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Kerr-lens mode-locked Cr:ZnS oscillator
reaches the spectral span of an optical octave
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Abstract: We report, to the best of our knowledge, the first super-octave femtosecond polycrys-
talline Cr:ZnS laser at the central wavelength 2.4 um. The laser is based on a non-polarizing
astigmatic X-folded resonator with normal incidence mounting of the gain element. The chromatic
dispersion of the resonator is controlled with a set of dispersive mirrors within one third of an
optical octave over 2.05-2.6 um range. The resonator’s optics is highly reflective in the range
1.8-2.9 um. The components of the oscillator’s output spectrum at the wavelengths 1.6 pm
and 3.2 um are detected at —60 dB with respect to the main peak. Average power of few-cycle
Kerr-lens mode-locked laser is 1.4 W at the pulse repetition frequency 79 MHz. That corresponds
to 22% conversion of cw radiation of Er-doped fiber laser, which we used for optical pumping of
the Cr:ZnS oscillator.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Super-octave femtosecond (fs) sources have special significance in laser science and technology
because they enable self-referencing of the optical frequency combs and the carrier-envelope phase
measurement of isolated fs pulses via nonlinear f-to-2f interferometry [1,2]. The vast majority of
fs lasers have sub-octave spectral bandwidths. Therefore, fs oscillators and amplifiers are often
combined with additional stages for nonlinear broadening of pulses’ spectra. The generation of
super-octave spectra at uJ-level energies of fs pulses is very straightforward: this goal is usually
achieved via supercontinuum generation (SCG) in bulk dielectrics and semiconductors [3]. The
techniques for nonlinear spectral broadening of unamplified pulse trains from fs oscillators are
also well established. These techniques rely on the coupling of pJ-to-nJ pulses, at MHz-to-GHz
pulse repetition frequencies (fr), to specially designed nonlinear fibers and waveguides [4,5,6,7].
Further, there have been a number of recent reports on the generation of octave-spanning continua
in structured bulk materials with % nonlinearity that occurred at a relatively low energy of fs
pulses (Ep = 10 nJ) and at high repetition frequencies (fr ~ 0.1 GHz) [8,9,10].

Yet most elegant and therefore attractive technique of super-octave lasing is the direct generation
of an octave-spanning spectrum in an optical resonator of a mode-locked laser oscillator. An
important advantage of this special regime is the possibility to detect and stabilize the oscillator’s
carrier envelope offset frequency (fcgo) with high precision using simplified f-to-2f interferometry
[11,12]. The first super-octave oscillator, based on a combination of dispersive mirrors and
prisms, was demonstrated in 2001 [13]. More practical prismless super octave laser designs,
including compact fr = 1 GHz oscillators were introduced shortly after [14,15,16].

All implementations of super-octave oscillators reported to date are Kerr-lens mode-locked
Ti:sapphire laser oscillators equipped with matched pairs of dispersive mirrors [17,18] enabling
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control of the resonator group-delay dispersion (GDD) over a broad spectral range (typically
from 0.6 to 1.2 um). Here we demonstrate an octave spanning oscillator at the central wavelength
2.4 ym based on Cr:ZnS, a laser material that is often referred to as the “Ti:sapphire of the
middle-infrared”. The remarkable features of the laser design are simplified dispersion control
(GDD was compensated within a third of an octave) and high power (1.4 W). We believe that this
new avenue for super-octave lasing leads to a number of interesting opportunities for generation
and stabilization of optical frequency combs in the middle-infrared (mid-IR).

2. Laser setup and alignment

Cr:ZnS belongs to a large family of transition-metal-doped II-VI semiconductors (TM?*:1I-VI,
[19,20]). It features room temperature operation over a broad (1.8-3.3 um) tuning range. An
important advantage of Cr:ZnS and its sister material, Cr:ZnSe, is optical pumping by readily
available and reliable Er- and Tm- doped fiber lasers with the optical-to-optical conversion
efficiencies up to 60%. Cr:ZnS and Cr:ZnSe are available as single crystals and as polycrystals
consisting of a multitude of microscopic single crystal grains. The Kerr-lens mode-locked laser
regime is supported by both forms [21,22].

