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Abstract: We present an experimental investigation of supercontinuum generation in potassium
gadolinium tungstate (KGW) and yttrium vanadate (YVO4) crystals pumped with 210 fs, 1030
nm pulses from an amplified Yb:KGW laser operating at 2 MHz repetition rate. We demonstrate
that compared to commonly used sapphire and YAG, these materials possess considerably lower
supercontinuum generation thresholds, produce remarkable red-shifted spectral broadenings
(up to 1700 nm in YVO4 and up to 1900 nm in KGW) and exhibit less bulk heating due to
energy deposition during filamentation process. Moreover, durable damage-free performance
was observed without any translation of the sample, suggesting that KGW and YVO4 are excellent
nonlinear materials for high repetition rate supercontinuum generation in the near and short-wave
infrared spectral range.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Supercontinuum (SC) generation via filamentation of ultrashort laser pulses in transparent bulk
solid-state materials represents a simple, robust, and well-established technique for the production
of broadband radiation with a high degree of coherence that ensures excellent compressibility
and focusability of pulses and beams carrying more than octave-spanning spectra [1,2]. For these
reasons SC generation emerges as the only reliable seed source for ultrafast optical parametric
amplifiers (OPAs) [3–5], offering high energy stability, excellent pulse compressibility along
with preservation of stable carrier-envelope phase, and low time jitter between the pump and
seed pulses [6]. SC generation is also widely exploited in table-top optical parametric chirped
pulse amplifiers, either serving as a suitable seed directly, see e.g., [7–12] or being employed in
the intermediate stages of more complex broadband seed production setups, see [13] for a review.

The advent of ultrafast high repetition rate solid-state lasers based on Yb-doped lasing media
prompted the development of OPAs operating at repetition rates from tens of kHz to a few MHz.
The second and third harmonics-pumped OPAs are seeded by visible (blue-shifted) portion of the
SC [14–19], while fundamental harmonic-pumped OPAs use the near and short-wave infrared
(red-shifted) portions of the SC spectrum [20–24] that is typically generated by filamentation of
fundamental harmonic pulses in either sapphire or YAG crystals, which are the most reliable
nonlinear materials for this purpose [25]. The vast majority of SC generation setups with
Yb lasers employ YAG, which, compared to sapphire, has larger nonlinearity and exhibits
superior resistance to optical degradation at high laser pulse repetition rates, demonstrating robust
performance even with tightly focused pump beams [26].

However, the energy trade-off between the pump channels of SC generation and subsequent
OPA stage(s) becomes very important for the state-of-the-art laser systems operating at MHz
repetition rates, and demands the nonlinear materials with lower SC generation thresholds than
conventional materials such as sapphire and YAG currently offer. To this end, narrow bandgap
dielectric crystals, such as potassium gadolinium tungstate (KGd(WO4)2, KGW) and yttrium
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vanadate (YVO4), owing to their large values of nonlinear refractive indexes [27] emerge as
potentially attractive candidates for this purpose. Although these materials produce only modest
spectral broadenings on the short-wavelength side [25], more recent experiments with 1.03
and 1.55 µm pumping demonstrate their capability to produce reasonable red-shifted spectral
broadenings and a potential to operate at high repetition rates [28,29].

In this work, we carried out a comparative experimental study of SC generation in sapphire,
YAG, KGW and YVO4 crystals at a laser pulse repetition rate of 2 MHz. The measurements
of SC generation thresholds, dynamics of spectral broadening, nonlinear loses and associated
bulk heating demonstrate that compared to conventional nonlinear materials, such as sapphire
and YAG, KGW and YVO4 offer a number of important advantages for high repetition rate SC
generation in the near and short-wave infrared spectral range.

2. Materials and methods

The experiments were performed with an amplified Yb:KGW laser (Carbide, Light Conversion
Ltd.), which operated at 2 MHz repetition rate and provided 210 fs pulses with a central
wavelength of 1030 nm. The comparative study of SC generation was carried out in uncoated
and undoped samples of sapphire, YAG, KGW and YVO4, whose relevant optical properties are
listed in Table 1. Sapphire and YAG samples were of 6 mm length, while the available lengths of
KGW (b-cut, EKSMA Optics) and YVO4 (Optogama) samples were 10 mm. However, such a
length difference had no influence on beam filamentation and SC generation dynamics, since
relatively tight focusing of the pump beam was used.

