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Abstract: The chirped pulse amplification (CPA) systems based on transition-metal-ion-doped chalco-
genide crystals are promising powerful ultrafast laser sources providing access to sub-TW laser
pulses in the mid-IR region, which are highly relevant for essential scientific and technological
tasks, including high-field physics and attosecond science. The only way to obtain high-peak power
few-cycle pulses is through efficient laser amplification, maintaining the gain bandwidth ultrabroad.
In this paper, we report on the approaches for mid-IR broadband laser pulse energy scaling and the
broadening of the gain bandwidth of iron-doped chalcogenide crystals. The multi-pass chirped pulse
amplification in the Fe:ZnSe crystal with 100 m] level nanosecond optical pumping provided more
than 10 mJ of output energy at 4.6 um. The broadband amplification in the Fe:ZnS crystal in the
vicinity of 3.7 um supports a gain band of more than 300 nm (FWHM). Spectral synthesis combining
Fe:ZnSe and Fe:CdSe gain media allows the increase in the gain band (~500 nm (FWHM)) compared
to using a single active element, thus opening the route to direct few-cycle laser pulse generation in
the prospective mid-IR spectral range. The features of the nonlinear response of carbon nanotubes
in the mid-IR range are investigated, including photoinduced absorption under 4.6 um excitation.
The study intends to expand the capabilities and improve the output characteristics of high-power
mid-IR laser systems.

Keywords: mid-IR photonics; femtosecond; chalcogenides; chirped pulse amplification; spectral
synthesis; low-dimensional nonlinear materials

1. Introduction

In recent years, there has been a rapid development of ultrafast sources operating
in the mid-infrared (mid-IR) spectral range, driven by their relevance for various ap-
plications [1]. The unique spectral and material properties of the gain media based on
chalcogenides doped with transition metal ions, which have been developed over the
past three decades [2], provided new possibilities and have gained prominence for their
application in molecular and gas spectroscopy in the mid-IR range, which is often referred
to as the “molecular fingerprints” region. The demand for high-intensity laser pulse sources
has increased for the generation of high-field terahertz (up to GV/cm), extreme ultraviolet
(EUV), and X-ray radiations through the nonperturbative regime of laser—matter interaction,
leading to high harmonic and attosecond pulse generation [3-5]. This area of research was
recently recognized by being awarded a Nobel Prize [6].

Chalcogenide crystals doped with iron ions offer exceptional possibilities for gener-
ating and amplifying laser pulses in the mid-IR range, spanning from 3.5 um to 8 um in
various crystal hosts. The most prominent representatives of this group of active media
are Fe:ZnSe, with a gain bandwidth spreading over 3.7-5.1 um [7] and Fe:ZnS, tunable in
the region of 3.4—4.2 um [8]. In the longer wavelength range, Fe:CdSe and Fe:CdTe have
demonstrated pulse generation at wavelengths of 4.6-6.1 um and 5.1-6.3 um, respectively.
The shift of absorption and emission bands to longer wavelengths is achievable in (A?B?)C*
compounds, particularly by introducing Mn or Mg ions to the ZnSe and CdTe lattice. This
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enables controlled alterations of their laser properties. While these compounds are simpler
to grow compared to pure selenide and sulfide crystals, their thermal properties are inferior,
limiting their use for high average power generation.

For applications requiring high-intensity laser radiation, chirped pulse amplification
(CPA) systems are indispensable. Chalcogenides doped with iron and chromium ions
present remarkable prospects for generating broadband laser pulses with m]J level output
energy. Unlike laser sources based on optical parametric chirped pulse amplification
(OPCPA), conventional CPA systems do not demand picosecond-duration pumping pulses
and exceptionally high beam quality. However, CPA systems require pumping lasers in the
mid-IR range operating in a repetitively pulsed regime, which are not widely commercially
available and are a great challenge to develop to date [9,10].

