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We report efficient generation of picosecond pulses in the near- and mid-IR in the new nonlinear material CdSiP2
pumped at 1:064 μm by an amplified mode-locked Nd:YVO4 laser at a 100 kHz repetition rate. By using single-pass
optical parametric generation in 8-mm-long crystal cut for type Iðe → ooÞ noncritical phase matching, an average
idler power of 154 mW at 6:204 μm together with 1:16 W of signal at 1:282 μm has been obtained for 6:1 W of pump at
photon conversion efficiencies of 15% and 23%, respectively. Signal pulse durations of 6:36 ps are measured for
9 ps pump pulses. © 2010 Optical Society of America
OCIS codes: 190.4400, 190.4970, 190.7110.

In the absence of widely available solid-state lasers in the
mid-IR, optical parametric downconversion has been
established as an effective technique for wavelength gen-
eration in this spectral range. By exploiting oxide-based
birefringent materials, such as LiNbO3, KTiOAsO4, and
RbTiOAsO4, or periodically poled crystals, such as
periodically poled LiNbO3 and periodically poled
RbTiOAsO4, spectral regions up to ∼5 μm can be ac-
cessed, but the onset of multiphonon absorption sets a
practical upper limit of ∼4 μm for wavelength generation
in such materials. Chalcogenide nonlinear crystals with
transparency in the mid-IR, such as CdSe and AgGaSe2,
can provide coherent light at longer wavelengths, but
their low bandgap energy precludes pumping near ∼1 μm
due to two-photon absorption, thus requiring long-
wavelength laser sources with limited availability near
∼2 μm, or the deployment of cascaded pumping schemes
with the associated complexities. It would be imperative
to explore more viable alternatives for practical genera-
tion of mid-IR radiation beyond ∼4 μm using direct
pumping with Nd-based solid-state lasers near ∼1 μm.
The nonlinear crystal CdSiP2 (CSP) [1] is a recently dis-

covered optical material that offers unique linear and
nonlinear properties for parametric downconversion into
the mid-IR [2]. For pumping near 1 μm, CSP has been
shown to outperform other mid-IR materials in almost
every respect [3]. Importantly, CSP has a bandgap well
below 1 μm, which allows pumping at 1:064 μm, and un-
der type Iðe → ooÞ parametric generation with noncriti-
cal phase matching (NCPM) can provide an idler
wavelength near 6:4 μm, a spectral range of great interest
for medical applications [4]. In earlier studies, the poten-
tial of CSP for the generation of mid-IR radiation using
direct pumping at 1:064 μm was demonstrated [5–7].
Using a Q-switched Nd:YAG laser, a CSP optical para-
metric oscillator (OPO) providing idler pulses with
470 μJ of energy at 6:2 μm at a 10 Hz repetition rate was
demonstrated [5]. Soon after, using a pulsed mode-
locked picosecond Nd:YAG laser in an oscillator–
amplifier format, a synchronously pumped OPO based
on CSP, providing idler pulses near 6:4 μm with an en-
ergy of 2:8 μJ at 100 MHz, in a train of 2 μs macropulses

at a 25 Hz repetition rate, was reported [6]. More re-
cently, a subnanosecond OPO based on CSP providing
idler energy of 24 μJ at 6:125 μm at an average power
of 24 mWwas demonstrated [7]. Here, we report efficient
generation of picosecond pulses in near- and mid-IR in
CSP at a repetition rate as high as 100 kHz using sin-
gle-pass optical parametric generation (OPG) pumped
by a mode-locked Nd:YVO4 laser at 1:064 μm. We demon-
strate an average signal power of 1:16 W at 1:282 μm and
idler power of 154 mW at 6:204 μm for 6:1 W of pump.

