraday isolator (FI) is
employed to prevent optical feedback to the pump laser,

and a second half-wave plate after the FI rotates the
polarization to vertical for type-0 (eee) phase-matching in
the PPLN crystal.

Two different anti-reflection (AR) coated 5% MgO
doped PPLN slabs were employed, both supplied by HC
Photonics Corp. (Taiwan). The first one had an aperture
of 7.4 mm (wide) � 1 mm (thick) and a length of 20 mm,
and contained triple gratings of 2 mm width but we used
only the QPM period of 31.78 lm. Its residual reflectivity
per surface was <0.1% for the pump and about 0.2% and
8% in the respective signal and idler ranges. The second,
3 � 3 mm2 aperture, 50-mm long 5% MgO doped PPLN
(Product OPMIR-SD) had a QPM period of 32.25 lm.
Its measured surface reflectivity was 0.2% at the pump
wavelength, 1.5% at the signal wavelength and 3.5% at
the idler wavelength. Both samples had a parallelism spec-
ified as 3’. They could be heated in standard ovens (de facto
a heater plate onto which the sample is fixed) supplied by
the manufacturer with temperature control up to 200 �C.

The pump beam was focused into the thin PPLN
crystal to a 1/e2 spot diameter of 590 lm by a spherical lens
(f = 400 mm). For the thick PPLN the pump beam was
down-collimated by an achromatic beam expander
(GBE2-C, Thorlabs, USA) to a diameter of 1.26 mm
(vertical) and 1.15 mm (horizontal) in the position of the
crystal.

The signal output coupler was 95% reflective for the
idler and 95% transmissive for the signal. The idler outcou-
pler was 99% reflective for the signal and 90% transmissive
for the idler. The dichroic mirrors coupling the pump in and
out of the NRO were highly transmissive for the signal
(95%) and idler (91%) and highly reflective at the pump
and its second harmonic. The pump retro-reflecting mirror
was highly reflective at the pump and transmissive at
532 nm, enabling the double-pass pumping of the NRO
and simultaneously outcoupling parasitic green second
harmonic light due to higher order QPM.

Two commercial AR-coated TC-VBGs (OptiGrate,
USA) with glass aperture 25 mm wide � 5.5 mm high but
grating aperture 23 mm wide � 5 mm high were employed
in the NRO with the thin PPLN substituting the idler out-
put coupler, each of them with a tuning range of ±10 nm for
the signal wave. Tuning is achieved by translating the
TC-VBGs along their width. The TC-VBGs were 5.5 mm
thick, with specified diffraction efficiency >96%. The reflec-
tivity bandwidth was also certified by the supplier (~1 nm)
but this parameter obviously depends on the beam size. The
two TC-VBGs were selected in such a way in order to ensure
a gapless tuning range of about 40 nm for the signal wave.
The specified residual reflectivity for the signal wave was

Figure 1. Generic scheme of a linear NRO.
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<0.5% and for the idler wave <0.75% per surface. For the
thick PPLN, spectral narrowing was achieved by substitut-
ing the idler outcoupler by a home-made VBG centered near
1922 nm. This VBG had an aperture of 6� 6.72 mm2 and a
thickness of 10.72 mm to ensure higher reflectivity. The
estimated reflectivity bandwidth and diffraction efficiency
were 0.5 nm and 99%, respectively. The fixed wavelength
VBG was also double-side AR-coated for the signal and
idler wavelengths and the measured residual reflectivity
was 0.45% per surface for either of them.

The NRO cavity length (the physical distance between
the two output couplers) was kept at minimum but this
depended also on the crystal heater mount: The cavity
length was ~50 mm for the 20-mm long PPLN and 135
mm for the 50-mm long PPLN. The dichroic 45� pump
mirrors were mounted as close as possible to the PPLN
crystal, and the retro-reflecting pump mirror – as close as
possible to the second of them. All idler and signal powers
were characterized using long-pass filters to eliminate resid-
ual light at shorter wavelengths.

