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We report a seeded optical parametric generator (OPG)
producing tunable radiation from 4.2–4.6 µm. The
seeded OPG employs a 13 mm long CdSiP2 (CSP) crys-
tal cut for non-critical phasematching, pumped by a
nanosecond pulsed, MHz repetition rate Raman fiber
amplifier system at 1.24 µm. A filtered, continuous-
wave fiber supercontinuum source at 1.72 µm is used
as the seed. The source generates up to 0.25 W of MIR
idler power with a total pump conversion of 42% (com-
bined signal and idler). © 2021 Optical Society of America

OCIS codes: (190.4970 ) Parametric oscillators and amplifiers; (140.3070)
Infrared and far-infrared lasers; (160.4330) Nonlinear optical materials.

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Mid-infrared (MIR) sources emitting in the 3–5 µm band are
desirable for a wide range of applications, including defensive
infrared countermeasures, remote gas sensing and spectroscopy.
Although MIR fiber sources and quantum cascade lasers have
matured in recent years, sources based on optical parametric
conversion in nonlinear crystals still offer the greatest flexibility
in terms of pulse duration, repetition rate and wavelength.

Periodically poled (PP) crystals, such as PP-lithium niobate
or tantalate (PPLN/LT), can be used to generate MIR light at
wavelengths < 4 µm through parametric downcoversion of well-
established near-infrared (NIR) sources, but become increasingly
absorptive beyond this wavelength. This results in issues such
as thermal dephasing and thermal lensing at higher power lev-
els. ZnGeP2 (ZGP) then becomes the material of choice for
generating MIR light in the 3–5 µm region, particularly beyond
4 µm, where the absorption in standard oxide materials becomes
too large. ZGP devices, however, require pump wavelengths
of 1.9 µm or greater due to excessive absorption at shorter
wavelengths, and a lack of available phasematching options.
CdSiP2 (CSP), a new nonlinear optical semiconductor, provides
a compelling alternative to ZGP. CSP’s large bandgap energy
(Eg = 2.45 eV) allows for pumping with sources at 1 µm, whilst
remaining transparent up to 6.5 µm, and provides a wide range
of phasematching options for pump sources across the NIR [1, 2].

As such, CSP has been pumped with sources across the

1–2 µm region. With 1.5 µm and 1.9 µm pumps, MIR radia-
tion can be generated in the 3–5 µm region [3, 4]. At these
pump wavelengths, however, critical phasematching must be
employed. Alternatively, 1 µm pumping allows access to non-
critical phasematching (NCPM) and simple output wavelength
tuning through crystal temperature adjustment. This approach
generates MIR radiation at 6–7 µm, of interest for surgical appli-
cations [5, 6]. However, residual crystal absorption (linear) and
two photon absorption (TPA) can limit both high-energy and
high-average power operation when pumping at 1 µm [7, 8].

Pumping longer than 1 µm still allows for 90° type-I (oo-e)
NCPM, with the generated MIR light shifting into the 3–5 µm
region. This can be seen in the phasematching curve in Fig. 1 (a),
calculated using the temperature-dependent Sellmeier equa-
tions [9], along with the absorption of a typical CSP sample [8].
Shifting the pump wavelength into the NIR away from 1 µm
results in lower residual absorption, and a decreasing TPA coef-
ficient. A longer pump also results in a lower quantum defect
between the pump and idler wavelengths, resulting in higher
conversion efficiencies to the MIR idler. The potential of this
type of architecture was first highlighted with a 1.2 µm pumped
CSP-based seeded optical parametric generator (OPG), pumped
by a kHz repetition rate solid-state Raman laser system [7].

In this work, we demonstrate the first 1.2 µm pumped
CSP-based optical parametric source at MHz repetition rates,
pumped by a nanosecond-pulsed Raman fiber amplifier emit-
ting at 1.24 µm [10], seeded with a fiber supercontinuum source
at 1.72 µm. Previous work on seeded OPG in CSP pumped at
1.2 µm utilised a 1 kHz repetition rate Q-switched pump source,
resulting in 6 mW of average power at 4.64 µm (6 µJ pulse en-
ergy) [7]. We show significant MIR power scaling to 250 mW at
4.2 µm (0.08 µJ pulse energy) through the use of a higher repeti-
tion rate (3 MHz) Raman fiber amplifier pump. This highlights
the versatility of CSP as a nonlinear material, due to its excep-
tionally high nonlinearity (d36 = 84.5 pm/V at 4.46 µm [11]),
wide transparency and range of phasematching options.