Previously, we demonstrated the potential of this approach using the Fe:ZnSe crystal
with nanosecond optical pumping, implemented as a CPA system with an output energy of
3.5m] and 150 fs pulses at 4.4 pm [11]. Prior to that, such media were studied for generating
long microsecond and nanosecond pulses, as well as continuous-wave radiation [12]. The
use of a heavier CdSe host material allowed for shifting the gain bandwidth closer to 5 um
and obtaining pulses with an energy of approximately 1 m] in a similar setup [13]. The
approaches proposed by our scientific group laid the basis for the development of CPA
systems based on Cr:ZnS/Se crystals with parametric seed and multi-pass amplification in a
chalcogenide crystal pumped with nanosecond pulses [14,15]. At the same time, approaches
for scaling the energy of pulses at a high repetition rate obtained from a Cr:ZnS chirped
pulse oscillator in a continuous-wave pumped crystal have been introduced [16]. The
consideration of Fe:ZnSe crystal pumping with long microsecond pulses at a wavelength
of 3 um with a high repetition rate is noteworthy [17]. The simplification of the pumping
setup is offset by the complexity of the rest of the system, including the requirement to cool
the active element in a helium cryostat, the suppression of amplified spontaneous emission
(ASE) through the application of high-quality antireflection coatings on the crystal, and
the use of an optical insulator in the mid-IR range, making such setup much more intricate
and costly.

To broaden the application scope of such laser sources, the flexible control of its output
parameters over a wide range is desired. This encompasses the ability for energy scaling,
the shortening of pulse duration, and the tuning of the wavelength.

Energy scaling possibilities are associated with active investigations of crystals doped
with iron ions that amplify their properties. For instance, the amplification characteristics of
cryogenically cooled Fe:ZnSe were studied in the continuous-wave operation regime [18].
In the pulsed regime for a broadband laser pulse, research was conducted by our scientific
group [19]. Further advancements in amplification can be achieved through the exploration
of crystals with diverse properties, specifically the doping profile, which impacts the life-
time of the upper level and the position of the gain spectrum. The lack of information about
the gain properties can potentially limit the controllability of the output laser parameters in
such systems, such as increasing the laser pulse energy while maintaining a broadband
gain spectrum.

Wide spectrum tunability can be achieved using various crystal hosts. In crystals with
heavy ions, the gain spectrum shifts to a longer wavelength region. The amplification
spectra of iron-doped chalcogenide crystals cover the spectral range from 3.5 um to 8 um. A
promising approach for broadening the spectrum during amplification is spectral synthesis,
a method developed for parametric sources that entails using several laser media to amplify
radiation in various adjacent (overlapping) parts of the spectrum [20].

The mid-IR photonics component base is challenging to access. Low-dimensional
carbon materials, such as graphene and nanotubes, are promising for the development of
novel photonic devices due to the fact that they possess properties that are not characteristic
of bulk materials. The saturable absorption of graphene and carbon nanotubes has been
actively utilized to implement Q-switching and the mode-locking process in lasers [21].
Although semiconductor saturable mirrors (SESAMs) are employed for the mode-locking
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process in the near-IR range, their optical properties do not yet allow for their extension
into the long-wavelength spectral region beyond 3 um. Carbon nanotubes, graphene, and
other structures have shown promise in this range, but their properties are still poorly
understood in the mid-IR. For instance, using graphene, we implemented, for the first time,
ultrashort laser pulse generation in a Fe:ZnSe laser [22].

In this paper, we present several promising methods for controlling the parameters of
pulses in the mid-IR range obtained in the CPA system based on iron-ion-doped chalco-
genide crystals. These methods include increasing the output energy by multiplying the
amplifier stages, wavelength tuning through the use of diverse crystal hosts, and spectral
synthesis. Additionally, we discuss the potential of carbon nanotubes for the development
of photonic devices in the mid-IR spectral range.

2. Energy Scaling of the Fe:ZnSe Multi-Pass Amplifier

The Fe:ZnSe crystal has demonstrated impressive results in both continuous-wave and
pulsed regimes with microsecond or nanosecond durations [23,24]. This crystal exhibits
an ultrabroad gain bandwidth in the mid-IR range, with a spectrum width of more than
1 um at room temperature, potentially enabling the amplification of almost 50 fs pulses.
Based on these features, we designed a CPA system (Figure 1) with an output spectrum
width of about 220 nm (FWHM) at a central wavelength of 4.4 um, achieving 3.5 m] of
output energy. The laser pulse was reshaped in a stretcher with an output pulse duration
of 230 ps [11]. The complexity of the energy scaling procedure is associated with the low
saturation fluence of the Fe:ZnSe crystal (approximately 95 mJ/cm?) and the challenging
output energy scaling of a 3 pm nanosecond pump laser. To enhance the output energy, we
developed an additional amplification stage.