A schematic of the experimental setup is shown in
Fig. 1. The pump source is a commercial mode-locked
Nd:YVO4 laser at 1:0642 μm (Lumera Laser GmBH, Hyper
50) in an oscillator-amplifier arrangement, which can de-
liver up to 40 Wof average power at 100 kHz with a pulse
energy of 400 μJ. The output beam has a diameter of
5 mm and the pulses have transform-limited durations
of 8:7 ps, implying a spectral bandwidth of ∼0:2 nm (as-
suming Gaussian pulses). The beam quality factor is
M2

∼ 1:1, and the output power stability is <0:5% rms
over 13 h. Using a telescope consisting of uncoated fused
silica lenses, the pump beam is collimated to a ∼500 μm
diameter before the CSP crystal. The pump power and
polarization are controlled by two half-wave plates and
a polarizing beam-splitter cube. Pumping is single pass.

The CSP crystal was grown from a stoichiometric melt
by the horizontal gradient freeze technique [8]. It was cut
at θ ¼ 90° (φ ¼ 45°) for type Iðe → ooÞ interaction under
NCPM with a length of 8 mm and an aperture of
6:75 mm × 6 mm (along the c axis). The residual loss

Fig. 1. (Color online) Experimental setup for single-pass CSP
optical parametric generator pumped at 1:064 μm. λ=2, half-
wave plate; PBS, polarizing beam splitter; L, lens; M, mirror;
D, diagnostics.
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of the crystal was measured to be 0:198 cm−1 for the
pump at 1:064 μm, 0:114 cm−1 for the signal near
1:3 μm, and 0:014 cm−1 for the idler near 6:2 μm. Both
faces were antireflection (AR) coated with an eight-layer
coating, providing an average reflectivity per surface of
∼0:35% at 1064 nm, ∼0:4% at 1:275 μm, and ∼0:5% at
6:2 μm. The overall single-pass transmission of the AR-
coated sample was 83% at 1:064 μm.
For characterization of OPG output, the pump light

after transmission through the crystal was rejected using
a 1-mm-thick CaF2 plane dichroic mirror (M1) with high
reflectivity (R > 99%) at 1:064 μm and transmitting at the
signal and idler (T ¼ 60% at 1:28 μm, T > 90% over
6–7 μm). An uncoated CaF2 lens, L3 (f ¼ 75 mm), was
then used to collimate the generated signal beam, which
was separated from the idler using a ZnSe mirror (M2)
with high transmission at the idler (T > 95% over
6–7 μm). For the study of the idler, L3 was replaced
by another uncoated CaF2 lens with f ¼ 50 mm, since
the divergence of the idler beam from the OPG was stron-
ger than that of the signal. The idler transmitted through
M2 was then finally reflected by a gold mirror (M3) for
characterization. In measurements of power and effi-
ciency, all data were corrected for the transmission
and reflection losses through the substrates, uncoated
surfaces and mirrors.
Using this setup, by gradual increase of pump power,

we observed OPG output at an average pump power of
1:1 W at the CSP crystal. This corresponds to a pump
pulse energy of 11 μJ at 100 kHz and pumping intensity
of 0:62 GW=cm2. By further increasing the pump to
6:1 W, we generated an average signal power of 1:16 W
at 1:282 μm, with corresponding pulse energy of
11:6 μJ. This represents a power conversion efficiency
of∼19% and a photon conversion efficiency of∼23% from
the pump to the signal. At 6:1 Wof pump, wemeasured an
average idler power of 154 mW at 6:204 μm with a pulse
energy of 1:54 μJ. Therefore, the power efficiency from
the pump to the idler was ∼2:5%, with a photon efficiency
of as much as ∼15%. The lower photon conversion effi-
ciency into the idler is attributed to water absorption in
the mid-IR, although additional losses in mirror coatings
and substrates cannot be ruledout. Beyond 6:1 Wofpump
power, we observed the onset of lensing in the CSP

