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Abstract A degenerate optical parametric oscillator (OPO)
using an MgO:PPLN crystal and a volume Bragg grating
(VBG) output coupler is presented. By changing the tem-
perature of the VBG, the resonance of the OPO can be tuned
exactly on the degeneracy point. A single-longitudinal and a
multi-longitudinal mode pump scheme as well as the perfor-
mance of the optical parametric oscillator on and off degen-
eracy are compared. It was found that the multi-longitudinal
mode pump setup provides superior results with respect to
spectral width and stability at degeneracy. At 2128.4 nm,
a spectral width of less than 0.7 nm, an output power of
1.7 W with a slope efficiency of 31.8%, and low power fluc-
tuation of 0.3% were achieved.

1 Introduction

Coherent radiation in the mid-infrared is of interest for many
applications such as spectroscopy, trace gas analysis, remote
sensing, medicine and homeland security. However tunable,
pulsed solid-state laser sources beyond 4 µm are difficult to
obtain. Because of the high transparency of ZnGeP2 (ZGP)
in this spectral region and its high nonlinear coefficient,
ZGP based OPOs are an interesting approach for the genera-
tion of MIR radiation, but require pump wavelengths longer
than 2 µm. For direct pumping, holmium-lasers are suitable,
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which are typically pumped with thulium bulk [1] or fiber
lasers [2]. An interesting alternative source for the 2 µm
pump beam is an OPO pumped by a well developed and
reliable 1.06 µm neodymium-laser. In such tandem OPO se-
tups [3–8], the first conversion stage should provide a high
spectral power density to achieve efficient conversion in the
second stage. Using a type-II OPO in the first conversion
stage provides a narrow spectrum even close to degener-
acy, but the signal and idler radiation is orthogonally polar-
ized. So only one beam can be used for pumping a second
conversion stage [3–5]. In type-I and quasi-phase-matched
(QPM) OPOs, the polarization of the signal and idler radi-
ation is parallel and both can be used for a further conver-
sion stage. However, free-running QPM OPOs generate very
broadband spectra around degeneracy. Possible mechanisms
to narrow the linewidth are the usage of intracavity etalons
[9] and gratings [10] and injection seeding [11]. But these
concepts cause either high losses or require complex setups.
A simple and efficient method to narrow the spectrum of an
OPO is employing a volume Bragg grating (VBG) as out-
put coupler, which has first been demonstrated in the near-
infrared by Jacobsson et al. [12]. Henriksson et al. trans-
ferred this concept to the 2 µm region and demonstrated
subsequently several setups operating at 2008 nm [6, 13]
and 2122 nm [8] and very close to degeneracy at 2127.8 nm
[7] and 2128 nm [8]. Saikawa et al. reported on two high-
energy setups at degeneracy with an FWHM of less than
1.4 nm [14] and 2 nm [15], respectively. Thilmann et al.
demonstrated a 532 nm pumped OPO which is tunable and
narrow-band around degeneracy via a transversely chirped
Bragg grating [16]. Blau et al. demonstrated the tuning of
the resonance of an OPO at 2.5 µm by changing the tem-
perature of a VBG [17]. Smith et al. investigated degenerate
type I OPOs in a stabilized ring cavity pumped by a sin-
gle longitudinal mode laser [18]. Thereby the stabilization
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of the cavity length is a critical aspect in order to achieve
stable operation at degeneracy. Therefore, Henriksson et al.
preferred an oscillating wavelength not exactly at the degen-
eracy point to ensure stable operation [7]. In our work, we
focused on realizing a narrow-band 2 µm PPLN-OPO in a
high repetition rate setup which can be tuned exactly on the
degeneracy point (2128.4 nm). Such a setup should provide
a high spectral power density for a second conversion stage.
By changing the temperature of the volume Bragg grating,
the wavelength can be tuned. By using a multi longitudi-
nal mode laser, the phase fluctuations of the signal and idler
radiation should be averaged across the longitudinal pump
modes and therefore stable operation exactly at the degen-
eracy point should be possible even with an unstabilized
linear cavity. In order to investigate this behavior in detail,
we used two different pump schemes: a single-longitudinal
and a multi-longitudinal mode laser setup. Both configura-
tions are compared with respect to wavelength tunability and
spectral properties and stability off and on degeneracy.

