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Abstract: We report on broadband gain in an optical parametric generator 
based on periodically poled 1 mol% magnesium-doped stoichiometric 
LiTaO3 (PPMg:SLT). More than an octave-spanning parametric gain, 
stretching from near to mid-infrared, is generated by pumping the crystals 
close to the point where, at parametric degeneracy, the waves experience 
zero group-velocity dispersion. Using a picosecond Ti:sapphire source, we 
measured the broadest parametric gain bandwidths, 180 THz at 10 dB, in 
PPMg:SLT gratings with a period of 25 µm pumped at 860 nm. 
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1. Introduction 

Access to broadband coherent gain in the spectral regions of near to mid-infrared is essential 
for a variety of applications requiring broadly tunable and/or ultrashort optical pulses, such as 
ultrafast imaging, time-resolved spectroscopy, remote sensing or metrology. Mode-locked 
Cr

2+
:ZnSe or Cr

2+
:ZnS lasers can provide short mid-infrared pulses, which nevertheless are 

ultimately limited by the gain bandwidths of such crystals, stretching from approximately 2 to 
3 µm [1]. Supercontinuum fibre sources represent an appealing possibility for broadband 
generation, due to high modal confinement and the capability to engineer the group velocity 
dispersion (GVD) [2], but offer limited control over the spectral coherence and power 
scalability of the output radiation. 

On the other hand, parametric frequency down-conversion in quadratic nonlinear media 
provides a high-coherence approach, suitable for the generation and amplification of broad 
bandwidths of intense radiation, which can also be compressed to yield extremely short pulse 
durations [3]. The reduced thermal load of parametric processes is also an advantage when 
targeting high power operation. The efficiency and wavelength flexibility of quasi-phase 
matched (QPM) materials such as periodically poled LiNbO3 (PPLN) or KTiOPO4 (PPKTP) 
[4,5] are particularly appealing for optical parametric generation (OPG) and amplification 
(OPA). QPM allows the use of the largest component of the nonlinear susceptibility tensor 
and overcomes dispersion constraints to phase matching, enabling to choose freely the 
working points within the transparency range of the substrate. The technique also allows non-
critical phase matching, permitting parametric interactions to be implemented in collinear 
geometries. Moreover, further enhancements in device wavelength tunability (albeit at the 
expense of a reduction in efficiency) can be afforded through super-structured QPM grating 
designs, as recently demonstrated for aperiodically poled gratings in LiNbO3, where OPA 
bandwidths of the order of 1 µm in the mid-IR have been achieved [6]. 

Nevertheless, QPM in itself does not ensure the group-velocity matching (GVM) of 
quadratic non-degenerate three-wave mixing processes, which on the other hand is an 
essential prerequisite in order to achieve bandwidths suitable for ultra-short pulse generation 
or amplification. Several approaches have been demonstrated to address the issue of GVM in 
OPG and OPA devices. The difference in group velocity between the signal and idler waves 
can be compensated by adopting non-collinear interaction geometries [7], which, however 
suffer from the limitations to the device length (hence the efficiency) imposed by pulse spatial 
walk-off. Furthermore, non-collinear schemes have the drawback of inducing a pulse-front tilt 
of the output beam and an output direction that can vary with broad tuning ranges [8]. An 
alternative approach, allowing collinear interactions, involves choosing a spectral location for 
OPG in proximity of the zero group velocity dispersion (GVD) point of the material, where 
signal and idler group velocities are truly matched for a range of wavelengths, as has recently 
been suggested [9]. This grants, in principle, access to the broadest bandwidths. The approach 
has been demonstrated by exploiting birefringent phase matching [10], but can be readily 
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implemented in QPM materials thanks to the freedom in determining the OPG spectral 
working points through a suitable choice of the grating period. 

The first demonstration of broadband down-conversion close to the point of zero GVD in 
a QPM medium was achieved with orientation-patterned GaAs, which displayed a 20 dB OPG 
bandwidth of 39 THz when pumped around 3.3 μm [11]. Periodically poled KTP, LiNbO3 and 
LiTaO3 can offer alternative QPM solutions, enabling operation with pump wavelengths in the 
near infrared. 10 dB bandwidths of ~150 THz and ~100 THz have been demonstrated for 
OPG in PPKTP and PPLN, pumped at 830 and 930 nm, respectively [12,13]. Nevertheless, 
KTP conversion bandwidths are limited on the long-wavelength side by the absorption edge 
of the material (~3.5 μm). Such a limitation does not apply to LiNbO3 and LiTaO3 substrates, 
given their broader transparency range (extending beyond 4 µm). On the other hand, these 
crystals can suffer from effects such as photorefraction or green-induced infrared absorption, 
which can compromise their performance at the high powers that are often desired in 
conjunction with broad bandwidths, e.g. in optical chirped pulse amplification (OPCPA) 
systems [7]. 

