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Narrow-linewidth middle-infrared ZnGeP2 optical
parametric oscillator
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We report a narrow-linewidth ZnGeP2 (ZGP) optical parametric oscillator (OPO). It employs a Q-switched
Nd:YAG-laser-pumped LiNbO3 OPO with an output at l 5 2.55 mm that is used as a pump for the ZGP OPO.
With the singly resonant type II ZGP OPO cavity containing a diffraction grating and a Si etalon, we achieved
mid-IR tunability from 3.7 to 8 mm with an output linewidth of ;0.1 cm21, corresponding to ;3 axial cavity
modes. We have also demonstrated that such a narrow-linewidth OPO can be achieved with a fairly broad-
band (;15 cm21) pump. © 2001 Optical Society of America

OCIS codes: 190.0190, 190.4970, 140.3070.
1. INTRODUCTION
A narrow–band, widely tunable mid-IR source of coherent
light in the 3–12 mm wavelength range is of great appeal
because of its potential for use in molecular detection sys-
tems that are sensitive and species specific. In recent
years, zinc germanim phosphide (ZGP) has become the
most promising nonlinear crystal for high average power
(up to 10 W) and high peak power (up to 1 MW) frequency
conversion in the mid-IR range beyond l 5 5 mm. The
main virtues of ZGP are a high nonlinear coefficient (d36
5 75 pm/V), a high damage threshold, and high thermal
conductivity.1 In addition, progress in ZGP crystal
growth in the last decade has resulted in dramatic im-
provement in the crystal’s optical transmission:2,3 for ex-
ample, ZGP transmits light (a , 1 cm21) from 1.3 to 11.1
mm and has very low losses (,0.01 cm21) between 3 and
8 mm. As a result, efficient operation of ZGP optical
parametric oscillators (OPOs) and generators (OPGs) has
been demonstrated with nanosecond4–10 and picosecond–
femtosecond11,12 pulsed systems.

For efficient frequency conversion, ZGP has to be
pumped at wavelengths where the linear absorption of
the crystal is low. A number of approaches have been
used in previous research, including direct OPO pumping
by an Er (2.8–2.9 mm)4,9 or a Ho (2–2.1 mm) laser,5 cas-
caded laser pumping11 (e.g., with 1.9-mm Tm-laser-
pumped 2.1-mm Ho laser), or tandem OPO setups.6–8

From the standpoint of spectroscopic applications, to
achieve sufficient discrimination in detecting molecular
species at atmospheric pressure (e.g., CO, CO2, H2O,
CH4, NO, N2O), a spectral resolution of the order of 0.1
cm21 or better is desired. Although most of the previous
studies on ZGP OPO were focused on obtaining high av-
erage power and broad tunability in the mid-IR, experi-
mental work addressing a narrow-linewidth performance
(!1 cm21) have not been reported so far: the spectral
width of tunable mid-IR pulses obtained from ZGP OPO
was typically 2–5 cm21 far from degeneracy and 100–200
cm21 near degeneracy.

In this paper, we demonstrate a narrow-linewidth
0740-3224/2001/060818-05$15.00 ©
(;0.1 cm21) ZGP OPO. As a driving source, we employ a
Q-switched Nd:YAG 1.06-mm laser with a 10-Hz repeti-
tion rate, whose wavelength is converted in a LiNbO3
OPO to l ' 2.55 mm for pumping the type II ZGP OPO (a
tandem OPO approach). The optical layout of the system
is shown in some detail in Fig. 1.

2. MAXIMUM ACCEPTED BANDWIDTH OF
THE PUMP
In a singly resonant OPO (SRO), a narrow linewidth can
be achieved at the resonating wave by use of line-
narrowing elements. The linewidth of the complemen-
tary nonresonating wave can be much broader if, for ex-
ample, the bandwidth of the pump is broad.

A narrow-linewidth SRO allows certain tolerance from
the viewpoint of the bandwidth of the pump source. This
tolerance is determined by the OPO acceptance band-
width with respect to the pump wavelength variations at
a fixed signal or idler wave. A large acceptance band-
width may result in a simpler design of the first-stage
OPO, since it is no longer necessary to have a narrow-
linewidth pump.