2 Experimental setup

The optical parametric oscillator consisted of a linear unsta-
bilized cavity with a length of 60 mm. Two different pump-
ing schemes were used: a single-longitudinal (SL) and a
multi-longitudinal (ML) mode laser setup.

The pump laser for the single-longitudinal mode pump
setup was a Q-switched Nd:YVO4-laser which provided
11.2 ns pulses at 10 kHz repetition rate with 4.8 W maxi-
mum output power. The laser had a spectral bandwidth of
34.5 MHz at a wavelength of 1064.07 nm with an excel-
lent beam quality (M2 < 1.1). The pump laser for the multi-
longitudinal mode setup was a Q-switched Nd:YVO4-laser
(Xiton Photonics XVL-AMP-Q) which provided a spectral
bandwidth of 19 GHz (approx. 25 modes) at a wavelength
of 1064.2 nm. The mode-spacing of the longitudinal modes
was approx. 742 MHz. The pulse length was 12 ns at a rep-
etition rate of 15 kHz with a maximum output power of
11.3 W in a diffraction limited beam (M2 < 1.1). The non-
linear crystal for the OPO, which was pumped by the single-
longitudinal mode laser (SL setup), was a homemade peri-
odically poled Mg-doped LiNbO3-crystal with a poling pe-
riod of 31.8 µm. In order to ensure phasematching and hence
maximum gain exactly at degeneracy, the temperature of the
crystal was stabilized at 149.8◦C. The crystal had a length
of 20 mm and was AR-coated for 1064 nm and in the range
from 2000 to 2300 nm. Unfortunately, this crystal was dam-
aged after the measurements with the SL setup. Therefore,
we used another homemade crystal for the OPO, which was
pumped by the multi-longitudinal mode laser (ML setup).
The crystal had a poling period of 31.9 µm and its tempera-
ture was stabilized at 132.5◦C for maximum gain at degener-
acy. Both crystals had the same length and the same coating.

Hence the operating conditions of both crystals were well
comparable. In the SL setup, the pump beam was focused
to a 162 × 144 µm2 waist in the crystal. The ML setup used
a similar focus (151 × 146 µm2) to ensure comparability of
both setups. For the ML setup, a maximum pump power of
8 W was used in order to avoid damage of the crystal by ex-
ceeding the damage threshold, by green induced infrared ab-
sorption (GRIIRA) [19] and by photorefractive effects [20].
In order to avoid residual broadband feedback at the facets,
both crystals were slightly tilted (<2◦).

The incident pump powers on the crystals were con-
trolled with a λ/2-plate and a thin-film-polarizer. The input
coupler of the OPO was highly transmissive at 1064 nm and
highly reflective from 2060 to 2300 nm. A volume Bragg
grating (ONDAX, Inc.) was used as an output coupler for
both setups due to its narrow-band (FWHM 0.5 nm) re-
flectivity of approximately 55% centered at 2128 nm. By
controlling the temperature of the VBG, the resonance of
the OPO could be tuned around degeneracy. Exactly at the
degeneracy point of the ML setup (2128.4 nm), the mode-
spacing of the OPO modes was 1.77 GHz at the maximum
reflectivity and decreased to 1.75 GHz at the first zero of
the VBG’s reflectivity. The calculations thereby considered
the group delay in the VBG as demonstrated by Henriksson
et al. [21]. Hence the operation point of the OPO was aside
any cavity length resonances which have been reported by
Henriksson et al. for a singly resonant OPO [22] and by Ar-
isholm et al. for a doubly resonant OPO [4].

3 Results and discussion

The behavior of the SL-setup and the ML-setup around de-
generacy is investigated with respect to tunability, output en-
ergy, stability, and spectrum.