In recent years, new crystal growth techniques have been devised to produce LiNbO3 and 
LiTaO3 crystals of modified compositions (nearly stoichiometric and Mg-doped) in order to 
overcome the limitations associated with the relatively low optical damage thresholds and 
elevated poling fields of standard congruent LiNbO3 and LiTaO3. Among the modified 
crystals, 1 mol% magnesium-doped stoichiometric LiTaO3 (Mg:SLT) has demonstrated 
exceptionally good power-handling capabilities even for room-temperature operation, made 
possible by its reduced photorefraction and low thermo-optic coefficients [14]. The low 
coercive field of Mg:SLT, which is somewhat below that of KTP and one order of magnitude 
lower than that of LiNbO3, also permits up-scaling of device apertures to millimetre sizes 
[15]. Recent results in periodically poled Mg:SLT (PPMg:SLT) [16] proved a performance 
comparable to that of PPKTP for high gain single stage OPCPA, for ultra-short pulses near 
1.57 μm [17]. Somewhat larger spectral extents (~40 THz) have been attained for Ti:sapphire-
pumped OPG in PPSLT, yet with a working point still far away from zero GVD [18]. 

In this paper we demonstrate ultra-broadband OPG in periodically poled Mg:SLT, 
achieved through GVM in the vicinity of the point of zero GVD. The broadest OPG spectrum 
in our experiments span a 10 dB bandwidth of 180 THz (stretching from below 1.2 µm to 
above 3.5 µm) which, to the best of our knowledge, represents the highest value reported for 
collinear parametric down-conversion to date. The measured spectra exhibit also a remarkable 
flatness, which makes them particularly well-suited for perspective applications to ultra-short 
pulse generation and amplification. 

2. Collinear broadband OPG condition 

The parametric gain of an OPG or OPA process depends on the wave vector mismatch Δk, the 
length of the nonlinear crystal L, the nonlinear coefficient deff, the pump intensity Ip, the 
interacting wavelengths λx (x = p, pump; s, signal; i, idler) and the corresponding indices of 
refraction nx. In the case of a strong, undepleted, pump the gain takes the following form [19]: 
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With reference to the experimental conditions described in the next section, we shall restrict 
our analysis to collinear interactions, quasi-phase matched via a uniform grating of period Λ. 
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Accordingly, the phase mismatch in Eq. (1) will be given by: Δk = kp – ks – ki – 2π/Λ,  
kx = nxωx/c being the wave propagation constants for the interacting frequencies ωx (x = p,i,s). 

The OPG gain bandwidth is maximised when, for a fixed pump frequency ωp, the 
variation of the phase mismatch with respect to the signal frequency is minimised. Using a 

Taylor series expansion around the QPM point ω0 (where Δk  0), the phase mismatch can be 
expressed as a function of the signal deviation (Δω = ωs – ω0) as follows: 
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where vs,i = (k/ω)
1

s,i are the group velocities and β2s,i = (
2
k/ω

2
)s,i the GVD coefficients of 

signal and idler, calculated at the QPM working point (ωs = ω0, ωi = ωp – ω0). The broadest 
bandwidth is attained by letting the wavelength of degeneracy for signal and idler approach 
the point of zero GVD of the material, which in the case of Mg:SLT is estimated to lie at  
λs,i ~1820 nm (i.e. λp ~910 nm), after the Sellmeier equations available from literature on SLT 
[20]. 

Knowing the zero-GVD point of the substrate, one can then in principle identify the QPM 
grating period required to access the broadband OPG region. Nevertheless, the actual 
optimum working point in the experiments may differ from theoretical predictions, which 
become extremely sensitive to uncertainties in the Sellmeier equations in the vicinity of zero 
GVD. Moreover, pumping an OPG process exactly at half the zero-GVD wavelength might 
not necessarily correspond to the optimum for achieving the broadest bandwidths, because of 
the effect of higher order terms in the expansion of Eq. (2), as seen in PPKTP experiments 
[12]. Therefore in view of investigating broadband OPG in PPMg:SLT we set up to map a 
broader parameter range in the spectral region around the expected zero GVD point, using 
multiple poling periods, namely Λ = 25, 26 and 27 µm. 