The super-octave polycrystalline Cr:ZnS oscillator is based on an optimized commercial
few-cycle Kerr-lens mode locked laser. The laser design is described in details in [23,24]. Several
examples of broadband sub-octave oscillators based on the same design are provided in [25].
In short, an AR coated 5-mm long polycrystalline Cr:ZnS gain element is mounted at normal
incidence in the X-folded standing-wave resonator between two curved mirrors with 100-mm
radii and is cooled with a room temperature water. The laser is optically pumped with a radiation
of commercial randomly polarized Er- doped fiber laser (EDFL). A part of the fundamental
mid-IR laser radiation (f) is converted to second harmonic (2f) via random quasi phase matching
process in polycrystalline Cr:ZnS (RQPM, [26]) and partially transmitted trough the right curved
mirror.

Dispersion of the resonator was controlled within the spectral bandwidth 2.05-2.6 um. We
relied on the theoretical GDD spectra of the resonator’s optics and on the available data on the
refractive index of undoped ZnS in order to evaluate the chromatic dispersion of the resonator.
According to our estimates, net third-order dispersion (TOD) of the resonator was compensated
while net GDD was overcompensated to about —125 fs> with the residual GDD oscillations of
about +80fs?, as illustrated in Fig. 3(a).

The laser was first optimized for maximum cw output power at 6 W of EDFL pump power. The
distance between the curved mirrors was then adjusted in order to enable Kerr-lens mode-locking,
which was initiated by a mirror translation. The experiments were carried out at an ambient air
humidity as will be discussed below.

Important features of this laser design that, we believe, enable robust few-cycle Kerr-lens mode-
locking in polycrystalline Cr:ZnS are: (i) normal incidence mounting of the gain element, (ii) use
of a nonpolarizing resonator, and (ii) use of output couplers with relatively high transmission
(Roc =50%, in this particular case). Our experience shows that the astigmatism of the resonator
is not an impediment for Kerr-lens mode-locking, see, e.g. [27]. Further, the output pulse
train is linearly polarized (although it is possible to obtain two pulse trains at two orthogonal
polarizations [28]).

Normal incidence mounting of the gain element provided us with additional flexibility for
optimization of the laser for shortest pulses by translation of the gain element along the optical
axis of the resonator, as described in [22,23]. In this particular case, the optimizations included
translations of the gain element along and across the optical axis; adjustments of the pump power
and pump focusing; small alignments of the resonator’s mirrors.
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3. Experimental results

Spectral parameters of the oscillator before and after optimization are comparted in Fig. 2.
Spectra (i) and (ii) were measured after the initial assembly of the oscillator at low and at 50%
relative air humidity (RH) inside the optical compartment, respectively (in the former case we
purged the oscillator with dry air). As can be seen, an increase of the water vapor content
inside the resonator results in a blue shift of the pulses’ spectrum (by about 50 nm) as well
as in the noticeable change of the spectral distribution. We then carried out several rounds of
optimizations — as described in previous section — in order to maximize the spectral bandwidth
of output pulses. The final spectrum is shown in Fig. 2 by dashed line. It corresponds to 1.4
W average laser power in mode-locked regime at 6.35 W EDFL pump power. That, in turn,
corresponds to 22% conversion of cw EDFL radiation to fs mid-IR pulses. The polarization of
the optimized laser was linear and vertical (perpendicular to the plane of Fig. 1) in both cw and
Kerr-lens mode-locked laser regimes.

Fig. 1. Laser setup. EDFL, Er- doped fiber laser at the wavelength 1567 nm; L, plano-convex
lens with f = 80 mm; HR and HR, plane and concave mid-IR high reflectors, respectively;
OC, output coupler. Pump beam is focused in Cr:ZnS gain element with ~60 um 1/¢%
intensity diameter. The length of the optical resonator is controlled with a piezo (PZT). The
fr is measured at second harmonic wavelength (2f) with an InGaAs detector (PD). Detected
rf signal is fed to the phase-locking electronics. For simplicity, only the end mirrors HR and
OC are shown in the resonator; the other four HR mirrors are used to fold the laser beams
for footprint reduction. The resonator’s length is about 1.9 m (fgr = 79.06 MHz)

Importantly, the broadest spectrum of pulses was obtained at high RH (52-55% at about
20-22°C). We believe that the water vapor in the laser resonator has served as a means for
fine-tuning of the resonator’s chromatic dispersion. On the one hand, our experiments show
that the fine-tuning of a Cr:ZnS oscillator via the RH variation is a reproducible technique (see,
e.g., Fig. 4(c) in [29]). On the other hand, the RH controllers are slow and cumbersome devices.
Therefore, the practical applications of few-cycle Cr:ZnS oscillators require the development
of more convenient tuning methods (e.g. a fine-tuning with the intracavity wedges made of
appropriate IR materials).