Table 1. Relevant optical properties of sapphire, YAG, KGW and YVO4. Eg is the
energy bandgap, n0 and n2 are linear and nonlinear refractive indexes,

respectively, and Pcr is the critical power for self-focusing calculated for the
laser wavelength of 1030 nm.

Material Eg n0 n2 Pcr Reference

eV 10−16 cm2/W MW

Sapphire 9.0 1.76 2.75 3.25 [30]

YAG 6.5 1.83 6.2 1.39 [31]

KGW 4.25 2.01 11 0.71 [27]

YVO4 3.69 2.17 15 0.48 [27]

The experimental layout is depicted in Fig. 1. The laser beam with a diameter of 4.3 mm
(at the 1/e2 intensity level) was focused onto the front face of the nonlinear crystal sample
(S) with a fused silica lens L (f = +150 mm), which is equivalent to the numerical aperture
(NA) of 0.014. Such focusing geometry was considered as optimal, since although focusing
of the pump beam inside the sample may result in somewhat reduced threshold energy for SC
generation, but on the other hand, increases the risk of multipulse damage due to higher intensity
inside the material. On the contrary, focusing of a diverging pump beam yields an increase
of the threshold energy for SC generation. The samples were kept in a stationary position
during the measurements. The dynamics of spectral broadening was measured by varying the
input pulse energy with an attenuator consisting of the half-wave plate (HWP) and thin-film
polarizer (P). The spectral measurements were performed using two spectrometers: NIR-SWIR
spectrometer (NIRQuest-512, the detection range 900-2100 nm, SP1) and UV-NIR spectrometer
(AvaSpec-3648, the detection range 200-1100 nm, SP2) to measure the red-shifted and the
blue-shifted parts of the SC spectrum, respectively. An achromatic lens (AL, f = +75 mm)
before the NIR-SWIR spectrometer was used for a better collection of the infrared part of SC
spectrum. Both spectrometers were operated simultaneously, measuring axial portions of the
output radiation reflected from separate fused silica wedges (W1, W2). In order to increase the
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dynamic range of spectral measurements, the most intense part of the SC radiation around the
pump wavelength was attenuated using appropriate long-pass (F1) and short-pass (F2) filters.
The measured spectra thereafter were corrected accounting for the filter transmission function
and the sensitivity function of the spectrometer.

Fig. 1. The experimental layout. HWP, half-wave plate; P, thin-film polarizer; L, focusing
lens; S, nonlinear crystal sample; W1, W2, fused silica wedges; F1, long-pass filter; F2, short-
pass filter; AL, achromatic lens; SP1, NIR-SWIR spectrometer; SP2, UV-NIR spectrometer;
TVC, thermal vision camera; BD, beam dump.

For a more detailed study of crystal performance, along with spectral measurements, we
performed the measurements of nonlinear transmission and bulk heating of the tested samples.
The sample transmittance as a function of the input pulse energy was measured after the removal
of wedges W1 and W2 and using a thermal energy meter (Ophir 3A-PF-12), which replaced the
beam dump (BD) that was used in the case of spectral measurements. The crystal temperature
was monitored with a thermal vision camera (FLIR, A600-Series, TVC), which imaged the side
wall of the sample, as illustrated in Fig. 1.

3. Spectral measurements

The dynamics of spectral broadening versus the input pulse energy in KGW crystal is presented
in Fig. 2(a). An appreciable spectral broadening on the short wavelength side starts to be
detectable with the input pulse energy of 110 nJ (after subtracting the reflection from the front
face), and quickly saturates reaching a cut-off wavelength of 600 nm at the 10−6 intensity level
on the short wavelength side with the input pulse energy of 120 nJ, which we define as the
threshold energy for SC generation. However, spectral broadening on the long wavelength side
shows an apparently slower character, which is attributed due to different self-steepening rates of
leading and trailing sub-pulses, emerging from the pulse splitting at the nonlinear focus, that are
responsible for the red-shifted and blue-shifted spectral broadenings, respectively [32]. As a
result, the optimized red-shifted spectral extent (with the long-wavelength cut-off at 1900 nm)
is achieved using a slightly higher input pulse energy (180 nJ, hereafter defined as the optimal
energy), above which the red-shifted part of the SC spectrum still continues to broaden, but the
entire SC spectrum develops strong periodic modulation. The spectral modulation is associated
with filament refocusing, which leads to secondary pulse splitting, and hence to the interference
between the primary and secondary split sub-pulses. Note that in the femtosecond regime, due to
large group velocity mismatch, no signal with a Stokes shift due to stimulated Raman scattering
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is detected, which is otherwise exploited for Raman frequency shifting, amplification, spectral
broadening and subsequent compression of picosecond pulses [33–35].