NIR Raman fiber systems are also available across the
1.0–1.4 µm region in compact footprints, with high average
and peak-powers [12–14]; thus, they are ideally suited for use
as pump lasers with NCPM in CSP-based parametric sources.
We also demonstrate, for the first time with a 1.2 µm pumped
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Fig. 1. Non-critical 90° type-I (oo-e) phasematching diagrams
for CSP. (a) Residual absorption (dashed-dotted) and phase-
matched signal/idler wavelengths (solid) against pump wave-
length, and 1.24 µm pump wavelength (dashed). (b) Phase-
matched idler, and (c), signal wavelengths against temperature
tuning, colorbar shows theoretical conversion efficiency.

CSP seeded OPG, wide idler wavelength tuning (4.19–4.60 µm)
through temperature tuning the crystal in a simple NCPM con-
figuration. Interestingly, we find laser induced damage prevents
the heating of the crystal beyond 175°C, placing an upper limit
on the idler wavelength tuning possible. Nonetheless, the com-
bination of Raman fiber pump systems and NCPM in CSP rep-
resents an exciting new architecture to generate high average
power and widely tunable radiation in the 3–5 µm region.

In this experiment the 1.24 µm pulsed Raman fiber amplifier
acts as the pump, and is combined with a continuous-wave
(CW) fiber supercontinuum (SC) signal in the CSP crystal, Fig. 2.
The CW-SC signal seeds the OPG process driven by the pulsed
Raman fiber amplifier. The 1.24 µm pump source is based on
a phosphosilicate Raman fiber amplifier architecture similar to
our previous work [10]. It is tunable in both repetition rate
(1–20 MHz) and pulse duration (0.05–2 ns). For the purposes
of this work, pulses with a duration of 1 ns and a repetition
rate of 3 MHz are employed, with average powers of up to
3 W available and a maximum pump pulse energy of 1 µJ. The
corresponding pump optical spectrum and temporal profile at
full power can be seen in Fig. 3 (a) and (c). The pump power
in the crystal is controlled throughout the experiments by a
polarizing-beam splitter (PBS) and half-wave plate (HWP). A
second HWP is used to correctly align the pump polarization to
the CSP crystal axis for type-I (oo-e) NCPM.

The CW-SC signal beam in the system serves a dual pur-
pose - it acts as a broadband seed for the OPG enabling easy
wavelength tuning of the MIR idler, and also crucially low-
ers the threshold pump intensity to initiate strong conversion
through seeded OPG. A double-pass of the crystal also lowers
the threshold further. This is important due to the susceptibility
of CSP to laser induced damage, with reported damage thresh-
old values for a 1.06 µm pump of approximately 44 MW/cm2 or
0.35 J/cm2 [15]. Shifting the wavelength away from the crystal
bandgap and transmission edge, as we demonstrate in this work,
is expected to result in an increase in these values [8, 15].

Employing a CW-SC also avoids the need for temporal syn-
chronization of the pump and signal light. The in-house de-
veloped CW-SC source emits radiation from approximately 1.5–
2.1 µm [16], and two interference filters (F1/2) are used to select
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Fig. 2. Experimental setup for seeded optical parametric gen-
eration in CSP. HWP, half-wave plate; PBS, polarizing beam
splitter; GM, gold mirror; F1-4, spectral filters; DMLP1500,
dichroic mirror; CH, chopper wheel; L1/2, plano-convex
lenses; C-GM, curved gold mirror; D-GM, D-shaped gold mir-
ror; CSP, CSP crystal.

light at the phasematched signal wavelength. After filtering,
200 mW of power spanning 25 nm (full-width half maximum) at
1.72 µm is available as a seed. The central wavelength of the SC
signal can be tuned by adjusting the angles of the interference
filters (F1/2). An example spectrum of the filtered SC is shown
in Fig. 3 (b). The modulations present in the spectrum are due to
the transmission properties of the interference filters. It should
be noted that this signal light is effectively unpolarized, and
so only half of the signal power will contribute to the seeding
process. Due to the CW nature of the SC seed, the effective signal
seed power which experiences amplification is reduced by the
pump duty cycle (300), to approximately 0.3 mW.
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Fig. 3. (a) Optical spectrum of Raman fiber amplifier pump
pulses, and (b), continuous-wave filtered fiber supercontin-
uum signal seed. (c) Temporal profiles of pump and amplified
signal pulses.