 

Fig. 1. Normalised gain for broadband OPG in PPSLT at T = 80°C, pumped with  
Ip = 10 GW/cm2. Calculations based on Eq. (1) and Sellmeier equations for SLT [20]. a). 
Contour plots of the gain as a function of pump and signal/idler wavelengths for QPM periods 
Λ = 25, 26 and 27 µm. b) OPG spectra corresponding to the working points indicated by the 
two vertical lines in the diagrams of Fig. 1a. Green line: Λ = 25 μm and λp = 850 nm; blue line: 
Λ = 26 μm and λp = 873 nm. 

Figure 1a shows the contour plots of the normalised parametric gain for the three 
PPMg:SLT periods we chose for our OPG experiments. The curves are calculated from  
Eq. (1) using the Sellmeier equations for SLT [20]. The expected OPG spectral distributions 
at two specific working points on the QPM diagram of Fig. 1a (at λp = 850 nm for Λ = 25 µm 
and at λp = 873 nm for Λ = 26 µm, marked by the green and blue lines, respectively) are 
illustrated by the curves of Fig. 1b. 
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3. Experiments 

For the experiments we fabricated multi-grating QPM structures by conventional electric-field 
poling performed on commercially available z-cut, 0.5 mm-thick, 1 mol% Mg:SLT crystals 
(Oxide Corp.). The poling was performed at room temperature by applying electrical pulses 
close to the coercive field (Ec ~1.2 kV/mm) via periodic electrodes, defined through 
lithographic patterning of photoresist followed by the deposition of a thin metal layer on the  
+z face of the ferroelectric substrates. The resulting domain patterns faithfully reproduced the 
electrode mask, consisting of three 2-mm-wide bands with periods of 25, 26 and 27 µm, with 
good uniformity over the whole device length (1 cm). 

To characterise the PPSLT response in down-conversion we employed a tunable 
picosecond Ti:sapphire amplifier system (Fig. 2). A Nd:YVO4 pumped femtosecond source 
seeded a regenerative chirped pulse amplifier delivering micro-joule pulses at 1 kHz with 

bandwidths of Δλp 2 nm. The OPG response for all three grating periods was examined with 
pump wavelengths (λp) ranging from 820 to 900 nm and pulse durations between 1.5 and  
2.7 ps. The pump beam, polarised along the z-axis of the PPMg:SLT samples, was loosely 
focused inside the crystal using a 300 mm lens. The sample was kept at 80°C and mounted on 
a translation stage to allow full probing of the QPM bands. Throughout the experiments we 
ensured that the pump wave vector and the QPM grating vector in the sample were collinear. 

Ti:Sapphire
oscillator

Ti:Sapphire
amplifier

PP MgO:SLT

Band 
selection

Temperature
controller

Output 
filtering

Optical
Spectrum
Analyser

Spectro-
meter

Flip
mirror

f = 300 mm

f = 75 mm

f = 300 mm

 

Fig. 2. Sketch of the setup used for the OPG experiments. The OPG pump was a Ti:sapphire 
amplified laser system delivering µJ-pulses, with picosecond durations at 1 kHz. The input 
beam was loosely focused by a 300 mm lens into the PPMg:SLT crystals, heated to 80°C. The 
OPG output was fibre-coupled to an optical spectrum analyser. Spectral measurements 
extending beyond 1.75 µm were performed with a free-space coupled spectrometer. 

At the crystal output a dichroic mirror rejected most of the pump beam. Additionally, we 
inserted an OG570 glass filter to remove the light up-converted in the PPMg:SLT crystals by 
cascaded sum-frequency generation processes (see next section). The optical output of the 
crystals was then focused into a fibre-coupled optical spectrum analyser (OSA), Ando 
AQ6315A, sensitive up to 1750 nm, to routinely perform spectral measurements on the OPG 
signals. To extend the characterisation to the full OPG response from the near to the mid-
infrared we alternatively free-space coupled the PPMg:SLT output into a spectrometer; a 
scanning Horiba Jobin Yvon monochromator (iHR550) equipped with a PbSe detector head 
which, used with a lock-in amplifier, was sensitive up to 4.8 µm. 

4. Results and discussion 

Systematic spectral measurements performed in the three PPMg:SLT bands for various pump 
wavelengths (λp = 0.82 – 0.9 µm) indicated broadband OPG in both the 25 and the 26 µm 
grating periods. The broadest bandwidths were achieved by pumping the former at λp = 860 
nm and the latter at λp = 880 nm. Figure 3 shows the measured OPG spectra, obtained with  
1.5 ps pump pulses at powers of 16 and 22 mW (for Figs. 3a and 3b, respectively). In both 
cases the input beam was focused to a 230 µm beam radius (1/e

2
) in the sample. 