4.55 um, 15 WJ, 75 fs

/} 0 \

Stretcher

Multipass amplifiers .75

P
Er:YAG
2.94 ym, 50 mJ, 100 ns

Er:-YAG
2.94 ym,100 mJ, 100 ns

Compressor q
/ >

Figure 1. The layout of the Fe:ZnSe chirped pulse amplification laser system with two stages of

multi-pass amplification. A photo of Fe:ZnSe, placed in the second amplifier stage, is presented in
the inset.

The first mid-IR multi-pass amplifier design required reaching the maximum energy
extraction from it with a minimum number of passes. This scheme was based on four curved
mirrors, with caustic control provided by CaF; lenses to ensure further collimated beam
propagation after the amplifier. The output energy of 4.5 m] was achieved after this stage,
which was in a good correspondence with our calculations of gain dynamics according to
the Franz—Nodvik theory with nonradiative losses to estimate the stored energy.

In order to increase the output energy, we designed a second amplifier with two passes
through the gain media. The pump beam was focused on a spot with a diameter of about
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4 mm (intensity 1/e?) to achieve an optimal pump fluence of about 0.8 ] /cm? and a seed
fluence comparable to the saturation fluence (~30 mJ/cm?) with the same beam size.

For pumping, a nanosecond master oscillator power amplifier (MOPA) system based
on Er:YAG crystals (2.94 pm) was developed in our laboratory and utilized. The choice
of the crystal is attributed to the high absorption coefficient of the Fe:ZnSe crystal at this
wavelength and the favorable thermo-optical properties of Er:YAG, which results in the
high beam quality of the output laser radiation. Additionally, electro-optical Q-switching
enables low-jitter timing with precise delay tuning between the pump and 4 um seed
pulses. The developed MOPA system consisted of two amplification stages that provided
energy values of up to 100 m]. The development of a pump laser with several cascades of
amplification stages is challenging due to the relatively small gain (of about 1.4 for 100 ]
flashlamp pump energy) of the Er:YAG crystal and the beam distortions introduced by the
thermal lens. Moreover, the output energy from the oscillator is limited by the damage
threshold of the optical elements, particularly the Q-switches. However, this limitation can
be overcome with the use of novel durable electro-optic materials transparent in the mid-IR
range [25,26].

For broadband amplification, a Fe:ZnSe anti-reflection coated polycrystalline element
with dimensions of 10.5 x 17 x 8 mm? and an average concentration of 1.3 x 10'® cm~3
was utilized. It was produced by doping the ZnSe substrate from the iron film using the
process of hot isostatic pressing (HIP) at the Devyatykh Institute of Chemistry of High-
Purity Substances of the Russian Academy of Sciences (ICHPS RAS). The growth methods
for Fe:ZnSe crystals are well-established, allowing for various doping profiles, such as
homogeneous concurrent-doping technology [27] or a doping gradient via a simpler and
more cost-effective post-growth doping method [28]. This approach enables the control of
the gain and the positioning of the gain spectrum. Previous research has indicated that a
high level of doping results in concentration quenching, and the reduction in the lifetime
of the upper laser level, due to the short lifetime of such crystals at room temperature,
requires the nanosecond duration of the laser pumping pulses [19]. To prevent the crystal
from overheating under intense pumping, in this paper, it was mounted onto a copper
heatsink cooled with water at 10 °C.

After the second amplifier, an output energy of up to about 10 mJ was achieved in the
Gaussian-like laser beam (see Figure 2). In the case of high-gain laser media, the problem
of transverse parasitic lasing is relevant, as it depletes the energy storage and decreases the
gain coefficient for an amplified laser pulse [29]. To address this, the crystal’s side facets
can be coated with an absorbing substance, such as black ink, to minimize reflection from
the walls when the refractive indices are matched, thus reducing the feedback. In our case,
we applied a black matte paint, prolonging the time delay between the pumping and seed
pulses under the conditions of high gain in the amplifier and diminishing the requirement
for crystal orientation, although no significant gain increase was observed. Our future
investigations will explore alternative compositions, particularly those containing soot, to
enhance refractive index matching.

104

Output energy (mJ)

%0 20 40 e 80 100
Pump energy (mJ)

Figure 2. Output pulse energy from the second multi-pass amplifier stage versus pump energy. The
intensity profile at the maximum pumping energy is depicted in the inset.
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The utilization of multiple amplification stages at a moderate pump fluence level
represents a promising approach for scaling the output energy while mitigating issues such
as amplified spontaneous emission (ASE), concentration quenching in the active element,
and the decrease in the laser beam quality. This strategy is well-suited for achieving m] level
output energy in chirped pulse amplification (CPA) systems with a mode-locked master
oscillator or parametric frontend. These systems are often essential for high-field physics
research and the generation of terahertz (THz) radiation using mid-IR sources [30,31].