crystal, with the signal and idler beams undergoing strong
focusing. To ascertain the origin of this lensing effect, we
chopped the pump beam using a mechanical wheel and
performed power scaling measurements of OPG output.
The results are shown inFig. 2,where the generated signal
pulse energy is plotted against pump pulse energy at the
crystal, in the absence of chopping (curve I), andwhen the
pump is chopped at 100 Hzwith duty cycles of 50% (curve
II) and 5% (curve III). With the pump light unchopped, the
signal pulse energy increases linearly for pump pulse en-
ergies up to∼40 μJ, beyond which there is evidence of sa-
turation. When increasing the pump pulse energy further,
the signal pulse energy rises to 11:6 μJ for 61 μJ of pump,
at which point we observe focusing of the signal and idler
beams.When thepump is chopped, similar linear behavior
prevails at lowpumpenergies up to∼40 μJ, but the satura-
tion effect is progressively diminished by reducing the
duty cycle. Moreover, under chopped conditions, we no
longer observe focusing of the output beams at pump en-
ergies above 61 μJ. By further increasing the pump en-
ergy, we obtain a signal pulse energy of 14:7 μJ for
80:9 μJ of pump at∼18% conversion efficiency with a 50%
duty cycle and 17 μJ for 77:8 μJ of pump at ∼22% conver-
sion efficiency with a 5% duty cycle. However, as is evi-
dent, we were not able to completely overcome
saturation at higher pump energies even at the highest
duty cycle. The results clearly confirm the origin of satura-
tion and lensing as thermal. Given the high repetition rate
of the pump laser, saturation in output energy occurs as a
result of crystal heating, leading to thermal dephasing at
higher average powers. At the same time, focusing of the
output beams occurs owing to the strong thermal lens in
the crystal at higher pump powers and not higher-order
intensity-dependent nonlinear processes, such as theKerr
effect. We attribute the thermal effect mainly to the resi-
dual absorption of the crystal at the pump, with some con-
tribution from signal absorption. Since this absorption is
not intrinsic, the growth of CSP samples of higher quality

Fig. 2. (Color online) Signal pulse energy versus pump pulse
energy. (I) Unchopped pump beam; (II), (III) chopped pump
beam. Also shown is the idler pulse energy versus pump pulse
energy.

Fig. 3. (Color online) (a) Intensity autocorrelation and (b)
spectrum of the signal pulses at 1:282 μm. Pump power is
2:54 W.
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will lead to reductions in saturation and thermal lensing.
In addition, with the availability of crystals of larger aper-
ture and length, we expect substantial increases in the sig-
nal and idler power to multiwatt and watt levels,
respectively, and higher efficiencies, by increasing the
pump power to 40 W while minimizing saturation and
thermal lensing. In the present setup, the available pump
powerwas limited to 10 W,with∼8 Wavailable at theCSP
crystal. At the highest pumping intensity of∼4:5 GW=cm2

used, we observed no sign of optical damage to the CSP
crystal or coatings.
We measured the signal pulse duration using a

frequency-resolved optical gating setup based on a
100 μmbeta-barium borate crystal, where we used the de-
vice simply as an autocorrelator. The spectra were ac-
quired using a Fourier transform spectrometer with an
InGaAs detector for the signal and a HgCdTe detector
for the idler. To avoid detector damage, the pump power
was limited to 2:54 W, resulting in 450 mW of signal and
62 mWof idler. Figures 3(a) and 3(b) show the signal auto-
correlation and spectrum, respectively. The FWHM of the
trace is 9:0 ps, resulting in a signal pulse duration of
6:36 ps (assuming Gaussian pulse shape), and the spec-
trum is centered at 1:282 μm with an FWHM bandwidth
of 8:5 nm, resulting in a time-bandwidth product,
ΔνΔτ ∼ 9:3. Using the Sellmeier equations [2], the calcu-
lated pump-signal group-velocity mismatch (GVM) is
∼231 fs=mm, resulting in ∼1:85 ps temporal walk-off

for the 8 mmcrystal. The pump-idler GVM is∼843 fs=mm,
with the signal idler having a GVM value of ∼612 fs=mm.

The idler spectrum, shown in Fig. 4, is centered at
6:204 μm and has a FWHM bandwidth of 122 nm. The
dips in the spectrum correspond to absorption lines of
water, as verified by the HITRAN molecular database.
The signal and idler peak wavelengths of 1.282 and
6:204 μm are in close agreement with the calculated
values of 1.286 and 6:180 μm for a pump wavelength
of 1:0642 μm based on the Sellmeier equations for the
material [2].
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Fig. 4. (Color online) Idler spectrum centered at 6:204 μm.
The sharp features correspond to water absorption lines. Pump
power is 2:54 W.
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