
Wavelength-Tunable Kerr-Lens
Mode-Locked Femtosecond Cr:ZnS
Laser With a ~300-nm Tuning Range
From 2.2 to 2.5μm
Qing Wang1,2,3*, Runyu Wang1,2,3, Fan Yang1,2,3 and Yan Li1,2,3

1School of Optics and Photonics, Beijing Institute of Technology, Beijing, China, 2Key Laboratory of Photoelectronic Imaging
Technology and System, Ministry of Education, Beijing, China, 3Key Laboratory of Photonics Information Technology, Ministry of
Industry and Information Technology, Beijing, China

Tunable 2~3-μm femtosecond lasers are of high interest in various applications, such as
medical diagnostics and molecular spectroscopy. Cr:ZnSe/ZnS is extremely suited for
broadband tunable femtosecond lasers due to its excellent emission bands. In this article,
we demonstrate a wavelength-tunable Kerr-lens mode-locked Cr:ZnS laser by utilizing a
birefringent filter. The group delay dispersion of the operation and the thickness of the
birefringent are finely optimized.With the rotation of the birefringent filter, the scheme offers a
tuning bandwidth of over 300 nm from2,220 nm to 2,520 nm. To the best of our knowledge,
it is the broadest tuning range among the reported femtosecond Cr:ZnS lasers.
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INTRODUCTION

Broadband mid-infrared (MIR) laser sources are in great demand for a plethora of applications,
including biological identification, medical diagnostics, and molecular spectroscopy, due to the
presence of strong fundamental and overtone vibrational absorption lines of different gases [1,
2]. To be more specific, the range between 2 and 3 μm covers the absorption lines of NH2, CO,
CO2, and water related to typical biological tissue absorption [3]. Femtosecond laser sources
covering 2–3 μm could be used for time-resolved spectroscopy of such molecules [4]. Besides,
such sources can be also used for remote sensing and driving various nonlinear processes, such as
MIR supercontinuum generation [5] and high-harmonic generation [6]. Compared to untunable
broadband MIR sources, wavelength-tunable femtosecond lasers are more attractive due to the
better matching of their wavelength range with detected molecules or various nonlinear
processes.

Cr:ZnSe/ZnS is an ideal material for generating tunable femtosecond mode-locked lasers in
2–3 μm. Cr:ZnSe/ZnS with ultrabroad emission bands provides the accessibility of broadband
femtosecond lasers and a large range of tunability. The broad absorption bands of the gain media
cover some sufficient and reliable pump sources, such as commercial fiber lasers or laser diodes.
Furthermore, Cr:ZnSe/ZnS provides no excited state absorption, provides room temperature
operation, and is close to a four-level energy structure. Hence, with their favorable physical
characteristics, these materials have been considered as “Ti:sapphire” in the MIR [7].

Femtosecond oscillators are commonly achieved by Kerr-lens passively mode-locked schemes
or saturable absorber passively mode-locked schemes based on semiconductors or graphenes
[8–11]. The first mode-locked Cr:ZnSe/ZnS laser was based on a semiconductor saturable absorber
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mirror (SESAM) reported in 2005 [12]. Several advantages, such
as enabling self-starting and low-noises, offered by SESAM
mode-locking schemes are appealing. However, the
bandwidth of the SESAM restricts the realization of few-cycle
pulses and the range of tunability. Compared to saturable
absorber passive mode-locking, Kerr-lens mode-locked
oscillators break through these restrictions and become more
attractive to fulfill broadband femtosecond lasers with a large
tunable bandwidth.

Cr:ZnSe/ZnS has been demonstrated as an excellent material
for tunable continuous wave laser, which could be tuned from
1880 to 3,350 nm [13, 14]. Meanwhile, some tunable femtosecond
oscillators based on Cr:ZnSe/ZnS are reported, in which a
birefringent filter (BRF) or a pair of prisms is used [15–17].
Although the first tunable femtosecond Cr:ZnSe laser is achieved
by adjusting a slit working with a prism pair [16], the space chirp
induced by the prism pair has a severe negative influence on beam
quality. In Ref. [17], the tunable range is expended to 180 nm
achieved by the BRF. Until now, the broadest tunable range in
femtosecond Cr:ZnSe/ZnS laser has been from 2,120 nm to
2,408 nm [15]. All these works only offer pulses with the

wavelength below 2,400 nm and tunable bandwidth below
300 nm.