3. Tunability and Spectral Synthesis

It is a natural desire to fill the gap between the gain bands of the Cr:ZnS/Se and
Fe:ZnSe crystals with central generation wavelengths of 2.4 um and 4.4 um, respectively, to
shift to the region of large wavelengths, and to obtain pulses as short as possible from the
source without the need of nonlinear post-compression, and based on this, to develop a
wide-range laser system covering most of the mid-IR spectral region.

In the first case, a promising active media candidate is a Fe:ZnS crystal with a gain
bandwidth centered at 3.7 um. Previous studies have showcased narrowband pulsed
generation based on this gain medium [32]. While the Cr:ZnS gain spectrum shift is
insignificant compared to that of Cr:ZnSe, it is noticeable in iron-ion-containing hosts.
However, lasing in such a media is hindered by theie short lifetime at room temperature, a
characteristic shared with other Fe-doped active media, and requires cryogenic cooling for
energy storage. At room temperature, the lifetime is estimated to be 50 ns, increasing to
1-2 ps at the liquid nitrogen temperature [33]. Nonetheless, this crystal supports broadband
tuning from 3.4 to 4.2 um [8], even at such low temperatures, and is expected to amplify
broadband pulses.

The experimental setup for broadband amplification using the Fe:ZnS crystal is de-
picted in Figure 3a. According to the literature data, the peak gain cross-section for this
crystal is located near the wavelength of 3.7 um, while the absorption band is approxi-
mately at 3.0 um [32]. The seeding source comprised an optical parametric amplifier (OPA)
broadly tunable in the mid-IR range, generating a pulse energy of about 5 pJ at a central
wavelength of 3.7 um. The pump beam was focused on the crystal facet with a fluence
of about 0.8-1.0 J/cm?—optimal for other chalcogenides doped with iron ions and at a
safe level relative to the crystal’s damage threshold. The active element was housed in a
cryostat with windows transparent in the mid-IR range and cooled with liquid nitrogen.
Fe:ZnS samples, also manufactured at ICHPS RAS, with a thickness of 3 mm were utilized.
The measurement of pump radiation absorption, adjusted for Fresnel reflection, revealed
an absorption coefficient of 3.6 cm 1.

(a) (b)
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Figure 3. Experimental setup (a) and transformation of the broadband seed spectrum (b) under
amplification using a cryogenically cooled Fe:ZnS crystal.

A scanning monochromator with a pyroelectric detector was utilized to record the
spectrum transformation during amplification (Figure 3b). The gain across the entire spec-
trum was about 1.25. Single-pass amplification maintained the spectrum’s original width,
suggesting the potential for scaling energy in a multi-pass amplification scheme. Despite
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the high absorption coefficient, the gain remained relatively low, although papers dedicated
to lasing in such a crystal claim high efficiency. This is likely due to the predominant role of
ASE (amplified spontaneous emission) in the amplification process, resulting in the majority
of the stored energy being expended on spontaneous transitions, with the amplified signal
removing only a small portion of the inversion. Unfortunately, this phenomenon is typical
for chalcogenide crystals, and a finer control of pumping and seeding fluences is required.
Probably, the amplification efficiency can be increased with a better matching of the pump
wavelength to the absorption spectrum and a shorter pulse duration, obtained, for example,
with Er:YLF lasers [34].

Fe:CdSe and Fe:CdTe crystals have gain bands located in a longer wavelength range
compared to Fe:ZnSe [13,35,36]. Fe:CdSe also requires cryogenic cooling to increase the
lifetime and gain cross-section. On the other hand, Fe:CdTe does not, but its shifted absorp-
tion band makes pumping with 3 um laser sources inefficient. Scientific efforts have been
focused on enhancing the efficiency of laser generation, suppressing spontaneous lumi-
nescence amplification, broadening the amplification spectrum, and increasing absorption
from the available pump sources.

