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Long-wave infrared (IR) generation based on type-II (o—e+o0) phase matching ZnGeP2 (ZGP) and CdSe optical

parametric oscillators (OPOs) pumped by a 2.05 pm Tm,Ho:GdVOy laser is reported. The comparisons of the bire-
fringent walk-off effect and the oscillation threshold between ZGP and CdSe OPOs are performed theoretically and
experimentally. For the ZGP OPO, up to 419 mW output at 8.04 um is obtained at the 8 kHz pump pulse repetition
frequency (PRF) with a slope efficiency of 7.6%. This ZGP OPO can be continuously tuned from 7.8 to 8.5 pm. For
the CdSe OPO, we demonstrate a 64 mW output at 8.9 pm with a single crystal 28 mm in length.
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1. Introduction

Lasers operating in the atmospheric transmission
window of 8-12 um are of great important for many
applications, including spectra, chemical monitoring,
gas analysis, biomedical applications, remote sensing
and infrared (IR) countermeasures. However, due to
the lack of a direct laser gain medium to obtain this
long-IR laser radiation, an alternative way of produc-
ing the laser in this wavelength range is to use the non-
linear optical frequency down-conversion of shorter
wavelength sources based on high-quality infrared
transmitting crystals with good nonlinear properties,
such as CdSe, GaSe, AgGaSe; and ZnGeP,.l'=9 In
particular, the very high nonlinear optical coefficient
of ZnGePy (ZGP, deg = 75 pm/V), combined with
its excellent optical, mechanical and thermal proper-
ties, makes it the most promising nonlinear medium
for optical parametric oscillators (OPOs) to generate
high-power mid-IR and long-IR laser outputs.*=") An-
other potentially excellent nonlinear medium for long-
wave IR generation is CdSe. Although it has a much
smaller nonlinear optical coefficient (degg = 18 pm/V),
long (> 5 c¢m) crystals can be grown routinely, and
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it possesses small birefringent walk-off.23 In addi-
tion, its transparency range is 0.75-25 pum, wider than
ZnGePy (0.75-12 um®), and its optical loss is ex-
tremely low (< 0.01 ecm™!) in the 1-10 pum range.[?]
As well as an excellent nonlinear medium, some of the
other parameters of the laser, such as pump diameter,
pump spectral linewidth, pump angular divergence,
cavity length, crystal length and birefringent walk-off
effect, should also be considered to obtain the high
efficiency and low threshold oscillation for the long-
infrared OPO output.l®—11]

In this paper, we report on long-wave IR gen-
eration based on type-II (o—e+o0) phase matching
ZGP and CdSe OPOs pumped by a pulsed 2.05 pm
Tm,Ho:GdVOy laser. In particular, the birefringent
walk-off effect and the oscillation threshold are com-
pared theoretically and experimentally. For the ZGP
OPO, an up to 419 mW output at 8.04 pm is obtained
under 8 kHz pump pulse repetition frequency (PRF)
with a slope efficiency of 7.6%. This ZGP OPO can be
continuously tuned from 7.8 to 8.5 pm. For the CdSe
OPO, only 64 mW output is obtained at 8.9 um due to
the short length of the crystal used in the experiment.
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2. OPO threshold analysis

To obtain the high-power long-wave IR genera-
tion, on the one hand the pump laser should have
a narrow linewidth, a small angular divergence and
a high brightness, and on the other the OPO cavity
should be designed to minimize the oscillation thresh-
old. In this section, we focus on the difference in
oscillation threshold between ZGP and CdSe OPOs,
and quantitatively point out that the CdSe OPO has
a much higher oscillation threshold than that of the
ZGP OPO due to its small nonlinear optical coeffi-
cient. Therefore, the CdSe OPO always requires a
much longer crystal or a dual-crystal for the walk-off
compensation to reduce the oscillation threshold.[?12