3 1-mm thick PPLN: tuning and power scaling

The tuning performance and the power scaling potential of
the PPLN NRO were first studied with the same 1-mm

thick PPLN employed previously in [13]. Initially, a
temperature of 169 �C was selected on the temperature con-
troller corresponding to parametric down-conversion to
~1880 nm for the signal wave and 2453 nm for the idler
wave. The average pump power was set at 3 W for a repe-
tition rate of 20 kHz. At this pump level, the average out-
put power of the signal wave amounted to 0.33 W and
that of the idler wave to 0.29 W.

Spectral tuning was accomplished by transversal shift-
ing the TC-VBGs across their width with a precision trans-
lation stage. The output power could be kept constant by
adjusting the crystal temperature within roughly ±5�C.
As can be seen in Figure 2, gapless tuning across 40 nm
(1860–1900 nm) for the signal wave, Figure 2a, and across
66 nm (2420–2486 nm) for the idler wave, Figure 2c, was
achieved. Linear fitting of the signal tuning data in
Figure 2a gave a chirp rate of 0.96 nm/mm for the shorter
wave TC-VBG and 0.97 nm/mm for the longer wave
TC-VBG, in close agreement with the specifications. These
values translate into 1.7 and 1.6 nm/mm in the correspond-
ing idler wavelength tuning ranges. The simultaneously
recorded signal spectra reveal a bandwidth (Full Width
at Half Maximum, FWHM) of 1.4–1.9 nm, cf. Figure 2b,
and for the idler the FWHM is in the 1.5–2.1 nm range,
cf. Figure 2d. It can be seen that the spectral narrowing
imposed to the signal wave by the TC-VBG is effectively

Figure 2. Spectral tuning of the narrowband NRO with the 1-mm thick PPLN and two TC-VBGs: (a) signal wave and (c) idler wave
with linear fitting, and the corresponding spectra (b, d) recorded with a spectral resolution of 0.5 nm.

Figure 3. Input – output performance of the narrowband NRO with the 1-mm thick PPLN at different repetition rates: (a) 25 kHz,
(b) 30 kHz, (c) 35 kHz, and (d) 40 kHz.
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transferred to the idler wave, even though each of the waves
is completely extracted in every cavity round trip in the
NRO.

Power scaling of the narrowband NRO with the 1-mm
thick PPLN was investigated at fixed signal (1880 nm)
and idler (2453 nm) wavelengths, at an oven temperature
of 169 �C. To utilize the full power available from the pump
laser we had to increase the repetition rate, see Figure 3.
Nevertheless, at 25 kHz we did not increase the pump level
beyond 12 W, cf. Figure 3a, to avoid optical damage
problems. In general, both the spatial and temporal charac-
teristics of the pump laser change with the repetition rate.
The shorter pulse duration at lower repetition rates, how-
ever, provides the best conditions for highest conversion
efficiency and output powers due to the higher pump inten-
sity. Thus, a maximum total average power of 9.84 W
(5.32 W for the signal output and 4.52 W for the idler out-
put) was obtained at the maximum pump level for a pulse
repetition rate of 30 kHz, cf. Figure 3b. At an average pump
power of 20 W, this corresponds to an optical conversion
efficiency of 49.2% and a slope efficiency of 56.4%. The
RMS stability of the average output power for the signal
wave at 30 kHz, measured at a pump power of 16 W for
30 min, was 0.71%.

At the same pump conditions, substituting the TC–
VBG by a signal reflecting mirror (idler outcoupler), as
specified in the previous section, the output powers and effi-
ciencies were higher in the broadband regime. Figure 4
shows a comparison at a repetition rate of 30 kHz. The

maximum total average power in the broadband regime
reached 12.16 W (7.07 W for the signal output and
5.09 W for the idler output). At an average pump power
of 20 W, this corresponds to an optical conversion efficiency
of 60.8% and a slope efficiency of 69.2%, see Figure 4c.

The signal and idler spectra for broadband and narrow-
band operation are compared in Figures 4b, 4d. Roughly
10-fold narrowing for the signal FWHM can be seen and
about 20-fold for the idler FWHM.