The obtained output spectrum of the optimized oscillator, measured with a high dynamic
range, is illustrated in Fig. 3(b). The spectrum is compared with net reflectivity of the high
reflectors, net-GDD of the resonator, and with air transmission in 2-m long optical path, as shown
in Fig. 3(a).

The obtained spectrum of output pulses spans 350 nm (20 THz) at half maximum, 740 nm
(42 THz) at —10 dB and an optical octave 1600 nm (94 THz) at —60 dB with respect to the main
peak. We explain very low level of the optical signal at the wings of the spectrum by significant
losses at sub-octave high-reflectors (see Fig. 3(a)). Further, a broad super-octave spectral span
is obtained with an unusually narrow, one third of an octave, dispersion control bandwidth.
Therefore, the conventional soliton like pulse propagation in the resonator cannot explain the
shaping of the spectrum. It is likely that circulating pulse acquires significant additional spectral
broadening during a single pass through a highly nonlinear polycrystalline Cr:ZnS medium.
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Fig. 2. Spectra of the oscillator before (i, ii, solid lines) and after (iii, dashed line) fine
tuning. Spectra (i) and (ii). were acquired with low dynamic range (SNR =~ 20 dB) using
a Thorlabs OSA207C Fourier-transform optical spectrum analyzer. Spectrum (iii) was
acquired with high dynamic range (see main text). Gray background shows transmission of
standard air (HITRAN simulation). A ~1.5 m long optical path between the oscillator’s
output window and the spectrometer was at standard RH during all measurements.

Fig. 3. (a) Solid line, net reflectivity of the resonator’s high reflectors (13 bounces in
total, theoretical estimate); green rectangle dispersion control bandwidth (see main text);
dashed line (right vertical axis), net GDD of the resonator within the dispersion control
bandwidth (theoretical estimate); gray background, transmission of standard air in 2 m long
resonator (HITRAN simulation). (b) Spectrum of optimized oscillator measured at RH =
52% and presented in log scale. Curves (i) and (iii) were acquired with an Acton Research
monochromator using appropriate gratings, detectors and spectral filters. Curves (ii) and (iv)
were acquired with a Thorlabs OSA205C-HS Fourier-transform optical spectrum analyzer
without filter (ii) and with a long-pass filter (iv). Obtained spectra were then stitched. Insert
shows measured beam profile where the solid line marks 50% level with respect to the
maximum.
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Fig. 4. (a) In-loop rf spectrum of the oscillator with phase-locked fg measured with 1 kHz
resolution bandwidth. (b) Phase noise PSD (solid curves) and accumulated phase error of the
signal (dashed curve, integrated from 10 to 10° Hz). Vertical arrows show the contributions
due to the relative intensity noise of EDFL pump laser. Measurements were carried out with
an Aeroflex 3251 rf spectrum analyzer.

Indeed, intracavity pulse energy of 35 nJ allows us to estimate intracavity peak power of 1.5 MW
(assuming 20 fs pulses, see discussion below) that significantly exceeds the critical power for
self-focusing in Cr:ZnS (about 0.5 MW). In this respect the obtained laser regime has similarities
with the regime reported in [14] where the super-octave spectrum at —50 dB level with respect to
the main peak was achieved with dispersion control over 3/8 of an octave. We can also point out
that the significant nonlinear broadening and generation of super-octave mid-IR spectra (at —40
dB level with respect to the central peak) was observed in a single-pass polycrystalline Cr:ZnS
amplifier [10].

Another unusual feature of the implemented super-octave Cr:ZnS oscillator is the robustness
of Kerr-lens mode-locking at rather high levels of water vapor absorption inside the resonator, as
shown in Fig. 3(a). Temporal stability of obtained pulse train was characterized using the auxiliary
near IR 2f output of the laser. The pulse train was detected with a fast InGaAs photodetector
(TimeBase PD-1800). We then used a commercial phase locked loop controller to phase-lock
the detected signal to a radio frequency (rf) reference as illustrated in Fig. 1. The results of this
experiment are summarized in Fig. 4.