Spectral synthesis offers an elegant approach to broadening the amplification spectrum
in composite laser media. This method involves a cascade amplification of a broadband
seeding pulse in various laser media, where each medium is not individually able to
support its entire width. This method has primarily been developed for parametric laser
sources. Narrowband generation in a combined active medium based on chalcogenides
doped with chromium ions has been studied in the gain-switching mode in a tunable
cavity [37]. By combining Cr:ZnSe and Cr:CdSe crystals, it was possible to expand the
tuning spectrum compared to an oscillator based on each of the crystals separately.

In the context of the discussed work, this investigation focused on the operation of
a broadband laser pulse amplifier in the range of 4-5 um based on chalcogenide crystals
doped with iron ions. Previous studies have shown that the Fe:ZnSe crystal is capable of
amplifying broadband laser pulses in the spectral band from 3.8 um to 4.8 um. However,
with longer wavelength seeding, instead of amplification, the stored energy is converted
into amplified spontaneous emission in the region of 4.3—4.4 pm, where the gain cross-
section reaches its maximum. It is possible to extend the long-wavelength part of the
spectrum with the help of amplification in the Fe:CdSe crystal, which has a gain band
located at 4.4-5.5 um, cut by absorption in the active element itself at shorter wavelengths
and by absorption of atmospheric moisture at longer wavelengths.

The experimental setup is illustrated in Figure 4a. Similar to previous experiments,
an optical parametric amplifier (OPA), tunable at 4-5 um and with a spectral width of up
to 600 nm (FWHM), served as the seeding source. An Er:YAG nanosecond laser (2.94 um,
25 mJ, and 110 ns) was employed to simultaneously pump both crystals. The Fe:CdSe
crystal was grown from the vapor phase on a single-crystal seed by using concurrent-
doping technology, developed in the Lebedev Physical Institute of the Russian Academy
of Sciences. Crystals grown using this technique possess high structural quality, optical
homogeneity, and as a result, low intrinsic losses. It was cryogenically cooled to the
temperature of liquid nitrogen to enhance its lifetime. The Fe:ZnSe crystal was installed
inside the cryostat, but not on a cold finger, at a distance of approximately 0.5 cm from the
Fe:CdSe crystal.

The pumping and seeding beams, placed at a small angle from each other, were
initially directed to the Fe:CdSe crystal, as most of the short-wave radiation amplified in
Fe:ZnSe would otherwise be absorbed in the Fe:CdSe crystal. The Fe:CdSe crystal exhibited
approximately 25% transmission at the pump wavelength, owing to its cooling to the
temperature of liquid nitrogen.

The transformation of the pulse spectrum was examined for seeding pulses centered at
4.5 um (Figure 4b). The dip in the vicinity of 4.3 um was attributed to CO, absorption and
can be entirely mitigated by subjecting the setup to vacuum conditions or by substituting it
with a noble gas, which would preserve the bandwidth of the amplified pulse. The Fe:CdSe
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crystal contributed to the amplification of the long-wave part of the spectrum, while Fe:ZnSe
facilitated the amplification of the spectrum in the short-wave region. Consequently, the
combination of these chalcogenide crystals doped with iron ions in the amplifier offers the
potential to support more extensive broadband amplification than a single active medium.

(a) (b)

Scanning [ Broadband seed ]
monochromator OPA 4-5 um, 8 puJ
’
| 4 Fe:znse Fe:Cdse \\ \‘ FeznSet [
\ Fe:CdSe !

AAFWHM~500 nm
7~50 f's

Q-switched pump laser ]
Er:YAG 2.94 um

4000 4200 4400 4600 4800 5000
Wavelength (nm)

Figure 4. Experimental setup (a) and transformation of the broadband seed spectrum (b) under

amplification in a set of Fe-doped chalcogenide crystals: room-temperature Fe:ZnSe and cryogenically
cooled Fe:CdSe.

4. Properties of Single-Wall Nanotubes in the mid-IR Range

The study focused on the properties of the nonlinear optical response of single-wall
nanotubes (SWNTs) when subjected to femtosecond mid-IR laser pulses. The research
involved measuring the SWNTs’ nonlinear absorption and the nonlinear component of the
refractive index. Three types of carbon nanotube samples in the form of thin (~100 nm)
films were synthesized at the Skolkovo Institute of Science and Technology using aerosol
production, primarily differing in diameter. The absorption spectra of the samples, mea-
sured with the spectrophotometer, is depicted in Figure 5. The absorption peaks were
observed near the wavelengths of 1.8 pm and 2.8 um, corresponding to the nanotube radii
of 1.2 nm and 2.0 nm, respectively. Certain samples were densified, leading to a reduction
in their thickness by approximately half.