We have chosen type II phase matching for our narrow-
linewidth ZGP OPO. Figure 2(a) shows theoretical type
II angle tuning curves, as well as calculated acceptance
bandwidths with respect to the pump (near 2.55 mm) for
ZGP type II and for resonating (and fixed) signal [Fig.
2(b)] or for resonating (and fixed) idler [Fig. 2(c)] waves.
For ZGP dispersion relations, we have used the most re-
cent Sellmeier equations of Zelmon et al.13 One can see
from Fig. 2 that relatively broad acceptance bandwidths
for the pump pulse wavelength (Dnpu) exist in the whole
tuning range of the signal (3.5–4.8 mm, Dnpu
. 18 cm21) and of the idler (5.5–10.5 mm, Dnpu
. 100 cm21).

3. LiNbO3 OPO PUMP SOURCE
We used a type I LiNbO3 crystal (35-mm long, cut at
46.9°) for the first-stage OPO pumped at 1.064 mm. The
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LiNbO3 SRO cavity shown in Fig. 1(a) consisted of two
plane-parallel mirrors, M1 and M2, separated by 5 cm,
highly reflective (HR) for the signal wave and highly
transmissive (HT) for the idler. We used an additional
high reflector mirror, M3, for the pump 1.064-mm beam
recycling. When the LiNbO3 OPO was pumped with 90-
mJ, 15-ns pulses at 1.064 mm (linewidth ,1 cm21), the
idler pulse energy at 2.55 mm was 12 mJ (pulse-to-pulse
stability 5%), the measured linewidth was 15 cm21

FWHM, and the pulse duration was 12 ns (the 2.55-mm
wavelength was chosen as a trade-off between the nar-
rower spectrum far from degeneracy and higher energy
close to degeneracy at 2.13 mm). The beam profile at 2.55
mm was slightly elliptical, with the 1/e2 beam radius wx
5 2 mm (p-plane), wy 5 1.5 mm (s-plane), and the beam
quality factor was measured to be M2 ' 2.5.

4. ZGP OPO PUMPED AT 2.55 mm
To obtain the main ZGP OPO output characteristics, we
first used a simple SRO configuration shown in Fig. 1(b).

Fig. 1. Layout of the tandem mid-IR OPO. (a) LiNbO3 OPO.
Mirrors M1 and M2 have HR for signal wave (1.5–2 mm) and HT
for pump (1.064 mm) and idler (2.2–3.6 mm) waves. Mirror M3 is
used for pump recycling and has HR at 1.064 mm and HT at sig-
nal and idler waves. (b) Simple ZGP OPO configuration. Mirror
M4 has HR at signal wavelengths (3.3–4.8 mm) and HT for idler
wavelengths (5.3–10.5 mm). Mirror M5 has HR at 2.55 mm and
HT (. 80%) for both signal and idler wavelengths. M6 is a gold
mirror with HR for all the three waves. (c) Narrow-linewidth
ZGP OPO that uses a diffraction grating (blazed at 3.2 mm or at
6.4 mm) and an etalon.
Mirror M4 served as an output coupler for the idler beam
and was highly reflective (R . 95%) at the signal wave
(3.3–4.8 mm) and highly transmissive (T . 80%) at the
idler (5.3–10.5 mm). Mirror M5 (HR at pump and HT at
signal and idler) was used to couple the 2.55-mm pump
into the cavity. The gold mirror, M6 , served as a high
reflector (R 5 98%) for all three (pump, signal, and idler)
waves. The OPO cavity physical length was 5.5 cm.

We used an INRAD-grown ZGP crystal 4 mm 3 8 mm
3 14 mm in size. The crystal was grown by the horizon-
tal gradient freeze technique and subsequently was an-
nealed at low temperatures to reduce residual linear ab-
sorption at l 5 2 –3 mm.3 The crystal was oriented with
backreflection Laue optics and a double-crystal x-ray
spectrometer and cut at u 5 70° ( w 5 45°) for type II
phase-matching. The effective nonlinearity at this crys-
tal orientation is deff 5 d36 sin u sin 2w ' 70 pm/V. A
broadband antireflection (AR) coating was deposited onto
the crystal to reduce reflection losses to ;1% per face at
signal and pump wavelengths (at the idler wavelength
the AR coating was not optimized, so that reflection losses
were 5–10% per face).