The beam profiles for the signal and idler NRO outputs
were measured by a Pyrocam PY-III-C-B camera

Figure 4. Comparison of narrowband and broadband NRO operation with the 1-mm thick PPLN in terms of measured input-output
(a,c) and spectral (b,d) characteristics. The repetition rate is 30 kHz and the spectra in (b,d) were recorded at an average pump power
of 7 W.

Figure 5. Spatial characteristics of the tunable, narrowband NRO with the 1-mm thick PPLN: measured (a) signal and (b) idler
caustics in the horizontal plane with fitting for the evaluation of the M2 propagation factor. The average pump power is 16 W at
30 kHz and the oven temperature is set to 169 �C corresponding to 1880 nm (signal) and 2453 nm (idler). The insets show recorded
near-field beam profiles.

Figure 6. Temporal characteristics of the narrowband NRO
with the 1-mm thick PPLN recorded with a 200-ps, extended
InGaAs photodetector (FWHM indicated) at an oven temper-
ature of 169 �C corresponding to emission wavelengths of
1880 nm (signal) and 2453 nm (idler). The average pump power
is 16 W at 30 kHz.
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(Ophir-Spiricon, USA) using a 300-mm CaF2 focusing lens.
The beam propagation factors (M2) of the narrowband
NRO with the 1-mm thick PPLN shown in Figure 5 were
estimated from the fitted Gaussian diameters. We obtained
M2 = 2.09 for the signal beam and M2 = 2.04 for the idler
beam.

The pulse durations were measured at a pump level of
16 W, giving a FWHM value of 10.5 ns for the signal wave
and 11.7 ns for the idler wave, slightly shorter than the
pump pulse duration of 12 ns (Fig. 6).

4 3-mm thick PPLN: power/energy scaling
at 20 kHz

In contrast to the previous section, using larger beam diam-
eters in the 3-mm thick PPLN, it was possible to optimize
the performance of the NRO at lower repetition rates which
result in higher single pulse energies. Figure 7 shows the
average signal and idler output powers at 20 kHz (corrected
for the filters employed) versus pump power measured in
front of the NRO (max: 17.95 W) at an oven temperature
of 32 �C (chosen to match the VBG wavelength). This
temperature was not changed further in the experiment.

The maximum signal (~1922 nm) and idler (~2384 nm)
average powers at 20 kHz using the VBG reached 6.25 and
5.1 W, respectively, see Figure 7b. These average powers
correspond to single pulse energies of 312.5 and 255 lJ,
respectively. These results can be compared with [15] where
we optimized the NRO at a repetition rate of 10 kHz for a
similar 3-mm thick but only 25-mm long PPLN. The pre-
sent threshold of 2.2 W is two times lower compared to
[15] in terms of pump fluence for a similar number of cavity
round trips. The maximum conversion efficiency (63%) is
also almost two times higher compared to the 32.8% in
[15]. The present single pulse energies at 20 kHz in fact
exceed the maximum pulse energies achieved in [15] at
10 kHz. Comparing the NRO threshold for narrowband
operation in Figures 7b and 4a, it can be seen that the
values are similar in terms of single pump pulse energy
but the threshold fluence is roughly four times lower for
the 3-mm PPLN due to the larger beam sizes.

In the broadband regime (using the signal reflecting
mirror instead of the VBG) at 20 kHz, the maximum

conversion efficiency of the NRO with the 3-mm thick
PPLN reached 72.8%, primarily due to increased signal
output (7.5 W) with the idler almost unchanged (5.3 W)
at a maximum pump level of 17.57 W, but the saturation
behavior was more pronounced, see Figure 7a. The pump
threshold for broadband operation was very similar
(2.1 W).

All further NRO characteristics presented in this section
were measured at maximum pump level. The measured
spectral bandwidths (FWHM) recorded with the VBG in
Figure 8b for the narrowband case, were limited by the
spectrometer resolution. They were more than 20 times
narrower compared to the broadband configuration with
the signal reflecting mirror, cf. Figure 8a. In fact this esti-
mation represents a lower limit because of the finite exper-
imental spectral resolution in the narrowband case.