100+ —Ne 1
95 ] e
90+
854
80
754
704
65+
60+
554
50

Transmission (%)

500 1000 1500 2000 2500 3000
Wavelength (nm)

Figure 5. Absorption spectrum of the manufactured samples of single-walled carbon nanotubes,
measured using a spectrophotometer.

Previously, the SWNT properties were evaluated in a Fe:ZnSe ultrashort laser pulse
oscillator by substituting graphene for the mode-locking process, as developed by our
group. For effective absorption at wavelengths of approximately 4.1-4.4 um, the nanotube
diameter should be within the range of 2.7-2.9 nm. However, fabricating SWNTs with such
a large diameter is challenging, as it requires catalytic particles of a substantial size, which
increases the likelihood of multi-walled nanotube growth. In the study in reference [38],
nanotubes with a diameter of 2.2 nm were employed to achieve the mode-locking regime in
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the Cr:ZnSe oscillator at a wavelength of 2.4 um, yielding 49 fs pulses. Nevertheless, reports
also exist of mode-locking in the Cr:ZnSe laser [39] using nanotubes with a considerably
smaller diameter, producing 61 fs pulses at a wavelength of 2.35 um. Carbon nanomaterials
exhibit a lower saturation intensity and a higher modulation depth at longer wavelengths,
rendering them advantageous as saturable absorbers.

The ability of carbon nanotubes to achieve the mode-locking regime of laser generation
inside the mid-IR laser cavity due to saturated absorption has been investigated in a Fe:ZnSe
laser. In the setup described in reference [22], SWNTs deposited on a BaF, wafer were
utilized instead of graphene, resulting in the generation of a pulse train with SWNT
samples at the power of approximately 200 mW. For comparison, with graphene, the laser
radiation power was 415 mW under the same setup parameters. SWNTs are anticipated to
demonstrate saturated absorption, which distinguishes continuous generation from mode-
locking with significant unsaturated losses compared to graphene. The pulse duration was
measured using the frequency-resolved optical gating (FROG) technique based on second-
harmonic generation in a GaSe crystal, revealing a pulse duration of 660 fs (Figure 6),
likely associated with the response time in carbon nanotubes when they act as a fast
saturable absorber.

110
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Figure 6. Pulse envelope (a) and spectrum (b) retrieved using the FROG technique from the Fe:ZnSe
oscillator in the mode-locking regime based on saturable absorption in single-wall nanotubes. The
red dashed line depicts the temporal phase.

This research conducted Z-scan measurements to comprehensively characterize the
optical properties of SWNTs in the infrared range. These measurements were performed
with an open aperture to evaluate saturated absorption and with a closed aperture to
determine the real part of the nonlinear refractive index. An optical parametric amplifier
(OPA) with specific parameters was used as the pumping source. The laser beam, with a
central wavelength of 4.5 um, was focused by a lens into a diameter of 160 pm, providing
an intensity of 0.5 TW/cm? in the focus. An intensity of about 100 GW/cm? was chosen for
the operation, aiming to prevent the breakdown of the SWNTs. The Z-scan measurements
with an open aperture showed an increase in saturation in the SWNTs, as opposed to
bleaching, with a significant absorption dip of up to 40% (Figure 7a). When conducting
Z-scan measurements with a closed aperture (Figure 7b), the recorded absorption dip
blurs the signal, likely due to photoinduced absorption. The decrease in transmission
is attributed to this phenomenon. In reference [40], the dynamics and the properties of
absorption in nanotubes were studied using the degenerate pump—probe technique in a
wide spectral range. Thus, in nanotubes with an absorption peak at 1800 nm, the transition
to photoinduced absorption occurred already at a wavelength of 2100 nm. This transition is
explained by the competition between the Pauli exclusion principle and the renormalization
of the bandgap [41].
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Figure 7. Transmission of the SWNT samples depending on the coordinates obtained in the Z-scan

with open (a,b) and closed (c,d) apertures at the wavelengths of 4.6 pm (left column) and 1.24 pm
(right column).

We conducted similar experiments with femtosecond pulses at a wavelength of 1.24 pm
from a Cr: Forsterite laser (1 pJ and 100 fs) (Figure 7c,d). In this case, absorption saturation
was observed in measurements with an open aperture. The saturation constant was deter-
mined by a standard method based on the amplitude of the increase in the transmission
and pumping pulse parameters and ranged from 0.8 x 108 cm/W to 3.1 x 10® cm/W for
different samples. The value of the nonlinear refractive index n; obtained from the open
aperture measurements turned out to be negative and ranged from —0.27 x 10712 cm? /W
to —0.98 x 10712 cm?/W.