In this letter, a widely tunable femtosecond Cr:ZnS
oscillator is reported. The KML Cr:ZnS laser operating at
2347 nm allows the generation of stable126-fs pulses with
an average output power of 344 mW at a repetition rate of
72.6 MHz. A BRF offers less loss, a broadband tunable range,
and better beam quality. By utilizing a 0.5-mm-thick BRF with
a broad free spectral range, we achieved more than 300 nm
tuning bandwidth from 2,220 to 2,520 nm. Large negative
dispersion compensation was set for ideal soliton mode-
locking operation and a broad tunable bandwidth. To the
best of our knowledge, it is the broadest tuning range in
femtosecond Cr:ZnSe/ZnS oscillators and fills the gap in the
long-wave range beyond 2,400 nm. This tunable wavelength
range not only contains the absorption lines of NH2 and CO
(below 2,400 nm) but also contains the absorption lines of HF
and COS (beyond 2,400 nm) [18]. This work has unique
potential applications in molecular spectroscopy and
nonlinear processes.

EXPERIMENTAL SETUP

The experimental setup is depicted in Figure 1. The 2 × 2 × 9-
mm3 polycrystalline Cr:ZnS was used as the gain medium of
the oscillator, which is AR-coated at both 1908 nm and
2,100–2,600 nm, with 10% low-signal transmission ratios at
a wavelength of 1908 nm. The gain element is mounted in a
copper heat sink, and its temperature is maintained by thermal
electric coolers (TECs) to 20°C. A 1908-nm linear polarized
Tm-doped fiber laser system with an output power of 5.4 W is
used to pump the Cr:ZnS. The Cr:ZnS is placed in the middle of
the first stability zone of an X-folded cavity. The two dichroic
mirrors (DMs) are coated with high reflection over 2.1–2.7 μm
and high transmission around 1.91 μm with a radius of
curvature (ROC) of −100 mm. All the plane mirrors are
high reflection coated from 2,100 to 2,700 nm. The output
coupler (OC) is a plane mirror based on 6-mm-thick fused-
silica (IR) with a transmission of 10% from 1700 to 2,700 nm.
A hard aperture arranged close to the end mirror was used to
stabilize Kerr-lens mode-locking operation. The whole cavity

FIGURE 1 | Kerr-lens mode-locked Cr:ZnS oscillator. FL, focusing lens (f = 100 mm); DM, curved dichroic mirror (ROC = 100 mm); EM, end mirror (the same as
HR, high reflection, at 2,150–2,700 nm); OC, output coupler, T = 10% at 1,700–2,700 nm; H, hard aperture; BRF, birefringent filter.

FIGURE 2 | Round-trip net group delay dispersion curve in Kerr-lens
mode-locked Cr:ZnS laser.

Frontiers in Physics | www.frontiersin.org May 2022 | Volume 10 | Article 9121962

Wang et al. Kerr-Lens Mode-Locked Femtosecond Cr:ZnS Laser

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


length is 2066 mm, corresponding to a pulse repetition rate of
72.6 MHz.

In order to optimize the group delay dispersion (GDD) in
the cavity, three 5-mm-thick sapphires were placed near the
end of the short arm at Brewster’s angle (59.95°), providing
−4,250 fs2 negative GDD at 2,400 nm. The 9-mm-thick Cr:ZnS
leads to 1,080 fs2 positive GDD at 2,400 nm. The round-trip
net GDD curve of the asymmetric cavity shown in Figure 2
indicates that the anomalous dispersion condition is provided
from 2,000 to 2,700 nm. A MgF2 BRF inserted in the cavity at

Brewster’s angle (53.77°) allowed a tunable output center
wavelength from 2,220 nm to 2,520 nm under anomalous
dispersion conditions in the soliton KLM regime. The
thickness of the BRF was selected as 0.5 mm, corresponding
to the transmission range (FWHM, full width at half
maximum) of 740 nm for a central wavelength of 2.4 μm.

RESULTS AND DISCUSSION

The resonator was at first adjusted for maximizing the CW
output power. Then fine alignment of the position of DM2 and
the EM is needed to realize Kerr-lens mode-locking operation,
which was initiated by shaking the EM. The operation mode of
the oscillator varied with pump power. It is under CW
operation at low pump power (3 W), transferred to
Q-switched ML when further increasing pump power, and
converted to continuous wave mode-locking (CWML) with
sufficient pump power (over 4.26 W). The output power versus
incident pump power under varied operations is shown in
Figure 3 when the center wavelength is at 2,347 nm.

