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Abstract: A new continuous-wave singly resonant optical parametric os-
cillator is described. It is capable of stable, widely tunable single-frequency
output in the mid-infrared region. A magnesium oxide doped periodically
poled LiNbO;3 crystal provides the parametric amplification. The signal
beam is in resonance with a 4-mirror linear cavity, where a diffraction
grating in the Littrow configuration replaces one end mirror. The output
frequency is tunable by rotating the grating. No additional components are
needed inside the resonator.
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1. Introduction

The operation of continuous-wave optical parametric oscillators (cw OPOs) is based on a non-
linear optical effect called parametric amplification [1]. An intense pump beam (angular fre-
quency ®;) and a signal beam (angular frequency @, such that w; > @) are focused into a
nonlinear medium where some of the pump beam photons are converted to the frequency of
the signal beam, which is thereby amplified. In addition, for every photon created at the signal
frequency @», another photon is created at the idler frequency w; = @; — @,, thus generating
the idler beam. The idler frequency can be tuned by adjusting either the pump beam frequency
(pump tuning) or the signal beam frequency (signal tuning). It is often easier to tune the fre-
quency of the signal beam because pump tuning is limited by the properties of the pump laser.
Ultimately, the tuning range is limited by the nonlinear medium, which must support suffi-
ciently strong parametric amplification for the frequencies involved. This amplification must
exceed the threshold determined by the losses in the OPO in order for it to operate.

Structured nonlinear crystals such as MgO-doped, periodically poled LiNbO3; (MgO:PPLN)
are commonly used to produce an idler beam at infrared wavelengths around 2-4 um [2—6]. The
crystal is placed inside an oscillator cavity with one, two, or three beams in resonance.

Singly resonant OPOs (SROs), i.e., those with only one of the three beams in resonance,
possess several advantages over OPOs with more than one beam in resonance [7]. SROs are
simpler to build and to tune, and are capable of higher maximum output powers, although the
pump power threshold is also higher. The output power of an SRO can be further increased,
without losing single-mode operation, by setting the pump power threshold above the lowest
possible value [6].

Previously, intra-cavity etalons have been employed in cw SROs [2,8—11]. The variation to
the effective parametric amplification introduced by this additional component is periodic with
respect to the signal beam frequency. While etalons can be used to improve stability and to allow
signal tuning, they also increase intra-cavity losses, introduce walk-offs to the resonating beam,
and can cause tuning-dependent power variations. Furthermore, the tuning range provided by
an intra-cavity etalon is limited. Recently, it has been shown that a stable cw SRO can be
designed and constructed without an etalon or other additional components inside the oscillator
cavity [4]. Slow tuning can then be achieved by varying the temperature of the periodically
poled crystal, or by moving the crystal to change the poling period, or both. Pump tuning
allows fast frequency changes in the OPO output; however, it depends on the characteristics of
the pump laser.

In this paper, we report a new cw SRO, where the frequency of the resonating signal beam
(and therefore the frequency of the idler beam) is tuned by a rotatable diffraction grating that
replaces one of the end mirrors of the linear oscillator cavity. Gratings and Bragg reflectors
have been used in pulsed devices before [12, 13], but to our knowledge, this is the first instance
a diffraction grating being used to tune a cw OPO. The grating allows rapid tuning of the signal
beam frequency across the whole range allowed by the MgO:PPLN crystal without the addition
of intra-cavity components such as etalons. We have measured wide tunability of the idler
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frequency with a constant pump frequency and fixed crystal temperature. Our grating-tunable
cw OPO (GOPO) is also capable of single-mode operation and good long-term stability.

2. [Experimental details

20 W Yb pump
laser, 1064nm

Power
meter

Diffraction
grating at the
Littrow angle

To wavemeter

IIIIIIIIIIIIIII’

Optoisolator

DBS

Residual
pump

MgO:PPLN
nonlinear crystal

Fig. 1. The layout of the linear cavity setup of the GOPO. The symbol HWP denotes a
half-wave plate, PBS a polarizing beam splitter, L a lens, HR a highly reflecting mirror,
and DBS a dichroic beam splitter. The distance between the concave mirrors is 138 mm
and the distances between the concave mirrors and the ends of the cavity are 270 mm.

The layout of the optical setup is shown in Fig. 1 and the details of the OPO cavity geometry
can be found in earlier reports [14, 15]. The cavity is singly resonant [7] for the signal fre-
quency. There is a congruent LiNbO3 crystal doped with 5 mol-% of MgO (HC Photonics) in
the center of the resonator cavity. The MgO:PPLN crystal is 50 mm long and 1 mm thick with
parallel regions of different poling periods. We have mostly used a poling period of 31.5 ym in
our measurements. The pump, signal, and idler beams pass longitudinally through the crystal.
The entry and exit surfaces of the crystal are cut at an angle of 1 degree to prevent residual
etalon effects. The crystal surfaces are anti-reflection coated for the pump, signal, and idler
frequencies. Thermoelectric coolers set the MgO:PPLN crystal temperature between 20°C and
120°C with a stability of 6 mK.