Here, we use the analytical expression derived
by Brosnan and Byer!'®! to estimate the oscillation
thresholds of ZGP and CdSe OPOs. Although the re-
sult from the analytical expression is slightly higher
than that from a numerical calculation, it is of ad-
equate accuracy for design purposes. The analytical
expression for the threshold pump fluence Fyy, (J/cm?)
of a pulse pumping a singly resonant oscillator (SRO)

is given by
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where 7 is the 1/e? pump pulse width, k is the non-
linear coupling constant, g is the signal beam spatial
mode coupling coefficient, ¢ is the effective paramet-
ric gain length, L is the optical cavity length, c is
the velocity of light, « is the absorption coefficient at
the signal wavelength, [ is the crystal length and R is
the reflectivity of the output coupler. The nonlinear
coupling constant and the signal beam spatial mode
coupling coefficient, g5, are defined as
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where dog is the effective nonlinear coefficient, ¢¢ is
the permittivity of free space, A\s and ); are the wave-
lengths of the signal and idler waves, respectively, ns,
n; and ny, are the refractive indices of the three waves,
and w;, and ws are the beam radii of the signal and
pump waves, respectively. It should be pointed out
that the effective parametric gain length of ¢ is not
equal to the actual crystal length due to the birefrin-
gent walk-off effect, and can be expressed as
VTl )
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where [y, is the walk-off length given by
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with p being the walk-off angle. The signal radius wy
can be numerically solved from Eq. (6), in which the
wp, Wws and Ay are related by

2
w
)w§+w§—7"=0. (6)

(3zx

The walk-off angle p is given by[!4
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where k;, k, and k. are the wave propagation direc-
tions of k, n is the refractive index in direction k, and
Ng, Ny and n, are the principal axis refractive indices.
Combining Egs. (1)—(7), we can easily obtain the SRO
oscillation thresholds for the ZGP and CdSe crystals.

2.1.ZGP OPO

For the type-II phase matching ZGP OPO (with
0, e and o polarizations for idler, signal and pump,
respectively), the walk-off arises by the e polarization
of the signal. Here we assume that the signal is at
2.75 um and the idler is at 8.04 um with a 2.05 pm
pump. The corresponding phase matching angle (6pm)
is 65.4° with ¢ = 45°, where ¢ is the azimuth an-
gle measured from x. With the help of the Sellmeier
equation derived by Zelmon and Hanning, ! the cal-
culated walk-off angle is 9.4 mrad. The OPO is as-
sumed to resonate with R = 100% at the signal and
totally couple out the idler. The effective paramet-
ric gain length of ( is calculated as a function of the
crystal length, and threshold pump fluence Fiy, is cal-
culated as a function of the pump beam radius. The
1/e? pump pulse width 7, the crystal absorption coef-
ficient « at the signal wavelength, and the nonlinear
optical coefficient deg in the calculation are assumed
to be 85 ns (corresponding to a full width at half
maximum (FWHM) of about 50 ns), 0.03 cm~! and
75 pm/V, respectively. For threshold pump fluence
Fin, the results at three different lengths of crystals,
12, 17 and 20 mm, are compared. The OPO physical
cavity length in the calculation is assumed to be 5 mm
longer than the crystal length, i.e. 17, 22, and 25 mm,
respectively.
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Figure 1 shows the calculated effective parametric
gain lengths each as a function of the crystal length
under three different pump beam radii, 0.42, 0.22,
and 0.18 mm. It is obvious that the effective para-
metric gain length is shorter than the crystal length
due to the birefringent walk-off effect, and it becomes
even shorter under a smaller pump beam radius. Fig-
ure 2(a) shows the calculated threshold energy flu-
encies each as a function of the pump beam radius.
As shown in Fig. 2(a), the threshold energy fluence is
approximately 0.23 J/cm? for the 17 mm long ZGP
crystal when the pump beam radius is 0.4 mm. The
corresponding threshold pump power is about 5.8 W
if the pump pulse repetition frequency is 10 kHz, as
shown in Fig. 2(b). All these values are related to the
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actual ZGP OPO experiment and will be discussed in
the next section.
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Fig. 1. (colour online) Effective parametric gain length
as a function of crystal length for type-II phase-matching
ZGP crystals with a phase matching angle of 65.4°.
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Fig. 2. (colour online) (a) Calculated threshold energy fluence and (b) threshold pump power as functions of pump

radius for ZGP OPO at a 10 kHz pulse repetition frequency.