The integrated phase noise of the oscillator with phase-locked fR is 4.4 mrads that corresponds
to a timing jitter of about 10 ps. Significant fraction of the phase noise in the fs pulse train
arises from the relaxation resonance of EDFL at the frequency 130 kHz. The couplings of the
relative intensity noise (RIN) of the EDLF pump to the fs pulse train are marked in Fig. 4 by
vertical arrows. Thus, in terms of the pulse train temporal purity, our super-octave oscillator is
comparable with other types of few-cycle Kerr-lens mode-locked Cr:ZnS and Cr:ZnSe lasers
[30,31].

The pulse width (AT) of the oscillator was characterized with a custom a 2"¢ order, two-photon
detection interferometric autocorrelator with 20 fs measurement capacity, developed by APE.
We used a set of 3 dichroic mirrors to suppress the residual 2f signal in the mid-IR output
of the oscillator. We relied on the autocorrelator’s control software and used sech? fit of the
autocorrelation functions for evaluations of the pulse width. Figure 5 compares measured
autocorrelation traces with the simulations. The obtained mid-IR spectrum supports 20 fs
(2.5-cycle) pulses. An autocorrelation derived from the spectrum is shown in Fig. 5(a). These



Research Article Vol. 29, No. 2/18 January 2021/ Optics Express 2463

pulses are short enough to acquire a significant temporal broadening during their propagation
through a substrate of the output coupler: 1.75 mm thick undoped YAG with GDD =~ —-300
fs> ~ 17 fs>. The acquired chirp can be compensated with a plane parallel plate made of the
material with the opposite sign of GDD in the mid-IR spectral range, e.g. a 1-mm thick ZnSe
plate. An autocorrelation derived for such a de-chirped pulse is shown in Fig. 5(b). According to
the simulation, pulses can be recompressed to about 25 fs (3-cycle) with the residual temporal
broadening of 25% due to the uncompensated TOD of the output coupler and of the de-chirping
plate (combined TOD ~ 2000 fs* ~ 123 fs?).

Fig. 5. Interferometric autocorrelation traces (IACs) of output pulses: (a) derived from
measured spectrum assuming flat spectral phase; (b) derived from measured spectrum
assuming a chirp introduced by 1.75 mm YAG plate and 1 mm ZnSe plate; (c) solid line,
TIAC measured with 1 mm ZnSe compensation plate; dotted line, IAC measured directly
behind the output coupler. In parts (a) and (b) pulse widths are defined at FWHM of the
power distributions. In part (c) pulse widths are derived from the IACs using sech? fit.

As can be seen from Fig. 5(c), the obtained experimental results are in good agreement with
the simulations. The IAC measured behind the OC corresponds to chirped pulses with At of
about 48 fs. Introduction of the 1-mm ZnSe plate compressed pulses to about 23 fs. Thus, we
can estimate 3-cycle output pulses with 17.6 nJ energy and approximately 0.7 MW peak power at
the fr =79 MHz.

4. Conclusions

In conclusion we demonstrate first Cr:ZnS fs oscillator with an octave-spanning spectrum at the
central wavelength 2.4 um. This significant milestone in the mid-IR laser technology has been
reached by a number of improvements in the standard Kerr-lens mode-locked polycrystalline
Cr:ZnS laser. Obtained results demonstrate two important features of polycrystalline Cr:ZnS and,
most likely, Cr:ZnSe lasers. First and foremost, very broad spectral spans can be obtained in the
oscillators with relaxed requirements to the dispersion control of the optical resonator. Further,
the mid-IR pulse trains with relatively low timing jitter can be obtained at relatively high levels of
water vapor absorption in the resonators of Kerr-lens mode-locked lasers. These features greatly
simplify the alignment and the practical applications of the super-octave mid-IR laser oscillators.
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We expect that the use of now available ultra-broadband multilayer coatings for the mid-IR
range 2 —3 um [32] will allow to increase the levels of the optical signal at the wings of the
super-octave spectrum by 1-2 orders of magnitude. This, in turn, will enable straightforward
measurements of the oscillator’s fcgo via monolithic f-to-2f interferometry [11]. An additional
set of interesting opportunities is provided by nonlinear frequency conversion directly in the
polycrystalline gain elements of super-octave Cr:ZnS (and Cr:ZnSe) lasers. RQPM process in
polycrystals is exceptionally broadband and, hence, enables a multitude of intrapulse three-wave
mixings [10] as well as the nonlinear mixings between generated fs pulses and pump radiation
[23].
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