The pump beam at 2.55 mm was left unfocused [wx
5 2.1 mm (p plane) and wy 5 1.7 mm at the ZGP sur-
face] and the maximum power density at the ZGP crystal
surface was ;25 MW/cm2. For the basic OPO configura-
tion described the oscillation threshold was measured to
be 3.5 MW/cm2 (fluence 0.04 J/cm2). The threshold flu-
ence is close (to within 25%) to the value obtained for a
type II ZGP OPO that was pumped by a narrow-linewidth
Er laser at 2.8 mm.6 This fact indirectly confirms that
our pump bandwidth at 2.55 mm is within the pump
wavelength acceptance bandwidth of ZGP. At a pump
energy of 12 mJ, the idler energy (coming through M4)

Fig. 2. (a) Theoretical ZGP type II angle tuning curves. Wave-
length dependence of acceptance bandwidths with respect to the
pump (near 2.55 mm) for (b) resonating and fixed signal and (c)
for resonating and fixed idler. We assumed L(ZGP) 5 14 mm.
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reached 0.5 mJ (at l 5 6.7 mm), which corresponds to a
conversion efficiency of 4% and a quantum conversion ef-
ficiency of ;10%.

Experimental angular (with respect to external angle)
tuning curves for a type II OPO are presented in Fig. 3(a)
along with theoretical tuning curves obtained using data
from Ref. 13. Figure 3(b) shows the OPO output band-
width as a function of the idler wavelength. This band-
width correlates with the calculated gain bandwidth of
the OPO [dashed line in Fig. 3(b)] but is smaller owing to
the multipass action of the OPO cavity. With the fixed
set of optics, we were able to generate wavelengths in the
range of 3.4–10.5 mm with the exception of a gap in the
4.7–5.6 mm region. The idler pulse spectrum at 10.5 mm
(FWHM 5 38 cm21) is shown in the inset to Fig. 3(b).

Fig. 3. (a) Experimental type II OPO tuning curve (open circles)
with respect to the tilt angle of ZGP (cut at u0 5 70°). Theoret-
ical tuning curves (solid curves) were calculated by using the
Sellmeier equations of Zelmon et al.13 (b) Idler pulse bandwidth
versus wavelength. Dashed line: calculated OPO gain band-
width. Inset: idler pulse spectrum near l 5 10.5 mm.

Fig. 4. Spatial profile of the l 5 6.7 mm idler beam detected at
the distance of 75 cm from the OPO.
For the idler beam at l 5 6.7 mm, the p-plane and
s-plane FWHM divergence was 4.7 and 2.8 mrad, respec-
tively, as deduced from the spatial profile detected with a
Spiricon linear pyroelectric array at a distance of 75 cm
from the OPO (Fig. 4). This corresponds to beam quality
factors, Mx

2 ' 4 (p-plane) and My
2 ' 1.9 (s-plane).

5. NARROW-LINEWIDTH ZGP OPO
To achieve a narrow linewidth, we used an intracavity
diffraction grating at the Littrow angle or a combination
of a diffraction grating and an etalon [Fig. 1(c)]. We used
either a 240 grooves/mm grating (blazed at 3.2 mm) in the
SRO cavity to oscillate on the signal wave or a 120
grooves/mm grating (blazed at 6.4 mm) for oscillating on
the idler wave. Taking into account diffraction (first-
order diffraction is assumed), aperture effects, and the
number of passes in the OPO cavity, our estimate of the
output linewidth of the resonated signal wave for an OPO
containing a grating, according to the formulas (47) and
(48) given by Brosnan and Byer,14 gives 1.2–1.5 cm21 at
l ; 4 mm.

Figures 5(a) and 5(b) show output spectra of the ZGP
OPO near l 5 4.3 mm and 6.8 mm. Filled circles corre-
spond to the OPO configuration with no spectral-
narrowing elements inside the cavity. The spectra were
detected with a scanning 27.5 cm spectrograph (ARC

Fig. 5. Output spectra of the ZGP OPO (a) near l 5 4.3 mm and
(b) 6.8 mm. Filled circles, no spectral-narrowing elements inside
the OPO cavity; open circle, with a diffraction grating inside the
cavity. Transmission interferograms (filled squares) of the out-
put of the OPO containing both a grating and an etalon (c) near
l 5 4.3 mm and (d) 6.8 mm, passing through a 2-mm-thick Si eta-
lon. Solid curves represent calculated results with the best-fit
linewidths of 0.12 cm21 and 0.13 cm21, respectively.
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Spectra Pro 275) with an attached linear pyroelectric ar-
ray detector (Spiricon; 256 pixels, 100 mm/pixel). The es-
timated system resolution varies from 1.5 to 3 cm21 in the
4–10 mm wavelength range. One can see from Fig. 5 that
introducing a diffraction grating gives a noticeable line
narrowing, down to the limit of spectral resolution of the
monochromator-plus-linear-array system.