The fits for evaluation of theM 2 factors were performed
with the second moment diameters. In the narrowband
regime, at the maximum pump level at 20 kHz, we obtained
M 2 = 4.1 for the signal and M 2 = 2.7–2.8 for the idler (see
Fig. 9). The beam quality was inferior in broadband opera-
tion with measured M 2 = 4.5 (H) – 5.4 (V) for the signal
and M 2 = 3.6 (V) – 4.1 (H) for the idler.

The signal pulse duration in narrowband operation
roughly reproduced the pump pulse duration (7.5 ns) at
20 kHz, as shown in Figure 10. The pump temporal profile
in Figure 10 shows some longitudinal mode-beating because
the oscilloscope sampling bandwidth has not been reduced
in these measurements, in contrast to Figure 6. The idler
pulse was slightly longer (8.5 ns). In broadband operation
with a signal reflecting mirror instead of the VBG, the
output pulses were somewhat longer: 8.3 ns (signal) and
9.3 ns (idler).

5 Numerical modeling

The spectral distribution of the NRO output beams was
simulated by a code widely following the split-step method
#1 presented in [20] for plane waves. The mixing equations
are integrated in the propagation direction in the time
domain to account for the nonlinear parametric amplifica-
tion ignoring dispersion, followed by a step taking into
account the linear effects and in particular the temporal

Figure 7. Signal and idler NRO average output powers for the 3-mm thick PPLN versus pump power at 20 kHz with the
corresponding total conversion efficiency (signal + idler) for broadband (a) and narrowband (b) NRO operation.
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walk-off as a result of the group velocity mismatch (GVM)
and the effect of group velocity dispersion (GVD) in the
frequency domain. The actual spectral transmission and
reflectivity of each mirror and the VBG are accounted
for in a similar manner also in the frequency domain.

The plane-wave model ignores diffraction but back
conversion and pump depletion are its inherent features.
No spatial walk-off effects are considered for QPM. The
code starts with quantum noise generated in the standard
way, i.e., by one half photon (signal, idler) energy per fre-
quency interval on the average (electric field with random
phase and Gaussian amplitude distribution with zero mean
and corresponding variance).

For the 5 mol% MgO-doped LiNbO3, the temperature-
dependent Sellmeier relations from [21] are used. A direct
evaluation of the effective nonlinearity of PPLN (deff =
14 pm/V) can be found in [22] and this value is widely
quoted by manufacturers, including the present provider.
It takes into account the imperfect poling quality of PPLN.
According to [22] this value is considered to be 78% of
the ideal value for a first order grating derived from d33 =
28.2 pm/V. The latter value for the diagonal tensor element
agrees well with the d33 = 25 pm/V value reported for 5%
MgO-doped congruent LiNbO3 by non-phase-matched
methods [23]. For our experimental conditions, we only con-
verted the deff = 14 pm/V value valid for second-harmonic
generation of 1064 nm fundamental to our three-wave para-
metric process using Miller’s rule and the calculated refrac-
tive indices, which gave deff = 11.8 pm/V for use in the
code.

When broadband radiation is considered, dispersion has
to be accounted for in a similar way as for femtosecond
pulse durations. The lowest order dispersion effect is equiv-
alent to temporal walk-off between the signal and idler
pulses in the time domain and this is an underlying mecha-
nism in the code. The walk-off time between the signal and
idler pulses is defined as usual in terms of the corresponding
group velocities vs and vi given by ¼ c

ng
, with the group

refractive indicesng ¼ n þ x dn
dx :

ss;i ¼ Lc
1
vs

� 1
vi

�
�
�
�

�
�
�
�
: ð1Þ

Here Lc denotes the crystal length. Temporal features
with time scales shorter than ss;i are smoothed out by the
GVM and cannot be correctly predicted by the model
and this approximation is justified for spectral widths not
exceeding s�1

s; i [23]. For yet larger spectral widths, the
GVD terms in the coupled wave equations have to be
retained.