3.1 Tunability

The output power of the OPO in dependence of the oscillat-
ing wavelength is shown in Fig. 1. Wavelength tuning was
achieved by tuning the temperature of the VBG from 30
to 90◦C. The tuning rate was approximately 0.0244 nm/◦C.
The degeneracy point for the SL-setup (red line in Fig. 1(a))
differs from the one for the ML-setup (blue line in Fig. 1(b))
due to the slightly different wavelengths of the pump lasers
(see Sect. 2). Complete double resonance of the OPO is
reached at the degeneracy point (points P1 and P2 in Fig. 1).
In the shaded areas in Fig. 1, the signal and idler spectra
overlap, and thus the OPO is partially doubly resonant. Out-
side of this shaded area in Fig. 1, the OPO is single res-
onant on the signal wave or the idler wave, respectively.
The decrease of the output power at degeneracy is a result
of the lower output coupling of the OPO for doubly res-
onant operation. Considering only the peak reflectivity of
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Fig. 1 Tuning of the OPO’s resonance by increasing the temperature
of the volume Bragg grating from 30 to 90◦C for the SL setup (a) and
the ML setup (b). The shaded areas mark approximately the range
where the OPO is partially or completely doubly resonant. The tem-
perature of the VBG increases from left to right. For further details see
text

the VBG, as an approximation, the maximum reflectivity
of 55% results in an output coupling of 45% on the iden-
tical signal and idler wave. The actual output coupling is
higher because the spectrum of the OPO is wide enough
(see Sect. 3.4) so that the reflectivity of the VBG varies in-
side the spectrum. For singly resonant operation, the reso-
nant wave has an output coupling of 45% and the nonreso-
nant wave an output coupling of 100%, leading to an overall
output coupling of 72.5% (by neglecting the difference in
photon energy). For a detailed investigation, a Rigrod anal-
ysis is necessary, which is beyond the scope of this work.
Another effect that could decrease the efficiency at degener-
acy is second harmonic generation (SHG) of the signal and
idler, which has been simulated by Henriksson et al. [8]. The
phase mismatch for SHG of the signal and idler near and on
degeneracy is low. Therefore, SHG is an additional back-
conversion process which adds to the backconversion losses
through sum frequency mixing of the signal and idler. The
tuning characteristics of the SL-setup and the ML-setup are
very similar. The volume Bragg grating allows both setups
to be tuned exactly on the degeneracy point. In the follow-
ing sections, the SL and the ML setup are compared with
respect to pulse energy, efficiency and spectrum for the on
degeneracy operating regime (points P1 and P2 in Fig. 1)
and the off degeneracy operating regime (points P3 and P4
in Fig. 1).

3.2 Pulse energy

In Fig. 2, the pulse energy of the ML-setup on and off degen-
eracy (points P2 and P4 in Fig. 1) is shown in dependence of
the pump energy. The threshold for both operating regimes
is about 180 µJ. When operating off degeneracy a maximum

Fig. 2 Output energy of the ML setup for the operating regimes on
and off degeneracy

Fig. 3 Output energy at degeneracy for the SL setup and the ML setup

output energy of 143 µJ was achieved, which corresponds
to a conversion efficiency of 26.8%. The slope efficiency
is 40.2%. The OPO at degeneracy has a maximum output
energy of 114 µJ (approximately 1.7 W average power) with
a slope efficiency of 31.8% and a conversion efficiency of
21.3%. The configuration operating at degeneracy provides
lower performance values because of the lower output cou-
pling in the doubly resonant operation. A similar behavior
can be observed with the SL-setup. The output energy in de-
pendence of the pump energy at degeneracy for the SL-setup
and the ML-setup (points P1 and P2 in Fig. 1) is compared
in Fig. 3. The SL setup at degeneracy provides a threshold of
190 µJ and a slope efficiency of 35.4%. The maximum out-
put energy of 102 µJ corresponds to a conversion efficiency
of 21.7%. So the performance values at degeneracy are very
similar for the SL and the ML setup. This is different from
the results obtain by Smith et al. [18] where the threshold for
the ML pump is by a factor of 3 to 4 higher. We believe this
is because Smith et al. stabilized the ring cavity, and there-
fore achieved optimum gain in the SL setup, which was not
the case in our unstabilized linear cavity.
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Fig. 4 Spectral splitting of the OPO with a broadband output coupler
(OC) at degeneracy pumped by the SL laser (black curve). The VBG
narrows the spectrum by a factor of more than 200 (red curve)