2.2.CdSe OPO

The signal of the CdSe OPO is assumed to be at
2.66 um, and the idler is at 8.9 um with the pump
at 2.05 um. The corresponding phase matching angle
(fpm) is around 84° with ¢p=45°. With the help of the
Sellmeier equation derived by Bhar,'® the calculated
walk-off angle is 1.7 mrad for phase matching angle
84°. Tt is obvious that the walk-off angle of CdSe is
much smaller than that of ZGP. One reason is that
the phase matching angle of CdSe is close to the non-
critical phase matching case. Another reason is that
CdSe has relatively low intrinsic birefringence com-
pared with that of ZGP. Using the same assumption
and the calculation procedure for ZGP, we show the
calculated effective parametric gain length and the
threshold in Figs. 3 and 4, respectively. As shown in
Fig. 3, the effective parametric gain lengths are only
slightly shorter than the crystal length, even with the
smallest pump radius of 0.18 mm. This indicates that
we can use a long CdSe crystal to obtain an efficient

parametric gain despite the small nonlinear optical
coefficient. From Fig. 4, we can see that the 60 mm
long CdSe has a comparative threshold level with that
of the 20 mm long ZGP. With 0.4 mm pump radius,
the threshold pump power of the 30 mm long CdSe
is about 16 W, as shown in Fig. 4(b), which is nearly 4
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Fig. 3. (colour online) Effective parametric gain length
as a function of crystal length for type-II phase matching
CdSe crystals with a phase matching angle of 84°.

times that of the 20 mm long ZGP shown in Fig. 2(b).
It is unrealistic to reduce the pump radius to lower
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the oscillation threshold since this increases the risk
of crystal damage. As a result, the CdSe OPO always
requires a much longer crystal or a dual-crystal for
walk-off compensation to reduce the oscillation thresh-
old as pointed out previously.
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Fig. 4. (colour online) (a) Calculated threshold energy
fluence and (b) threshold pump power as functions of
pump radius for CdSe OPO at a 10 kHz pulse repetition
frequency.

3. Experimental setup and re-

sults

A schematic diagram of the experimental setup is
shown in Fig. 5. The pump source is a Q-switched
Tm,Ho:GdVOy4 laser with a 10 kHz pulse repetition
rate. This Tm,Ho:GdVOQy laser has been used previ-
ously to generate more than 14 W output from a ZGP
OPO tuned to the 3-5 um region.'” In our present
experiment, the Tm,Ho:GdVO, laser can only deliver
17 W output at 2.05 pm due to some unexpected con-

taminations in the laser cavity. The Tm,Ho:GdVOy,
laser has a good beam quality with an M? value less
than 1.1 and a minimum pulse width (FWHM) of
30 ns. The OPO cavity consists of two mirrors, M1
and M2, where M1 has high reflectivity in the signal
wavelength range of 2.6-2.9 um, a moderate reflectiv-
ity of 23% for the 8 um idler, and high transmission
(> 99%) for the 2.05 um pump. Mirror M2 has the
same coatings as mirror M1, and is used as an output
coupler. Mirror M3 is a dichroic mirror, and is used
to transmit the idler and reflect the pump. To de-
termine the wavelength of the OPO output, the idler
is passed through a 300 mm grating monochromator
(WDZ30) and then detected using an HgCdTe detec-
tor, which is combined with a 350 MHz digital oscil-
loscope (wavejet 332, Lecroy). The blazed wavelength
of the monochromator is 10 um. The ZGP crystal
used in the experiment is 5.2 mm x 5.5 mm in cross
section and 16.4 mm in length. Both surfaces of the
crystal are flat and antireflection-coated for the pump,
signal and idler wavelength bands. The crystal is cut
at 0 = 65.4° for type-Il phase matching (with e, o
and o polarizations for the signal, idler and pump, re-
spectively). The measured absorption coefficient for
the 2.05 pm o-light pump of the ZGP crystal is about
0.09 cm~!.
of the ZGP crystal is measured to be approximately