Fig. 2. The dynamics of spectral broadening versus the input pulse energy measured in (a)
KGW, (b) YVO4 crystals.

The spectral dynamics as a function of the input pulse energy in YVO4 crystal is shown in
Fig. 2(b), where we observed basically identical evolution of the SC spectrum related to general
features of the filamentation process, as discussed above. However, despite a slightly larger
nonlinear index of refraction, see Table 1, the SC generation threshold in YVO4 was found
somewhat higher (150 nJ) and with the optimal input pulse energy of 230 nJ the SC spectrum in
YVO4 covered the 650 − 1700 nm range.

Figure 3 compares the SC emission patterns produced in KGW and YVO4, which were
projected on the paper screen. In the case of KGW, Fig. 3(a), the bright spot in the center
represents the axial portion of SC, which is surrounded by an array of colors from red inside to
green outside, representing the conical emission (broadband radiation emerging at wavelength-
dependent angle with respect to the pump beam). The light emission pattern produced in YVO4
displays only deep-red conical emission at a large angle, whereas the infrared SC radiation on
the propagation axis is visible as a distinct purple spot at the center due to paper luminescence,
see Fig. 3(b). Interestingly, the respective crystal views shown at the bottom left corner of the



Research Article Vol. 31, No. 12 / 5 Jun 2023 / Optics Express 20381

images, reveal huge differences in filament-induced luminescence. More specifically, only very
faint filament-induced luminescence is observed in KGW, which is completely surpassed by the
reflections of red color-dominated conical emission from the crystal faces. In contrast, the light
filament in YVO4 induced very strong broadband emission centered at ∼ 450 nm, which was
first observed with excitation with nanosecond pulses in the visible range and was attributed to
transitions within the vanadate (VO3−

4 ) group [36]. More recently, strong bluish luminescence in
YVO4 was observed with infrared continuous wave excitation [37], also noting a huge difference
in luminescence intensities in YVO4 and KGW, which is still missing a plausible explanation.

Fig. 3. SC emission patterns produced in (a) KGW, (b) YVO4 with the optimum input pulse
energies of 180 nJ and 230 nJ, respectively. Crystal views are seen at the bottom left corner
of the images.

The dynamics of spectral broadening under identical focusing conditions were also measured in
sapphire and YAG crystals, allowing a straightforward comparison of SC generation performances
in all tested materials. The measured threshold energies for SC generation in sapphire and YAG
crystals were 880 nJ and 410 nJ, respectively. A smooth SC spectrum covering the 460−1500 nm
range was produced in sapphire with optimal input pulse energy of 1.1 µJ, while the SC spectrum
in the range of 490 − 1500 nm was generated in YAG with optimal input pulse energy of 730 nJ.
Note that the relatively tight focusing condition (NA=0.014) used in the present experiment did
not allow to achieve an improved spectral broadening toward the long-wavelength side in both
materials [25,32].

Figure 4 presents the relevant characteristics of SC radiation, which are important from a
practical point of view. Figure 4(a) shows the comparison of SC spectra in sapphire, YAG, KGW
and YVO4 in terms of spectral energy density. Figure 4(b) depicts the long wavelength parts of
the SC spectra in KGW and YVO4, measured with optimal input pulse energies (180 nJ and 230
nJ, respectively) on a linear scale. Strong spectral modulations are present at the vicinity of the
pump wavelength (up to ∼ 1200 nm), whereas the major portions of the SC spectra are smooth
and modulation-free. The high spatial quality of the SC beam is attested by Figs. 4(c) and 4(d),
which display the SC beam profiles in KGW and YVO4, respectively, within the 1200 − 1400 nm
spectral window selected by appropriate filtering and measured with InGaAs camera (C12741-03,
Hamamatsu) located at 10 cm distance from the sample exit face.