The broadest signal spectrum (Fig. 3a) spans a 3 dB bandwidth of 70 THz. It is obtained 
using a pump wavelength of 860 nm, which is shorter than half the wavelength for zero-GVD 
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(λp = 910 nm), as expected from the Sellmeier equations [20]. An experimental shift of the 
OPG optimum towards shorter wavelengths is consistent with previous observations in other 
materials [12]. Furthermore, uncertainties in the Sellmeier equations also contribute to the 
discrepancy in λp. When comparing the recorded spectra of Fig. 3 with the predictions of  
Fig. 1b, it can be noticed that, even though the exact pump wavelengths used to generate the 
broadest spectra differ, the spectral extent of the signals matches the predictions rather well. 
Thus a simple shift of the QPM curves in Fig. 1a towards longer pump wavelengths would 
provide a reasonably good agreement with the experimental results. As mentioned in  
Section 2, an offset between theory and experiments can reasonably be expected to occur for 
the optimum OPG wavelengths due to an increased sensitivity of the predictions to errors in 
the Sellmeier equations in the spectral region close to the zero-GVD point. 
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Fig. 3. OPG signal spectra from 1 mol% PPMg:SLT at T = 80°C. a) Spectral response 
measured from the 25 μm QPM band for a pump of 860 nm, with a pulse energy of 16 µJ 
generating 30 nJ OPG pulses. The integration time of the OSA was 1 ms and the spectrum was 
the average over 5 measurements. The inset shows the same spectrum in linear scale (blue 
curve), with the theoretical prediction of Fig. 1b added (black curve). b) Same as a), this time 
for the 26 μm band, with a 22 µJ pump at 880 nm, generating 40 nJ OPG pulses. In both cases 
the input beam consisted of Gaussian pulses with a duration of 1.5 ps, focused to a beam radius 
of 230 μm in the sample. 

Further comparison of the experimental results and the predicted spectra (Figs. 3 and 1b, 
respectively), discloses differences in the internal structure of the OPG signal band. Such 
deviations are to be attributed to the fact that the theoretical spectra are calculated for a strictly 
monochromatic pump, whereas the pump in the experiment has a spectral extent of 2 nm. 
Thus the experimentally generated output represents a weighted sum of spectra of the type 
shown in Fig. 1b, obtained at neighbouring pump wavelengths. As a result, the modulations 
seen in the predicted spectrum smear out in the experiments, yielding an OPG band with less 
structure. The spectral extent of the pump can also explain the more pronounced peak 
appearing at 1150 nm in Fig. 3a. Here the pump covers at the same time a part of the vertical 
region of the 25 µm QPM curve (Fig. 1a), responsible for the broadband conversion, and a 
section of the lower horizontal QPM branch, where signal photons at 1150 nm are generated. 
The stronger inflection of the QPM curve for 25 µm, as compared to the 26 µm QPM curve, 
results in the peak observed in the measurements of Fig. 3a. 

An additional feature of the spectra obtained in PPMg:SLT is their remarkable flatness, in 
contrast to reported results for broadband OPG in PPKTP and PPLN, where significant dips in 
the signal and idler spectrum were carved out by cascaded up-conversion processes [12,13]. 
There is evidence of similar processes occurring also in our experiments, yet with a much 
lower efficiency and thus smaller impact on the flatness of the OPG spectra. The arrows in 
Fig. 3 indicate spectral features in the OPG spectra which can be associated to concurrent sum 
frequency generation (SFG) between the pump and the generated signal, achieved through 
third order QPM, and SFG between the pump and the generated idler, via second order QPM. 
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The predicted QPM wavelengths for these processes match quite well the spectral locations of 
the dips seen in the spectrum of Fig. 3a, at λs = 1515 nm (2nd order QPM for pump-idler SFG, 
with Λ = 25 µm) and λs = 1406 nm (3rd order QPM for pump-signal SFG). Similar 
calculations done for Λ = 26 µm predict declines in intensity at 1580 nm and at 1405 nm, 
consistent with the experimental observations (Fig. 3b). 

The span of the OSA measurement in Fig. 3a covers also the degeneracy wavelength,  
λs,i = 1720 nm (indicated by the red mark), and it can be noticed that the intensities are not 
symmetric around the degeneracy point. Instead they appear to monotonically decrease on the 
longer wavelength side. As a matter of fact, such a decaying trend at the edge of the OSA 
spectral range appears to be an artefact of the instrument, as confirmed by the sets of 
measurements that we subsequently performed on the OPG output with the spectrometer. 
With the latter we could also directly measure the full OPG bandwidths, covering both the 
signal and idler spectral ranges. 