The pump and signal beams are then combined using a long-
pass dichroic mirror (DMLP1500). The beams are focused into
the crystal using an anti-reflection (AR) coated plano-convex
lens (L1 : f = 62.5 mm), resulting in a focused circular pump
beam waist diameter of ≈ 60 µm. This corresponds to a max-
imum pump intensity of 54 MW/cm2 and a pulse fluence of
0.06 J/cm2, slightly above the 1.06 µm literature value for the
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Fig. 4. (a) Signal, idler, and combined (signal plus idler) aver-
age powers against pump average power (bottom axis)/pump
peak-intensity in the crystal (top axis). (b) The corresponding
pump conversion into the signal, idler and combined (signal
plus idler). λs = 1.76 µm and λi = 4.20 µm.

damage threshold of CSP of 44 MW/cm2 [15]. The beam waist is
measured in air using a pyroelectric scanning slit profiler, which
also allows easy overlap of the pump and signal beams.

The CSP crystal employed is 13 mm long with an aperture of
3x6 mm2. The crystal is cut at 90° for type-I (oo-e) NCPM, and
pumping at 1.24 µm generates light around 1.76 µm and 4.2 µm,
as shown in Fig. 1. The crystal is held in a copper oven contained
within PTFE housing, the temperature of which is adjustable
from 25–250°C. The crystal faces are AR coated (LaserOptik
GmbH) for the pump, signal and idler wavelengths, with single
pass transmission values of Tp = 0.93 (measured), Ts = 0.91 and
Ti = 0.95 (manufacturer quoted), respectively.

After the first pass through the CSP, a curved gold mirror
(C-GM : f = 50 mm) is used to reflect the residual pump, am-
plified signal, and newly generated idler light back through the
crystal. The mirror is positioned at a distance of 2 f from the
CSP crystal to refocus the returning beam down to match the
outgoing waist size. The double-pass arrangement is essential
for the seeded OPG to reach threshold at a low enough pump
power for efficient conversion - in the single-pass case, threshold
is only just reached at the maximum available pump power. The
returning beam is offset slightly from the outgoing beam waist
and a gold D-shaped mirror (D-GM) is used to pick the beam off
after the second pass. A CaF2 lens (L2 : f = 50 mm) re-collimates
the light from the double-pass arrangement. Interference filters
are used after the collimating lens to separate the pump, signal
and idler radiation (F3/4 : Thorlabs FB1750-500 and FB4250-500).
After ensuring optimal overlap of the pump and signal beams
in the crystal and fine adjustment of the longitudinal position of
the curved gold mirror, seeded OPG is readily observed.

The signal and idler powers generated from the CSP as a
function of pump power are shown in Fig. 4. The pump power
is the power at the input face of the crystal, and the signal
and idler powers are those at the exit face of the crystal and
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Fig. 5. Total pump conversion (combined signal plus idler) at
different duty cycles. λs = 1.76 µm and λi = 4.20 µm.

are corrected for losses through the filtering optics. The pump
power is controlled with the PBS and HWP after the Raman fiber
amplifier, ensuring the spectral properties of the pump remain
the same throughout the experiment. Up to 250 mW of power
is generated around 4.20 µm, corresponding to a pump to idler
conversion of 10%. The total pump conversion, signal plus idler
power, exceeds 42%. One route to increasing this conversion
is to increase the peak intensity in the crystal through tighter
focusing, but this is not feasible as we are already operating
above the quoted damage threshold of CSP [15].

The measured idler power was very stable, fluctuating by less
than 2% (peak-to-peak) over a one hour measurement interval.
However, strong roll-off in the conversion efficiency is observed
at the highest pump powers. To investigate this further, a 50%
duty cycle chopper wheel (CH) is used to reduce the average
power and thermal load in the crystal, whilst maintaining the
same instantaneous peak intensity. However, as seen in Fig. 5,
this reduction in average power is found to make no significant
difference to the conversion efficiency, indicating that the roll-off
in efficiency is due to either nonlinear absorption of the pump,
signal or idler light, or saturation of the parametric conversion.