To briefly summarize the spectral measurements in all tested materials, the established SC
generation thresholds in KGW and YVO4 were considerably lower than in YAG (∼ 3 times)
and sapphire (5 to 7 times), in fair agreement with the values of critical power for self-focusing
provided in Table 1. However, it is interesting to mention that KGW crystal has lower SC
generation threshold than YVO4, although the opposite could be expected. Moreover, the attained
blue-shifts of the SC spectra nicely confirm the general and well-established bandgap dependence
[38], see also [39] for the most recent updates. In that regard, since both KGW and YVO4 produce
only moderate spectral blue shifts, YAG crystal remains the primary choice for what concerns
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Fig. 4. (a) Comparison of SC spectra in sapphire, YAG, KGW and YVO4 produced with
optimal input pulse energies. (b) The long wavelength parts of the SC spectra in KGW and
YVO4 shown on a linear scale. The SC beam profiles in (c) KGW and (d) YVO4 measured
in the 1200 − 1400 nm spectral window.

high repetition rate SC generation in the visible range. Finally, despite relatively tight focusing
of the pump beam, KGW and YVO4 produce remarkably large spectral red-shifts, which is in
contrast with modest spectral red-shifts attained in sapphire and YAG under identical focusing
conditions.

4. Nonlinear transmission, bulk heating and long-term performance

Energy deposition to the transparent material via multiphoton absorption and free electron plasma
absorption due to the inverse Bremsstrahlung effect, which are among the key players in the
filamentation process, lead to heat accumulation at very high repetition rates [40]. This may
result in gradual structural modification, or, in other words, optical degradation of the material,
that in turn causes shrinking, and eventually, extinction of the SC spectrum with time. Therefore,
in order to gain more insight on the crystal performance from the perspective of long-term
operation, we carried out the measurements of nonlinear transmission vs the input pulse energy
and measured bulk heating of all tested materials.

The measured transmissions of sapphire, YAG, KGW and YVO4 samples as functions of the
input pulse energy after subtracting Fresnel reflections from crystal input and exit faces, are
presented in Fig. 5(a). The onset of nonlinear losses (the drop in transmission) is associated
with an increase of the beam intensity due to self-focusing, and eventually, formation of a light
filament. KGW and YVO4 samples exhibit the largest nonlinear losses in total, which are mainly
contributed by low-order (four-photon) nonlinear absorption, whereas the multiphoton absorption
orders of 6 and 8 were estimated in YAG and sapphire, respectively, assuming the incident photon
energy of 1.2 eV and material bandgap values, listed in Table 1. Figure 5(b) shows the calculated
fractional losses, defined as −dT/dE, which are equivalent to nonlinear absorption rate. For a
fixed propagation length (the length of the sample), the peaks of fractional losses occur when
the intensity growth is the fastest, that is at the nonlinear focus of the beam. In other words, the
peaks of fractional losses indicate the input pulse energy, which produces the nonlinear focus
right on the exit face of the sample, and which could be regarded as a threshold energy for beam
filamentation, see e.g. [41] for details.

The estimated nonlinear losses in the operating conditions at the optimal input pulse energies
amounted to 34%, 44%, 35% and 43% in sapphire, YAG, KGW and YVO4 samples, respectively.
These in turn yielded the absolute values of absorbed energy of 100 nJ in YVO4, 63 nJ in KGW,
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Fig. 5. (a) Nonlinear transmission of sapphire, YAG, KGW and YVO4 samples as a function
of the input pulse energy. (b) Calculated fractional losses, whose peaks indicate that the
position of the nonlinear focus is located at the exit face of the sample.

320 nJ in YAG and 375 nJ in sapphire, that convert to the absorbed powers of 200 mW, 126
mW, 640 mW and 750 mW, respectively. The effect of absorbed power on bulk heating was
investigated by mounting the samples on a Teflon base and performing the surface temperature
measurements after 10 minutes of continuous exposure, when sample temperature has fully settled
reaching a certain equilibrium value. Although the heat accumulation is apparently proportional
to the absolute amount of absorbed energy and power, on the other hand, the measured surface
temperatures are related also to sample dimensions and thermal conductivity of the material,
so this measurement gives just a raw approximation of thermal regime, which nevertheless is
important to know from a practical point of view.

Figures 6(a) and 6(b) show the thermal vision camera images of KGW (the sample dimensions
7 × 7 × 10 mm3) and YVO4 (the sample dimensions 3 × 5 × 10 mm3) crystals operated at 2 MHz
repetition rate and optimal input pulse energies of 180 nJ and 230 nJ, respectively. The measured
surface temperatures of KGW and YVO4 samples were 31◦ and 41◦, respectively, which are well
below that of e.g., sapphire sample (the sample dimensions 5 × 5 × 6 mm3), which heated up to
92◦ at its optimal input pulse energy of 1.1 µJ due to the largest absolute amount of absorbed
power. In practice, the bulk heating could be efficiently mitigated by using an appropriate heat
sink. Mounting KGW and YVO4 samples on an aluminium heat sink resulted in a reduction of
sample temperatures to 26◦ and 28◦, respectively, see Figs. 6(c) and 6(d), which are just slightly
above the ambient temperature in the lab (21◦).