One such measurement, corrected for the absorption of the optical elements between the 
PPMg:SLT sample and the detector, is shown in Fig. 4, where we plot the experimental data 
(solid blue curve) recorded at the same working point as the one of Fig. 3a (Λ = 25 µm,  
λp = 860 nm). From Fig. 4 it is apparent that there is no real decrease in powers beyond the 
degeneracy point (indicated by the red mark). 
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Fig. 4. Full OPG spectra from 1 mol% PPMg:SLT at T = 80°C, generated with 25 μm period 
using a pump beam of 860 nm, 78 mW power and 2.7 ps pulse duration focused to 100 μm 
radius. The dashed red line represents a prediction of the idler intensities, calculated from the 
detected signal intensities. The integration time of the PbSe detector used with the Horiba Jobin 
Yvon monochromator was 900 ms. 

To distinguish the contribution of OPG from that of other parametric processes observed 
on the long-wavelength side of the experimental data, in Fig. 4 we plot a prediction of the 
idler spectrum (red dashed curve). It is calculated from the signal intensities (λs < 2λp) by 
using the Manley-Rowe relations: Ps/ωs = Pi/ωi = – Pp/ωp, where Px and ωx are the power and 
frequency, respectively, of the interacting waves. 

By comparing this prediction with the measurement we can identify three features in the 
idler spectrum which do not seem to be arising directly from the OPG process, namely the 
three broad peaks located at λi = 2.4, 2.8, 3.5 µm. The nature of those additional contributions 
to the PPMg:SLT output is the subject of current investigations. Their spectral locations 
match fairly well the expected positions for the 6th, 5th and 4th harmonics of a polariton wave 
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at 20 THz [21], which would strongly support their interpretation as the outcome of a 
concurrent stimulated Raman scattering process occurring in the sample. 

A conservative estimate for the spectral extent of OPG in Fig. 4, based on the Manley-
Rowe prediction for the longer-wavelength edge of the spectrum (neglecting the even broader 
tail seen in the experiments), indicates a bandwidth spanning more than one octave. The 
bandwidth at 10 dB is 180 THz, which is, to the best of our knowledge, the broadest band 
achieved so far in collinear parametric down-conversion. 

In the spectrum of Fig. 4 we also pointed out spectral features associated to cascaded SFG 
processes (already discussed with reference to the spectra in Fig. 3) occurring in the sample. 
The signatures of pump-idler SFG, achieved by 2nd order QPM, can be discerned among the 
idler wavelengths at 2 µm and at the corresponding signal wavelength of 1510 nm. On the 
other hand, pump-signal SFG does not seem to notably affect the spectrum. 

As a final remark on the measurements of Fig. 4, the total energy content of the detected 
OPG pulses was 2 µJ for an input energy of 78 µJ (the threshold was ~1 µJ). The maximum 
fluctuations observed in the OPG output energy (monitored with a Newport germanium 
918D-IR-OD3 photodetector) over a time of 5 minutes, noted for all the measurements of 

Figs. 3 and 4, amounted to Δℰ/ℰ = 7%. Preliminary measurements of the OPG response as a 
function of pump energy, for the conditions of Fig. 4, show that a linear regime prevails up to 
~20 µJ, with a slope conversion efficiency of 6%. Saturation effects appearing at higher pump 
energies reduce the conversion efficiency to 3% at the highest investigated pump energy. The 
OPG energy can be further increased by realising an OPA scheme following the OPG stage. 
In addition, the low coercive field of Mg:SLT allows for thicker crystals to be periodically 
poled, which could enable further scaling to higher powers. 

5. Conclusion 

We have reported on ultra-broadband parametric gain in periodically poled Mg:SLT, pumped 
with picosecond pulses in the vicinity of the zero GVD point of the material. OPG bandwidths 
as broad as 180 THz (at 10 dB), spanning the full spectrum from 1.1 to 3.5 μm, were achieved 
with a pump at 860 nm in PPMg:SLT with 25 µm poling periods. This is to the best of our 
knowledge the broadest band observed in collinear parametric down-conversion to date. 
When compared to previous results in PPLN and PPKTP, OPG in PPMg:SLT exhibited also a 
remarkable spectral flatness. 

The combination of extremely broad bandwidths and high parametric gain [16] affordable 
in PPMg:SLT makes this material a promising candidate for applications to high-power, ultra-
short pulse generation and amplification Given the optimum pump wavelength of 860 nm, it is 
interesting to consider broadband parametric systems pumped by Cr:LiSAF lasers and 
amplifiers, which can be directly diode pumped and can also generate large pulse energies at 
this wavelength [22]. 
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