Figure 8. Signal and idler spectra of the NRO with the 3-mm thick PPLN at maximum pump level at 20 kHz recorded with a
resolution of ~0.5 nm (FWHM indicated) for broadband (a) and narrowband (b) operation.

Figure 9. Idler beam caustics in the narrowband regime of the
NRO with the 3-mm thick PPLN at maximum pump level at
20 kHz: experimental data (symbols) recorded with a Pyrocam
PY-III-C-B camera (Ophir-Spiricon) using a 30-mm CaF2 lens
and fits (lines). The inset shows a far-field idler beam profile
recorded at 1 m from the VBG.

Figure 10. Pump, signal, and idler temporal profiles of the
NRO with the 3-mm thick PPLN at maximum pump level at
20 kHz recorded with a 200-ps, extended InGaAs photodetector
(FWHM indicated).
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Calculations for our experimental wavelengths with
Lc = 50 mm yield ss;i = 0.67 ps. This walk-off time is
directly related to the spectral acceptance in the low para-
metric gain limit (DFG) assuming a narrowband pump
wave, �m ¼ 0:886=ss;i which gives about 44 cm�1, equiva-
lent to 16 nm for the signal and 25 nm for the idler spectral
bandwidths in the case of the 50-mm long PPLN. The
parametric gain C broadens these values by a factor of
~0.6 � (CLc)

1/2 [1]. For the maximum pump level applied
in the experiments with the 50-mm long PPLN crystal
corresponding to a spatially averaged pump intensity of
~10.5 MW/cm2, the increased parametric gain bandwidth
is ~1.33 � 44 cm�1 = 59 cm�1 for a single pass parametric
amplifier, i.e., only 33% larger compared to DFG. Although
often used, these simple estimates ignore pump depletion
and present an oversimplification being derived from
analytical parametric gain expressions ignoring GVM and
GVD, with the final results appearing ironically exactly in
terms of GVM or, when the GVM is vanishing, in terms
of the next term, GVD [1]. Strictly speaking all such analyt-
ical estimates are applicable for tunable monochromatic
waves but not for ultrashort pulses or for broadband radia-
tion in general. Usually, broadband nanosecond parametric
oscillators will have narrower output bandwidths compared
to the parametric amplification bandwidth due to multiple
passes, however, saturation effects at higher conversion effi-
ciency lead to the opposite trend. Thus, realistic estimations
for the OPO and NRO output bandwidths, in particular
taking into account depletion and back conversion, can be
derived only from numerical simulations.

In the simulations we used the actual cavity mirror
parameters from the experiments with the 50-mm long
PPLN crystal. For normal incidence, we calculated the
wavelength dependence of the diffraction efficiency (reflec-
tivity) of the home-made VBG following the analytical
formula presented in [24]. Alternatively, we modelled the
VBG as a super-Gaussian (n = 4) shaped notch filter in
the frequency domain. We established that the shape of this
filter was not critical and the simulation results were mainly
determined by its FWHM. Following [24], a FWHM of
0.5 nm and a peak reflectivity of 99% were assumed for
the home-made VBG used.

The maximum pump power applied in the NRO exper-
iments with the 50-mm long PPLN crystal corresponds to a
pump pulse energy of 0.95 mJ. Thus, in the plane-wave sim-
ulations we used a spatially averaged peak pump intensity
of ~10.5 MW/cm2, equal to one half of the pump on-axis
peak intensity. For the temporal shape of the pump pulse
we assumed a Gaussian dependence with a FWHM of
7.5 ns in accordance with the experiment.