Finally, we examined the long-term performances of SC generation in KGW and YVO4 crystals.
In the present experiment, the crystal samples were mounted on a metal heat sink and kept in
a stationary position with respect to the pump beam. KGW crystal demonstrated very stable
performance without any change of the SC spectrum over 2 hours of operation, attesting no
optical degradation of the material, as illustrated in Fig. 7(a). YVO4 crystal also demonstrated an
apparently stable performance, see Fig. 7(b), however, closer inspection of the spectral dynamics
in time revealed a slight but gradual narrowing of the SC spectrum on the long-wavelength side by
25 nm over 2 hours of operation. A simple test by translating the sample into a fresh (unexposed)
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Fig. 6. Thermal vision camera images of KGW and YVO4 samples mounted (a,b) on a
Teflon base and (c,d) on an aluminium heat sink recorded after 10 min of operation at 2 MHz
repetition rate with the optimal input pulse energies of 180 nJ and 230 nJ, respectively.

Fig. 7. Long-term dynamics of the SC spectra generated in (a) KGW
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position showed an entirely recovered SC spectrum, so the observed spectral narrowing is indeed
a signature of very slow optical degradation of YVO4 crystal under present operating conditions.
On the other hand, since the observed material degradation is very slow, it could be easily avoided
by placing the crystal on the motorized translation stage.

5. Conclusions

In conclusion, we demonstrated that KGW and YVO4 are excellent nonlinear materials for high
repetition rate SC generation in the near and short-wave infrared spectral range. Both materials
show durable damage-free performance at 2 MHz pulse repetition rate, negligible bulk heating
and produce more than octave-wide SC spectra with remarkably large spectral red-shifts, which
in combination with low filamentation and SC generation thresholds offer very suitable energy
trade-off between the seed production and amplification channels for high average power ultrafast
optical parametric amplifiers operating in the near- to mid-infrared spectral range. Overall,
compared to YVO4, KGW crystal demonstrated a better performance in terms of attainable
spectral extent, bulk heating and optical degradation, emerging as a very useful asset for the
design of high-speed spectroscopic and imaging systems which employ broadband pulses based
on SC generation, see e.g. [42].
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41. A. Marcinkevičiūtė, G. Tamošauskas, and A. Dubietis, “Supercontinuum generation in mixed thallous halides KRS-5
and KRS-6,” Opt. Mater. 78, 339–344 (2018).

42. F. Vernuccio, A. Bresci, B. Talone, A. De La Cadena, C. Ceconello, S. Mantero, C. Sobacchi, R. Vanna, G. Cerullo,
and D. Polli, “Fingerprint multiplex CARS at high speed based on supercontinuum generation in bulk media and
deep learning spectral denoising,” Opt. Express 30(17), 30135–30148 (2022).

https://doi.org/10.1364/OE.18.001191
https://doi.org/10.1364/OL.36.004212
https://doi.org/10.1364/OL.39.002588
https://doi.org/10.1364/OE.22.014964
https://doi.org/10.1364/OL.43.001363
https://doi.org/10.1364/OE.27.021306
https://doi.org/10.1364/OL.403856
https://doi.org/10.1364/OSAC.439298
https://doi.org/10.1088/2040-8986/aa9b07
https://doi.org/10.1007/s00340-009-3699-1
https://doi.org/10.1364/OL.397481
https://doi.org/10.1007/s00340-005-2098-5
https://doi.org/10.1016/j.optlastec.2021.107373
https://doi.org/10.1364/OL.447295
https://doi.org/10.1364/OL.43.000304
https://doi.org/10.1103/PhysRevB.39.3337
https://doi.org/10.1007/s00340-013-5723-8
https://doi.org/10.1364/OL.408478
https://doi.org/10.1364/OL.431675
https://doi.org/10.1364/OL.431675
https://doi.org/10.3390/cryst12070888
https://doi.org/10.1063/1.1451991
https://doi.org/10.1134/S0030400X15110144
https://doi.org/10.1103/PhysRevLett.80.4406
https://doi.org/10.1007/s00339-002-1819-4
https://doi.org/10.1016/j.optmat.2018.02.042
https://doi.org/10.1364/OE.463032