The pump diameter in the input surface

0.8 mm by using the 90/10 knife-edge technique, and
the ZGP OPO cavity length is kept at 22 mm. The
CdSe crystal is 6 x8 mm in cross section and 28 mm
in length, and the nominal cut angle of 6, given by
the supplier, is 78°. Both surfaces of the crystal are
flat and antireflection-coated for the pump, signal and
idler wavelength bands. The measured absorption co-
efficient for the 2.05 wm o-light pump of the CdSe crys-
tal is about 0.12 cm~!. This relatively large absorp-
tion coefficient indicates that the CdSe crystal quality
is not as good as expected. The CdSe OPO cavity
length is increased to 32 mm and the pump radius is
reduced to 0.21 mm to lower the oscillation threshold,
as shown in Fig. 4(b).

aperture
Tm,Ho:GdVO4 M3 power
laser m ZGP or CdSe meter
8—9 pm
2.05 um U » H
lens M1 M2

Fig. 5. The experimental setup for the ZGP and CdSe OPOs.
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Figure 6(a) shows the ZGP OPO output power
as a function of the incident pump power at 8, 10,
and 12 kHz pulse repetition frequencies, respec-
tively, when the wavelength is tuned at 8.04 pm.
At 8 kHz, the maximum output power is 419 mW
with a slope efficiency of 7.6% and an optical con-
version efficiency of 4.9%. The incident pump power
is limited, since the pump input surface coatings will
be damaged if the pump power is further increased.

The experimental threshold pump energy fluences are
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Fig. 6. (colour online) (a) The idler output power at

8.04 um of the ZGP OPO as a function of incident pump
power under different pulse repetition frequencies, and (b)
the idler wavelength tuning curve between 7.8 and 8.5 pm;

the theoretical curve is based on the Sellmeier equation. [1?]

Table 1. ZGP OPO lasing performance at 8.04 pm.

Threshold pump  Threshold Maximum output
PRF/kHz pump power energy fluence /mW (slope
/W /J-cm™2 efficiency /%)
8 3.01 0.15 419 (7.6)
10 4.42 0.17 244 (6.2)
12 4.79 0.16 195 (5.5)

0.15, 0.17, and 0.16 J/cm? for the pulse repetition fre-
quencies of 8, 10, and 12 kHz, respectively, as shown
in Table 1, which are in reasonable agreement with
the calculated data shown in Fig. 2. The idler can be

continuously tuned from 7.8 to 8.5 um, as shown in
Fig. 6(b).

For the CdSe OPO, due to the fact that only
single 28 mm long crystals are available in our ex-
periment, the pump radius is reduced to 0.21 mm to
achieve the oscillation threshold. The threshold pump
power is found to be 5.9 W at 10 kHz and 7.02 W at
12 kHz. The corresponding threshold energy fluences
are 0.85 and 0.84 J/cm?, respectively, which are also in
reasonable agreement with the calculated data shown
in Fig. 4. For the 12 kHz pulse repetition frequency,
the maximum output power is 64 mW with 7.6 W in-
cident pump power. When the pump power is further
increased, the crystal coatings are found to be dam-
aged. The output wavelength is around 8.9 um, with
a spectrum bandwidth (FWHM) of nearly 30 nm, as
shown in Fig. 7.
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Fig. 7. The idler output spectrum of CdSe OPO.

4. Conclusion

We performed comparisons of the birefringent
walk-off effect and the threshold performance between
ZGP and CdSe OPOs theoretically and experimen-
tally in this paper. With a comparative crystal length,
the CdSe OPO threshold is much higher than that of
the ZGP OPO. However, this can be circumvented
by using a long CdSe crystal, as CdSe has a much
smaller birefringent walk-off effect, or by adopting a
dual-crystal for the walk-off compensation to reduce
the threshold and achieve a high efficiency operation.
For the ZGP OPO, up to 419 mW output power at
8.04 pm is obtained at the 8 kHz pump pulse repeti-
tion frequency (PRF) with a slope efficiency of 7.6%.
This ZGP OPO can be continuously tuned from 7.8
to 8.5 um. For the CdSe OPO, only 64 mW output
is obtained at 8.9 pm due to the short-length crystal
used in the experiment.
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