Low-dimensional carbon materials that demonstrate saturated absorption play a
crucial role in facilitating the mode-locking process in a wide array of near- and mid-infrared
solid-state and fiber lasers. This phenomenon effectively suppresses low-intensity radiation
within the laser cavity, facilitating the formation of ultrashort laser pulses. The ability to
control the properties of these absorbers is particularly significant for lasers utilizing media
with ASE, such as those employing iron-ion-doped chalcogenides. Consequently, the carbon
nanotubes’ saturated absorption has the potential to serve as the foundation for developing
contrast cleaners for high-power laser systems. To achieve this, the characteristics of the
absorber have to be matched to the laser radiation properties in terms of the absorption
spectrum and damage threshold. The study and effective management of the properties
of carbon nanotubes can be facilitated by utilizing mid-infrared laser sources based on
the chalcogenides themselves, providing the necessary flexibility and a margin for the
corresponding output parameters.

5. Discussion

In this paper, novel approaches were considered to expand the spectral band covered
by active media based on chalcogenides doped with iron ions. The example of a CPA laser
system based on a Fe:ZnSe crystal showed that the prospect of reaching the terawatt power
level entails an increase in the number of amplifiers. The superior properties of the Fe:ZnSe
crystal provide such an opportunity due to energy scalable 3-pm nanosecond pumping
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sources. On the other hand, the high gain also prevents efficient energy extraction due to
transverse emission processes, which imposes a requirement for the precise control of the
sizes of the pump and the seed beams.

Another promising active medium from the group of iron-doped selenide crystals
for the broadband amplification of mid-IR laser pulses is Fe:ZnS. The corresponding
experiments showed no spectral width narrowing of the seed laser pulse (~300 nm (FWHM))
centered at 3.7 pm. A small gain coefficient, compared to that of Fe:ZnSe, can probably
be increased at a more suitable pumping wavelength, for example, in a Er:YLF laser
operating at 2.67 um, which offers the prospect of its use in multi-pass amplification
schemes. The spectral synthesis scheme allows one to cover a wider spectral band during
the amplification process, and in general, it is not limited to just two active elements.
Despite the fact that a common feature of the media studied in this paper is the possibility
of pumping by 3 um lasers, an obstacle is the overlap of their gain and absorption bands.
However, this can be resolved in schemes where the seed is split into several channels in
different spectral ranges. Then, each part is directed to the appropriate active element with
an appropriate gain spectrum. After that, all channels are combined on specific spectrally
selective optics. In this case, it is possible to obtain even more broadband laser pulses.

Experiments on the properties of carbon nanotubes have shown the importance of
controlling their parameters (in particular, the diameter) to characterize their properties
in the mid-IR region. The mechanism of mode-locking in the Fe:ZnSe laser cavity in the
absence of saturating absorption remains unclear, which, however, makes such objects even
more interesting for the development of the component base for mid-IR photonics.

6. Conclusions

Powerful mid-IR laser systems are relevant in many high-peak power-demanding
applications, requiring the precise control of the laser characteristics in terms of output
energy and pulse duration. Gain elements based on chalcogenides doped with iron ions,
owing to their exceptional amplifying properties and vibronic nature, offer a broad gain,
enabling the convenient manipulation of these parameters. In chalcogenide-based chirped
pulse amplification (CPA) systems, the output energy can be scaled using additional
amplifier stages in relatively simple configurations with several passes. Furthermore, the
spectral properties can be adjusted by selecting an appropriate crystal host. For instance,
the Fe:ZnS crystal supports broadband amplification in the vicinity of 3.7 um, while a
spectral synthesis scheme, particularly based on Fe:ZnSe and Fe:CdSe crystals, facilitates
the broadening of the gain bandwidth for the broadband seed pulse.

Low-dimensional carbon materials show promise for the development of photonic
components in the mid-IR spectral range. Carbon nanotubes, for example, can be utilized
to implement the mode-locking regime in the Fe:ZnSe laser cavity, offering potential for the
development of novel photonic devices. However, the study of their properties requires
enhanced technological flexibility in controlling the size of the nanotubes.
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