As the roll-off in conversion efficiency is not linked to exces-
sive average power, and hence thermal load, we propose further
power scaling could be possible. Increasing the pulse duration
and corresponding pulse energy whilst maintaining the same
irradiance in the crystal, it could be possible to maintain the
same conversion efficiencies at higher average power levels and
pulse energies. Thermal lensing and dephasing, however, have
been shown to be issues in high average power CSP OPGs [17].
Owing to the differences in focused beam sizes, crystal absorp-
tion coefficients and different interaction wavelengths in our
work compared to those in [17], direct thermal effect threshold
comparisons are not possible. We note that our system is cur-
rently operating well below the fluence damage threshold for
CSP - 0.06 J/cm2 in this work compared to the damage threshold
of 0.35 J/cm2 in [15] - so an ∼ 5x increase in fluence should be
possible before the onset of fluence related damage. This scaling
may be limited by thermal issues at some threshold power, but
further experiments are needed to determine this point.

An example spectrum of the MIR idler output is shown in
Fig. 6 (a), centered around 4.2 µm. Due to atmospheric carbon
dioxide, absorption lines are clearly evident in the idler spec-
trum. Enclosing the source in a perspex enclosure and purging
with pure nitrogen gas leads to an almost complete elimination
of the modulations in the spectrum. By temperature tuning the
crystal oven in the range 25-175°C, the idler wavelength can be
tuned over the range 4.19–4.60 µm, shown in Fig. 6 (b).

Increasing the temperature beyond 175°C results in bulk crys-
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tal damage, observed as a sudden drop in output power from
the crystal and beam quality degradation. We propose that this
damage occurs due to the decrease in bandgap energy associ-
ated with an increase in temperature, leading to greater near-
bandgap absorption, crystal heating and subsequent damage.
We estimate ∆Eg ≈ −0.06 eV for ∆T=150°C, using data in [18].
Increased absorption from free carriers may also play a role in
the increased damage susceptibility at elevated temperatures.
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Fig. 6. (a) Example MIR idler spectrum at 25°C, in both the
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Fig. 7. Measured beam diameter (D4σ widths) of the idler in
the horizontal (x) and vertical (y) beam axis through the focus
of a lens measured using a pyroelectric scanning slit beam
profiler, with a Gaussian fit to the beam caustic.

The absorption of CSP has also been shown to decrease at lower
temperatures [9]. It is also observed in the experiments that the
pump beam changes shape after passing through the crystal at
higher pump powers, observed on a IR viewing card (Thorlabs
VCR2). Crystal temperature adjustment at a constant pump
power also results in changes in beam shape. We attribute this
effect to the absorption change in CSP with varying temperature.
Further work is required to quantify this effect more rigorously.

The idler beam quality at approximately 200 mW of MIR
output power, measured in two orthogonal planes, is presented
in Fig. 7. An f = 150 mm lens is used to focus the beam down
to a waist and a pyroelectric scanning slit beam profiler is used
to map the 4σ beam diameters in the horizontal and vertical
transverse planes. A Gaussian fit then is used to extract the M2

values of the beam. Given the 1.24 µm pump beam is diffraction
limited (M2

x ≈ M2
y ≈ 1 [10]), the idler beam quality is degraded

to M2
x = 1.97 and M2

y = 1.71. Due to the issues around the resid-
ual absorption of CSP and associated laser induced damage and
beam shape fluctuations we have discussed, the idler beam qual-
ity degradation is not surprising. The angular offset required for
the double pass arrangement could also be contributing to this.

In conclusion, we have demonstrated the first CSP-based
seeded OPG pumped by a Raman fiber amplifier at 1.24 µm. This
is the first demonstration of MHz repetition rate pumping of
CSP in the 1.2 µm region. Such a scheme allows the generation of
widely tunable idler radiation in the 4.2–4.6 µm band, with idler
powers of up to 0.25 W and total pump conversion efficiencies
of 42%. Raman fiber lasers are available at custom wavelengths
throughout the NIR with high peak and average powers, and we
have demonstrated they can be paired with NCPM CSP-based
parametric sources to create wavelength-tunable light in the MIR.
We also found that operating CSP at elevated temperatures can
lead to an increased propensity for laser induced damage. This
places a restriction on the tunability possible with NIR pumped
CSP-based devices. More detailed studies are now required to
fully understand the linear and nonlinear absorption of CSP at
interesting Raman pump wavelengths in the 1-1.4 µm region.
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