A pair of concave mirrors with a radius of curvature of 100 mm encloses the MgO:PPLN
crystal. The inside surfaces are coated (Quality Thin Films) so that their nominal reflectance
is over 99.9% at the signal frequency and less than 0.5% at the idler frequency. The outside
surfaces are convex and coated to maximize the transmission of the pump, signal, and idler
beams in order to minimize residual etalon effects.

One of the cavity end mirrors is flat with a reflectance of over 99.9% at the signal frequency.
In place of the other flat mirror, there is a gold-coated diffraction grating (Newport 53004ZD02-
269H) in the Littrow configuration, i.e., the angles of the incident and diffracted beams are
equal. The first diffraction order is used as high diffraction efficiencies (> 95%) are more eas-
ily reached than in higher diffraction orders. The high diffraction efficiency reduces the optical
losses of the OPO cavity so that the oscillation threshold can be reached with currently avail-
able single frequency pump lasers. The grating possesses 900 grooves per mm and is mounted
on a motorized stage, which can be rotated in order to vary the angle of incidence of the sig-
nal beam. The frequency corresponding to the Littrow configuration depends on the angle of
incidence and can therefore be tuned by rotating the motorized stage. The grating is in the Lit-
trow configuration only for the signal beam frequency. Therefore, it reflects no light at the idler
frequency back into the cavity, which precludes any weak doubly resonant operation.
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The pump beam at 1064 nm is provided by a Yb fiber laser (IPG Photonics) with a maximum
optical power of about 21.5 W. The cavity dimensions correspond to a focusing parameter [1]
of 2.05 for the resonating signal beam. The value of the focusing parameter of the pump beam
is matched to that of the signal beam to facilitate efficient pumping. The theoretical waist radius
of the signal beam inside the MgO:PPLN crystal is calculated to be about 56 um. The idler and
residual pump beams and a fraction of the signal beam propagate through the concave mirror
at the output of the GOPO. The three beams are then separated by dichroic mirrors. The output
powers are measured using a power meter (Newport) and the frequencies are determined using
a wavemeter (Exfo WA-1500).

3. Results and discussion

We have measured several properties of the GOPO. To demonstrate tunability, the idler fre-
quency was recorded while the grating was rotated at several different temperatures of the
MgO:PPLN crystal. We replaced the grating with a flat mirror and placed an etalon within the
cavity in order to directly compare the tunability of our grating-tuned OPO with intra-cavity
etalon-tuned versions.

The pump laser and the GOPO operate in a single longitudal mode. It is known that when a
singly resonant OPO is pumped sufficiently above threshold, single mode operation is not main-
tained [5, 7, 16]. This can be prevented by increasing losses, e. g., by lowering the reflectance
of the output coupler for the resonating frequency. In our current setup, the reflectance of the
grating at the signal frequency is modest, only about 95%. Therefore, a highly reflecting output
coupler mirror can be used without risking multimode operation at higher pump powers.
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L . 2100 ot Diffraction grating
~N 111.74 s — 14
T \ s N R, 0.4 mm etalon
£ e £ 112.0-
5 M) : it M, ™
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Fig. 2. (a) A typical measured frequency of the output idler beam of the GOPO while
rotating the diffraction grating (crystal temperature 118°C). (b) Comparison of frequency
tuning for three tuning elements: two YAG etalons of different thickness and the diffraction
grating (crystal temperature 120°C).

An advantage of the GOPO is its broad frequency tunability. The idler frequency was
recorded while rotating the grating at different temperatures of the MgO:PPLN crystal. A typi-
cal result is shown in Fig. 2(a), where the tuning range exceeds 500 GHz. Although mode-hops
are unavoidable and occur even in opposite directions, their magnitude is reasonable. The inset
in Fig. 2(a) shows a distribution of the differences of adjacent points of the tuning curve. A typ-
ical mode-hop is a few GHz, which is similar to what we have previously observed with another
OPO design, and also with shorter cavities [4]. This is larger than the single free spectral range
(FSR, ~200 MHz) of the cavity. Pump tuning can cover this frequency gap if a continuous scan
of the spectrum is required. The GOPO is able to access the whole bandwidth of parametric
amplification, which exceeds the oscillation threshold for the specific poling period and tem-
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perature. The total wavelength tuning range of the OPO is the same as with a similar OPO
without the grating: signal and idler wavelength regions of 1.54—1.76 um and 2.7-3.45 pm, re-
spectively, can be covered by using the poling periods 30.5, 31.0, and 31.5 um and by tuning the
crystal temperature from 20°C to 120°C. It is possible to synchronize the temperature tuning
rate with grating angle tuning in order to achieve uninterrupted scans larger than that shown
in Fig. 2. The tuning rate must be kept slow in order to avoid multi-mode operation during the
scans due to crystal temperature gradients. Faster and more reliable tuning is obtained by tuning
the crystal temperature in steps [4] and by covering the frequency gaps between the steps with
grating rotation.