Further reduction of the output linewidth was accom-
plished by addition of an intracavity etalon inside the
OPO cavity [Fig. 1(c)]. The etalons used in our study
were uncoated plane-parallel Si plates (n 5 3.42) of dif-
ferent thickness. In this case we get an etalon finesse
value ;2.6 for the mid-IR wavelengths. For a 1-mm
thick Si etalon, for example (free spectral range 1.5 cm21),
it is easy to estimate that the etalon resonant transmis-
sion peaks have FWHM of ;0.5 cm21. By properly
choosing the etalon tilt angle with respect to the intra-
cavity beam and etalon thickness, one can get the OPO
oscillating within a single etalon resonance peak. Calcu-
lations that take into account linewidth narrowing due to
multiple roundtrips of the resonated wave show that, in
the case of the OPO with the grating, insertion of a Si eta-
lon with a thickness from 1 to 2 mm results in an output
linewidth of 0.1–0.15 cm21. Using Si etalons thicker
than 2 mm is not practical, since the spacing between
resonant peaks (free spectral range) becomes less than
the gain profile set by the nonlinear crystal and the grat-
ing; this results in an OPO oscillating simultaneously at
two resonant etalon peaks.

Experimentally, to estimate the linewidth of the
linewidth-narrowed OPO, we used a separate, uncoated
Si etalon that was placed outside the OPO cavity. The
OPO beam was sent through the Si etalon and the corre-
sponding transmitted intensity was detected as a function
of the etalon tilt angle. Interferograms obtained in this
way were fitted theoretically to the linewidth of the OPO
radiation as the only varying parameter. It is clear that
narrower OPO linewidths correspond to larger ampli-
tudes of the transmission oscillations. Experimental
transmission interferograms along with best-fit curves

Fig. 6. Water vapor absorption spectrum (at saturated pressure
at 60 °C in a cell length of 15 cm) taken near l 5 6.2 mm with a
narrow-linewidth ZGP OPO. Inset, absorption spectrum ob-
tained with FTIR spectrometer (2 cm21 resolution).
are shown in Figs. 5(c) and 5(d) for the OPO with a grat-
ing and a 2-mm-thick intracavity etalon. The linewidth
was measured to be 0.12 cm21 at the resonating signal
(near l 5 4.3 mm) and 0.13 cm21 at the resonating idler
wave (near l 5 6.8 mm). This linewidth was obtained at
the full pump energy (3–5 times the OPO threshold) and
corresponds to approximately 3 axial modes of the OPO
cavity. Oscillations of the transmitted intensity, similar
to those of Figs. 5(c) and 5(d), can also be obtained when
the angle of the Si etalon, placed outside the OPO cavity,
is fixed, but the OPO frequency is fine tuned.

To demonstrate the usefulness of our narrow-linewidth
OPO system for molecular detection, we measured the ab-
sorption spectrum of water vapor near l 5 6.2 mm at
saturated pressure at 60 °C in a cell length of 15 cm. The
linewidths of the rotational–vibrational spectrum of 0.3–
0.4 cm21 (Fig. 6), which we obtained using an OPO with a
120 grooves/mm grating and a 1-mm-thick intracavity
etalon, are in good accord with the linewidths obtained
from the HITRAN96 database. The inset in Fig. 6 shows,
for comparison, the water vapor absorption spectrum ob-
tained with Fourier transform infrared spectrometer with
a 2-cm21 resolution.

For the cavity layout with a grating and an etalon,
pulse energies in the range of 200–10 mJ (pulse-to-pulse
stability 10%), were available across the tuning range of
3.8–8 mm. This tuning range was smaller than in the
case of Fig. 1(b) because of the decrease in the diffraction
grating efficiency at longer waves, far from the blazing
wavelength (6.4 mm). Also, the smaller efficiency at the
resonating idler wave is the result of nonoptimal AR coat-
ing of ZGP crystal for the idler wavelength.

6. CONCLUSION
We have demonstrated, for the first time, a narrow-
linewidth ZGP-crystal-based OPO. The OPO was
pumped at 2.55 mm and was tunable in the mid-IR from
3.7 to 8 mm with output energies in the range of 200–10
mJ and linewidths of approximately 0.1 cm21, correspond-
ing to ;3 axial OPO cavity modes. Further reduction of
the linewidth to one axial mode (Dn ; 1023 –1024 cm21)
would be possible with a higher finesse (;30) intracavity
etalon. The above tuning range can be extended to 10.5
mm by a proper choice of diffraction gratings. Finally, we
have shown that a broadband pump can be used to
achieve a narrow-linewidth OPO output.
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