Alternatively, to emulate a Gaussian spatial pump
beam distribution within the plane wave model while keep-
ing the same temporal pump intensity dependence as in the
true plane wave consideration we also used an approach we
called quasi-spatial Gaussian (QSG). The beam computa-
tional area is divided into 10 annular segments of constant
pump intensity corresponding to the Gaussian radial depen-
dence. In the QSG simulation, the peak on-axis pump
intensity is used as a parameter. For the experiment with
the 50-mm long PPLN crystal, the maximum on-axis pump
intensity amounts to 21 MW/cm2, i.e., twice the average

value used in the true plane wave approach. The 1/e2 pump
beam radius is ~0.6 mm, as in the experiment, and the
radial interval is chosen as 60.19 lm. The output energies
are obtained by adding the contributions of all rings and
the output spectra are obtained by a similar summation
but using the ring areas (proportional to the radial distance
from the beam center) as a weight function. The radial
interval is chosen in such a way that for the chosen number
of segments the pump intensity in the outermost ring is
below the NRO threshold. We confirmed in preliminary
tests that the final results converge at yet smaller intervals
with larger number of segments.

We established that the QSG approach leads to a closer
agreement with the experimental results with respect to the
input output energetic performance. Concerning the simu-
lation of the NRO output spectra, essential deviations from
the true plane wave approach were observed only in the
broadband case with the spectra computed by the QSG
approach being broader. No significant differences were
observed in the narrowband case, which can be explained
by the VBG acting as a very narrow frequency filter dom-
inating all other spectral shaping effects. While in the true
plane wave approach we averaged the final spectral results
over multiple pulse simulations, in the QSG approach some
spectral averaging takes place even when only one pump
pulse is simulated.

Figure 11 presents the spectra obtained by such a single
QSG simulation in the broadband case, and Figure 12a pre-
sents the spectra obtained by QSG simulation averaged
over 10 pulses in the narrowband case for the 50-mm long
PPLN crystal. The simulation provides output spectral
data with high resolution corresponding to a wavelength
step of ~0.01 nm for the signal and ~0.015 nm for the idler.
The narrowband spectra were additionally smoothed to
account for the finite experimental spectral resolution
(~0.5 nm). This was realized by convolving the computed
spectra with a Gaussian apparatus function with the
corresponding FWHM in the frequency domain, followed
by conversion to wavelength units to plot Figure 12b. In
fact this smoothing procedure made the averaging over
multiple pulses starting from quantum noise (i.e., multiple
pulse simulations) redundant.

The simulation results provided strong support for the
experimental observations in terms of spectral behavior
demonstrating that the VBG acting on the signal wave

Figure 11. NRO output spectra for the 3-mm thick PPLN
calculated for a single pulse using the QSG approach for
broadband operation.
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dramatically narrows both the signal and idler spectra, cf.
Figure 12b. The spectral FWHMs estimated from the com-
putational raw data in the narrowband case were 0.44 and
1.09 nm for the signal and idler, respectively. Then the
actual spectral narrowing factor for the signal exceeds
40 while for the idler it is close to 30. The calculated band-
width values increased to 0.74 and 1.25 nm, respectively, as
a result of the smoothing with the spectrometer instrumen-
tal function, in good agreement with the recorded spectra
shown in Figure 8b for the NRO signal and idler outputs.
Somewhat larger deviation from the experimental spectra
is observed for the idler spectral bandwidth, both in the
broadband and in the narrowband cases, which is larger
in the simulations. Finally, within the framework of the
plane-wave model approach, it is not possible to make
reliable statements on the absolute values of the output
powers. Further, predictions of the beam profiles (beam
qualities) are completely out of the scope of this numerical
method and the present work.

6 Conclusion

Our recent studies with different samples of PPLN revealed
that this material is ideally suited for application in 1-lm
pumped non-resonant parametric oscillators to ensure
maximum energy extraction in the nanosecond regime for
both signal and idler. VBGs present a simple, robust and
effective solution to narrow the bandwidths of both outputs
although they act only on the signal wave. This is impor-
tant not only for the spectral selectivity in direct applica-
tions but also for achieving high efficiency and narrow
bandwidths in the mid-IR part of the spectrum by adding
a second, cascade frequency conversion stage based on a
non-oxide nonlinear crystal.