Fig. 5 Stability of the OPO’s pulse energy at degeneracy by using a
broadband output coupler. The OPO is pumped by the single-longitu-
dinal mode laser and is operated 2.3 times above threshold

3.3 Stability for operation on the degeneracy point

With respect to tunability, threshold and efficiency the SL
and the ML-setup at degeneracy are comparable. Therefore,
it is interesting to investigate the stability of both setups at
the degeneracy point (points P1 and P2 in Fig. 1), since this
is a critical aspect if the OPO is used as a pump source for a
further conversion stage. Smith et al. [18] investigated the-
oretically and experimentally the fact that in a doubly res-
onant OPO (DRO) the round-trip phase of the signal is a
critical aspect. For optimum energy transfer from the pump
to the signal and idler, the following phase relationship has
to be fulfilled [23]:

φp = φs + φi + π

2
. (1)

At degeneracy the signal and idler are indistinguishable, and
therefore (1) becomes

φp = 2φs,i + π

2
. (2)

Fig. 6 Stability of the OPO’s pulse energy at degeneracy by using the
VBG for output coupling. The OPO is pumped by the single-longitu-
dinal mode laser and is operated 2.5 times above threshold

In a singly resonant OPO (SRO), the nonresonant wave can
adapt freely to the accumulated round-trip-phase of the res-
onant phase so that (1) is fulfilled and the signal and idler
experience optimum gain. In a DRO, this is not the case and
the cavity length has to be stabilized in order to have maxi-
mum gain. Smith et al. studied numerically and experimen-
tally the fact that in a DRO at degeneracy the accumulated
round-trip phase can be compensated by a splitting of the
spectrum or a distortion of the beam. The spectral splitting
is on the order of magnitude of the acceptance bandwidth
[18].

Using the OPO with a broadband output coupler and the
SL pump laser, we also observed spectral splitting which is
shown in Fig. 4 (black curve). The broadband output coupler
has a reflectivity of approximately 3%. The spectrum shows
severe modulations which are caused by mode hopping dur-
ing the measurement. In Fig. 5, the stability of the broadband
setup is shown. The OPO has poor stability with fluctuations
of 2.2% RMS and 19.9% peak-to-valley. Small variations of
the cavity length through vibrations or temperature fluctua-
tions change the round-trip phase of the signal and therefore
have a huge impact on the conversion efficiency, which has
already been shown by Smith et al. [18]. Smith et al. con-
cluded that the cavity length has to be stabilized on 1% of
the signal wavelength.

Figure 6 shows the stability of the narrow-band SL setup
with the VBG exactly at degeneracy. The setup suffers un-
der severe pulse energy fluctuations of 11% RMS and 43%
peak-to-valley. Because of the narrow-band reflectivity of
the VBG, a splitting of the spectrum, like in the broadband
setup, is not possible (Fig. 4, red curve), and therefore the
phase errors of the signal cannot be compensated. Hence the
stability of the narrow-band OPO pumped by the SL laser
is worse compared to the broadband OPO, which is pumped
by the SL laser as well.

In contrast to that, the narrow-band OPO, which is
pumped by the ML laser and operated exactly at degener-
acy shows a more stable behavior. The pulse energy has
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Fig. 7 Stability of the OPO’s pulse energy at degeneracy by using the
VBG for output coupling. The OPO is pumped by the multi-longitudi-
nal mode laser and is operated 3 times above threshold

Fig. 8 Spectra for the off degeneracy operating regime. Comparison
between the SL-setup and the ML-setup. For further details see text

low fluctuations with 0.3% RMS and 2.5% peak-to-valley
(see Fig. 7). We believe the increased stability of the ML
setup is the result of an averaging effect of the longitudinal
pump modes. The pump phase φp from (2) is constant in
the SL setup during the pump pulse and between consecu-
tive pulses. In the ML setup, this is not the case. Because
of mode-beating of the longitudinal modes, the phase is not
constant during the pulse and changes randomly. Hence the
phase relationship (2) is not exactly defined, and the phase
errors are averaged. This leads to an increased stability of
the ML setup compared to the SL setup, and therefore the
ML setup is better suited as a pump source for a further
conversion stage.