The laser routinely produced pulses of 126 fs, whose center
wavelength is 2,347 nm, at the highest pump power of 5.4 W.
The average output power is 344 mW, corresponding to a pulse
energy of 4.7 nJ with a peak power of 38 kW. The optical
spectrum is measured by an APE waveScan spectrometer. As
shown in Figure 4A, the sidebands distributed at both sides of
the center wavelength are called Kelly sidebands. Kelly
sidebands are often observed at soliton mode-locked
schemes with large abnormal dispersion. The sidebands are
induced by dispersion and nonlinearities when pulses produce
energy beyond the restriction of soliton area [19, 20]. The
center wavelength of the left sideband is at around 2,236 nm,
and the right one is at around 2,459 nm with a similar

FIGURE 3 | Measured output power and operation mode versus
incident pump power at 2,347 nm center wavelength. CW, continuous wave;
Q-switched ML, Q-switched mode-locking; CWML, continuous wave mode-
locking.

FIGURE 4 | Measured spectrum and autocorrelation trace at 2,347 nm center wavelength. (A) Optical spectrum. (B) Interferometric autocorrelation trace.
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frequency shift. As shown in Figure 4B, the interferometric
autocorrelation trace is measured with an APE. pulseCheck. By
assuming a sech2-pulse shape, a spectral bandwidth of 48 nm

(FWHM) and a pulse duration of 126 fs demonstrated a time-
bandwidth product of 0.328, near the Fourier transform
limitation of 0.315. Figure 5 shows the radio frequency
spectrum of the fundamental frequency at 72.6 MHz,
measured by a frequency spectrum analyzer with a
resolution bandwidth of 1 kHz. The mode-locking stability
is confirmed by the clear single peak with a high extinction
down to 68 dBc without any side lobes at fundamental cavity
repetition.

By rotation of the 0.5-mm-thick MgF2 BRF, the central
wavelength of the mode-locked Cr:ZnS laser at a pump power
of 5.4 W shifts from 2,220 nm to 2,520 nm, as shown in
Figure 6A. The tuning range is over 300 nm, and to the
best of our knowledge, it is the broadest one in Cr:ZnS/
ZnSe mode-locked lasers ever reported. In a similar
situation, the CW laser could be tuned from 2,155 nm to
2,623 nm by rotating the BRF, equal to a 500 nm tuning
range. The tuning limit of the short wavelength is affected
by HR, whose high reflection range is from 2,150 nm to
2,700 nm. At the central wavelength below 2,220 nm, the
stable pulses are not accessible. Besides, the experimental
setup was operating in the air, so the long-wave tuning
range was restricted by absorption lines of vapor
(Figure 6A with dash lines). The output power of the CW
laser reduced sharply, induced by strong absorption of vapor

FIGURE 5 | Radio frequency spectrum of the mode-locked pulses at
2,347 nm center wavelength.

FIGURE 6 | Measured details with the tuning of the central wavelength of KLM laser. (A) Various mode-locked optical spectrums at different tuning wavelengths
(solid lines) and water absorption lines (dash lines). (B) CW output power (gray triangle), CWML output power (blue square), and pulse duration (red circle) versus central
wavelength.
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(depicted in Figure 6B with a gray line). In our experiment,
some absorption peaks also appeared at the spectrum curve of
2,520 nm in CWML operation, and mode-locked pulses
disappeared when further rotating the BRF to a longer
wavelength. Therefore, the tuning range can be expanded if
we use mirrors with a broader coating range or operate the
scheme in vacuum to avoid strong absorption of vapor.

The various average output powers of CWML operation and
duration times of pulses are depicted in Figure 6B with blue and
red lines. The widening duration of the pulse is attributed to the
increasing abnormal dispersion at a long wavelength range
(Figure 2).

CONCLUSION

In conclusion, we demonstrated a high-performance broadly
tunable femtosecond KML Cr:ZnS laser over a 300-nm tuning
range. We use three 5-mm-thick sapphires to adjust the GDD
of the resonator to realize stable soliton mode-locking in a
wide spectral range. Kerr-lens mode-locked operation without
the extra restriction of bandwidth allows a short pulse duration
(126 fs, 2,347 nm) and a wide tuning range from 2,220 nm to
2,520 nm. We believe a broader tuning range could be achieved
in a vapor-free atmosphere. To the best of our knowledge, this
operation offered the widest tunable bandwidth among the
reported femtosecond Cr:ZnSe/ZnS lasers. It is the first time

that the tunable central wavelength is extended beyond 2.5 μm.
This wavelength-tunable femtosecond laser source may
provide potential applications in time-resolved molecular
spectroscopy and MIR generation.
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