Using a 1-mm thin and 20-mm long PPLN sample and
TC-VBGs for spectral narrowing, we achieved power scal-
able and simultaneously wavelength tunable operation of
the NRO with a maximum total (signal plus idler) average
power of 9.84 W at 30 kHz. Spectral tuning ranges of 40 nm
for the signal and 66 nm for the idler wave were covered
combining two such TC-VBGs. The spectral narrowing
effect in this case depends on the beam size on the 20 mm
wide TC-VBGs and the measured spectral bandwidths

did not exceed 2 nm in the entire tuning range both for
the signal and the idler outputs.

A conversion efficiency of 63% with a total (signal plus
idler) output power of 11.35 W were achieved from the
NRO in the narrowband regime using a 50-mm long PPLN
crystal pumped at 20 kHz and a home-made, narrowband,
fixed wavelength VBG. The larger aperture (3 � 3 mm2)
of this crystal enabled more flexible operation in terms of
repetition rates to utilize the full available power from the
specific pump source and the average powers obtained
correspond to single pulse energies of 312.5 and 255 lJ for
the signal and idler, respectively. At maximum pump/
output levels, the bandwidths of both outputs were nar-
rowed in this case to less than 1 nm although the signal
and idler wavelengths (~1922 and ~2384 nm) were not far
from degeneracy.

The NRO was modelled using a split-step method
approach in the plane wave approximation applicable for
broadband radiation, with excellent agreement between
the numerical and experimental results in terms of spectral
narrowing achieved by using VBGs. The actual spectral
narrowing calculated for the signal wave exceeds a factor
of 40. Spatial intensity distributions were considered in a
simplified QSG extension of the same code which provided
better agreement with the experimental data in terms of
output energies and efficiency.

The maximum on-axis pump fluence applied in the
experiments with the large aperture (3 � 3 mm2) 50-mm
long PPLN crystal was below 0.32 J/cm2. For this estima-
tion we took into account a factor of 2 for the double pass
pumping which is inherent to the NRO concept. The above
value is three times lower compared to the experiments with
the 1-mm thick PPLN, in which comparable average out-
put powers were achieved for lower (49.2%) conversion effi-
ciency at a higher (30 kHz) repetition rate chosen for safe
operation. The maximum on-axis fluence of 0.32 J/cm2

translates into less than 100 MW/cm2 for the peak on-axis
intensity which is expected to ensure safe long-term opera-
tion for further extension of the present experiments to-
wards a cascade frequency conversion configuration
covering the mid-IR part of the spectrum beyond 5 lm.
The achieved spectrally narrow outputs and the high aver-
age powers are prerequisites for efficient frequency conver-
sion from the 2-lm range to the mid-IR spectral range.

Figure 12. NRO spectra for the 3-mm thick PPLN calculated using the QSG approach for narrowband operation by averaging over
10 pulses (a) and with additional smoothing to simulate the experimental spectral resolution of 0.5 nm (b).
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The nonlinear crystal, most suitable for the high average
power regime at multi-10-kHz repetition rates in the second
stage, is OP-GaAs which, as a QPM material, has similar
limitations in terms of available aperture as PPLN [1].
Apart from its numerous advantages in terms of extended
transparency, nonlinearity and thermo-mechanical proper-
ties, OP-GaAs exhibits rather narrow pump acceptance
bandwidth and will greatly benefit from the spectral nar-
rowing achieved in the PPLN NRO [25, 26].

Further power scaling of the present NRO based on the
large aperture 50-mm long PPLN crystal is obviously possi-
ble with more powerful (e.g., ~50 W) pump sources. Keep-
ing the same pump levels in terms of fluence and intensity,
e.g., at 20 kHz, from the comparison of the beam diameters
in the two crystals employed in the present work, it is clear
that the pump beam size in the large aperture PPLN can be
simply increased by a factor of 1.5 which means that total
energies exceeding 1 mJ and total average powers exceeding
20W can be expected at similarly high conversion efficiency
and minimum damage risk.
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