When an intra-cavity etalon is used to control the frequency of cw OPO, the available tun-
ing range for a fixed poling period and temperature is not as large as in the GOPO. The fre-
quency dependence with a grating is also more linear than with an etalon. Figure 2(b) shows
the idler frequency of the GOPO recorded while rotating the grating and the results of a sim-
ilar OPO that is tuned by rotating 1.0 mm and 0.4 mm thick intra-cavity etalons. The etalons
are uncoated polished discs of YAG crystal. The setups differ in the tuning element, which in
the GOPO is a diffraction grating and in the OPO is an etalon. For a given etalon, the tuning
range is approximately equal to its FSR because the signal frequency of the OPO may jump to
an adjacent transmission maximum of the etalon. Attempting to increase the tuning range of
an etalon-tuned OPO by decreasing the etalon thickness has the side-effect of broadening the
transmission peaks, which in turn leads to a decrease in frequency selectivity. The GOPO, on
the other hand, does not suffer from such jumps because the grating possesses only a single
reflectance maximum. One can decrease the width of the transmission peaks when using a thin
etalon by increasing the reflectivity of the etalon surfaces. This, however, also has a negative
consequence: namely increased losses in the cavity. The result of these conditions is that there
is an optimal etalon thickness for a given set of OPO parameters. In our case this is about
0.4 mm [8], which is the thickness of one of the etalons used. An air-spaced etalon allows the
etalon finesse and FSR to be optimized separately. They provide more linear and larger fre-
quency scans with high resolution than solid etalons. However, the benefits of an air-spaced
etalon come at the expense of higher insertion losses.

The advantage of a diffraction grating over an etalon for the tuning of the SRO is most evident
near degeneracy, where the frequencies of the signal and idler beams are equal. The range of
frequencies where a single poling period and fixed crystal temperature can provide sufficient
parametric amplification for the OPO to operate is thousands of GHz near degeneracy. In this
case, simple etalon tuning does not reliably force the OPO to oscillate at a single frequency
due to the multiple etalon modes within the range. The probability of multimode operation and
spontaneous mode-hopping is increased. The diffraction grating, however, supports only one
reflectance maximum. Consequently, frequency selectivity is preserved in the GOPO.

The stability of the GOPO is excellent. As seen in Fig. 3(a), we have measured a frequency
drift of about 250 MHz during mode-hop free operation for 14 hours, which is comparable
to that of the etalon-free cw OPO reported earlier [15]. Figure 3(b) shows the measured idler
output power of the GOPO as a function of the pump power, which is measured just before
the GOPO. The idler power values are corrected for losses induced by the optical components
between the GOPO output and the power meter. The oscillation threshold for this specific con-
figuration is reached by increasing the pump power to about 13 W. About half a watt of output
power is easily achieved, but the overall output power and efficiency of the GOPO vary de-
pending on where the signal beam hits the grating or mirror surfaces. At high pump power,
the signal beam inside the cavity can reach intensities high enough to damage the gold coating
of the grating. This and the high losses are potential problems if the power of the GOPO is
increased. Nevertheless, these limitations are more technical than fundamental in nature.
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Fig. 3. (a) The long-term stability of the GOPO. The GOPO cavity is enclosed inside a
plastic protective housing to reduce the effects of ambient air currents. In this measurement,
the drift of the idler frequency over 14 hours is about 250 MHz without mode-hops. The
resolution of the wavemeter is about 80 MHz. (b) The power of the output idler beam as a
function of the pump power with different components at the end of the OPO cavity.

We have performed tests that indicate that a silver instead of gold coating would improve the
efficiency of the diffraction grating. No such grating was available for our experiments at this
time. However, an estimate of the effect could be made by measuring the output power with
the grating replaced by a gold or silver coated flat mirror. The results are shown in Fig. 3(b)
along with those of the gold grating. The oscillation threshold with the gold mirror is almost
as high as with the grating: about 12.5 W. This is expected, since the reflectivity of the gold
mirror is only slightly higher than that of the gold-coated grating. For the flat silver mirror, the
threshold was below 10 W. At higher pump powers, the idler power rises steeply and reaches
values above 1 W. Ultimately, the pump power is limited by the damage threshold of the mirror.
It is possible that the operation of the GOPO could be improved further by using a grating with
a dielectric surface and high damage threshold.

4. Conclusions

We demonstrate a stable singly resonant grating-tunable continuous-wave optical parametric
oscillator capable of high power idler output in the mid-infrared region. By using a rotatable
diffraction grating for the resonating signal beam, it is possible to tune the idler output without
disturbing the pump beam characteristics or the temperature of the nonlinear crystal. Our GOPO
is free of the limited tunability associated with etalons and their multiple transmission maxima.
The GOPO can be tuned over the whole bandwidth range provided by the nonlinear medium in
a specific configuration. Although gratings have been used previously in pulsed OPOs this is,
to our knowledge, the first report of a cw OPO based on a diffraction grating.
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