3.4 Spectra of the OPO around degeneracy

In Fig. 8, the spectra for the off-degeneracy operating regime
(points P3 and P4 in Fig. 1) are shown for the SL setup and
the ML setup. Apart from the signal and idler peak, also ad-
jacent maxima in the spectra can be observed. These peaks
are caused by four wave mixing (FWM), which has also

Fig. 9 Spectrum of the ML setup at degeneracy

been observed by Thilmann et al. [16]. Close to degeneracy,
the phase mismatch for SHG of the signal and idler radiation
is very small. This leads to additional wavelengths close to
the pump wavelength which can interact with the signal and
idler via difference frequency generation (DFG). This sec-
ondary signal (ωs2 = 2ωs − ωi ) and idler (ωi2 = 2ωi − ωs )
peaks are within the gain bandwidth of the OPO and are fur-
ther amplified to a detectable power level. In Fig. 8, there are
also higher order FWM peaks visible, caused subsequently
by SHG of the FWM peaks. Thereby, the spectrum of the SL
setup contains more additional peaks than the one of the ML
setup. We believe this is the case because in the SL setup the
gain cannot be completely depleted by the resonating idler
wave due to the phase errors in this unstabilized linear cav-
ity (see Sect. 3.3). Therefore, the gain for parasitic effects is
much higher than in the ML setup. Hence more higher order
FWM peaks occur in the SL setup. Furthermore, the main
signal and idler peaks of the ML setup are narrower than
in the SL setup. This might be caused by FWM within the
main peak. Since this parasitic effect is more efficient in the
SL setup, its main peak is also broader. The FWHM of the
idler is 0.42 nm and 0.85 nm for the ML setup and the SL
setup, respectively.

In Fig. 9, the spectrum at degeneracy is shown for the
ML setup. The OPO oscillates exactly at the degeneracy
point (λ = 2128.4 nm) without any adjacent maxima and
a spectral bandwidth of less than 0.7 nm (FWHM). The sup-
pression of the broadband background is thereby better than
40 dB. The spectral bandwidth of the SL setup on degen-
eracy is 0.9 nm, and therefore larger than in the ML setup,
which we attribute to FWM within the main peak.

3.5 Beam quality of the OPO around degeneracy

The beam profile of the OPO has an almost Gaussian shape
with a minor ellipticity and asymmetry. The M2 measure-
ments for both setups around degeneracy result in values
between 2 and 3.2. In Fig. 10, the beam profile and the
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Fig. 10 M2 measurement and beam profile at degeneracy for the
ML-setup

M2 measurement is shown for the ML-setup at degeneracy
(point P2 in Fig. 1). Exactly at the degeneracy point, an M2

of 2.75 in the x-direction and 3.12 in the y-direction was
achieved.

4 Conclusion

We have demonstrated a 2 µm optical parametric oscillator
with a volume Bragg grating output coupler which is tunable
around the degeneracy point. The tunability was realized by
changing the temperature of the VBG. By tuning the res-
onance of the OPO, we realized oscillation exactly at the
degeneracy point. We used a single-longitudinal mode and
a multi-longitudinal mode laser pump setup in order to in-
vestigate the influence of the spectral properties of the pump
laser on the performance of the OPO with an unstabilized
linear cavity. Due to an averaging effect of the phase fluctua-
tions of the signal and idler radiation across the longitudinal
pump modes, the multi-longitudinal mode laser configura-
tion features an increased stability and spectral quality com-
pared to the single-longitudinal mode laser setup. Therefore,
the ML-setup is considerably better suited as a pump source
for further conversion stages.

Exactly at the degeneracy point, the ML configuration
provides a maximum output power of 1.7 W which corre-
sponds to a pulse energy of 114 µJ and a conversion ef-
ficiency of 21.3%. The slope efficiency is 31.8%, and the
setup provides low power fluctuations of 0.3% RMS and
good beam quality. The spectral width at 2128.4 nm is less

than 0.7 nm. Therefore, the OPO has excellent properties
and is well suited as a pump source for a second conversion
stage in a ZGP tandem OPO setup.
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