IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 5, SEPTEMBER/OCTOBER 2018

1601829

Frontiers of Mid-IR Lasers Based on Transition
Metal Doped Chalcogenides

Sergey B. Mirov ', Member, IEEE, Igor S. Moskalev
Dmitry Martyshkin, Jeremy Peppers

, Sergey Vasilyev, Viktor Smolski
, Mike Mirov, Alex Dergachev, and Valentin Gapontsev

, Vladimir V. Fedorov,

(Invited Paper)

Abstract—Enabling broad tunability, high peak and average
power, ultrashort pulse duration, and all known modes of laser
operation—transition-metal (TM)-doped II-VI chalcogenides are
the materials of choice for direct lasing in the mid-IR. The host
materials feature broad infrared transparency, high thermal con-
ductivity, low phonon cutoff, low optical losses, and are available
as either single crystals or polycrystalline ceramics. Doped with
TM ions, these media exhibit a four-level energy structure, the
absence of excited state absorption, as well as broad absorption
and emission bands. Doped single-crystals of high optical quality
are difficult to grow; however, the advent of postgrowth diffusion
doped ceramics has resulted in significant progress in laser de-
velopment. Here, we summarize recent experimental laser results
on Cr and Fe doped II-VI chalcogenides providing access to the
1.8-6 pm spectral range with a high (>60%) efficiency, multi-
Watt-level [140 W in continuous wave (CW)] output powers, tun-
ability of >1000 nm, short-pulse (<16 fs) multi-Watt oscillation,
and multi-Joule output energies in free running and gain-switched
regimes. We also review recent results on hybrid fiber-bulk (Er-
fiber/Er:YAG, Tm-fiber: Ho:YAG/YLF) systems combining high
efficiency of CW fiber lasers with high pulse energies of bulk
materials and serving as pump sources of gain-switched Cr:II-VI
lasers.

Index Terms—Laser, laser tuning, laser mode locking, mid-
infrared, solid-state lasers, transition metal, wide-band II-VI semi-
conductors, Cr:ZnSe, Cr:ZnS, Fe:ZnSe, hybrid fiber-bulk lasers,
Ho:YAG, Ho:YLF, Er:YAG.
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1. INTRODUCTION AND SPECTROSCOPIC PROPERTIES

M ION doped II-VI semiconductors have been extensively
T studied since the 1960 s by many research groups (see, for
example [1]- [8]). However, the lasing of a Cr:ZnSe crystal was
first reported in 1996 by scientists from Lawrence Livermore
National Laboratory [9]. In this publication, the authors formu-
lated the major features that make these materials so attractive
for middle infrared (MIR) laser applications:

e Tetrahedral coordination of the TM ions in II-VI semicon-
ductors gives approximately two times smaller crystal field
energy splitting in comparison with typical octahedral co-
ordination sites, placing the TM dopant transitions further
into the infrared (IR).

e The crystal’s heavy anions enable a very low energy optical
phonon cut-off. This makes II-VI crystals transparent in a
wide spectral range and decreases the rate of non-radiative
relaxation, giving promise of a high yield of fluorescence
at room temperature (RT).

e Strong electron-phonon coupling of the TM ions results in
significant broadening (up to 50% of central wavelength)
of their amplification band making TM:II-VI gain media
of great interest for ultra-broad MIR tunability as well as
for ultra-short pulse generation.

e Among a large group of TM ions Cr** (3d') and
Fe?* (3d%) ions are the most attractive for laser appli-
cations. These chemically stable divalent dopant ions pro-
vide the ‘right’ multiplet structure for broadly tunable MIR
lasers, including broad absorption and emission bands,
high cross-sections, and the absence of excited state ab-
sorption.

The same group also demonstrated that, while II-VI chalco-
genides are available in single crystal and in polycrystalline
forms, their physical, spectroscopic, and laser characteristics
are practically identical [10]. This was of particular importance
since II-VI single-crystals of high optical quality are difficult
to grow while chemically vapor grown II-VI polycrystals ben-
efited from low-cost mass production technology of fabrica-
tion and were widely used as passive materials for middle-
infrared technology [11]. The combination of low-cost and read-
ily available polycrystalline II-VI materials with a quantitative
and affordable post-growth TM doping procedure, preserving
high optical quality of the starting materials, enabled an ef-
fective technology for fabrication of gain elements, which is

1077-260X © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-4186-8450
https://orcid.org/0000-0003-2914-7236
https://orcid.org/0000-0001-5797-9879
https://orcid.org/0000-0003-2628-7356

1601829

1.4 L] L] Ll Ll Ll

2

. 18
cross-section, x10™ " cm’

40 6.0 80 10.0

wavelength, pm
(a)

Fig. 1.

quite rare for solid-state laser materials [12]-[17]. Major ma-
terial and spectroscopic characteristics, methods of fabrication,
as well as information on lasing aspects of Cr and Fe doped
II-VI chalcogenide are summarized in the following reviews
[18]-[29]. In this review we will focus on the current progress
in the development of solid state MIR lasers based on Cr*>* and
Fe?* doped polycrystalline ZnS and ZnSe hosts, since these gain
media enable the most advanced output laser characteristics.
Some other chalcogenide hosts will also be briefly discussed.
We did not cover the use of TM:II-VI materials as passive Q-
switches or mode-lockers since this topic deserves a separate
review. Some information on this topic is available in [30].

A. Overview of Spectroscopic Properties

The ground state of the Cr>* (3d*) and Fe?*(3d®) ions is
the 3D state. A 3D ground state is split into 5Ty triplet and °E
duplet in the tetrahedral crystal field of II-VI chalcogenides.
The transitions between these levels are in the MIR spectral
region. All the transitions to other chromium and iron multi-
plets CH, 3G, *F(2), °D, 3P(2), '1, 1G(2), 'F, 'D(2), !S(2)) are
spin forbidden. In the tetrahedral crystal field, doublet °E is the
ground state of the iron ions, while 5T, is the ground state of the
chromium ions. The low temperature structure of the emission
and absorption bands could be explained by combinations of
spin-orbit and dynamic/static Jan-Teller interactions as well as
electron-phonon coupling [5]. Since there is no strong hierarchy
over these interactions, the detailed energy structures are still
subjects for theoretical interpretation. Below we will summarize
some spectroscopic results of great importance for lasing.

1) Spectral Position of the Bands: Absorption and emis-
sion cross-sections of Cr and Fe ions in different II-VI hosts
are depicted in Figs. 1 and 2, respectively. According to crys-
tal field theory, energy splitting between Ty and E levels is
proportional to d—° (where d is the distance between ligands
and transition metals). This explains why the shortest and the
longest spectral positions of the absorption/emission bands are
displayed in ZnS (d = 2.34 A) and CdTe (d = 2.81 A) crystals,
respectively.
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Fig. 2. Emission cross sections of Cr*t ions in Zn$ (i), ZnSe (ii), CdSe (iii)
crystals and Fe2* jons in ZnS (iv), ZnSe (v), CdSe (vi) and CdTe (vii) crystals
at RT.

The energy splitting of the Fe?* (3d®) ions are smaller than
Cr?t (3d%) in the same hosts [9]. There is an additional MIR
absorption band in the 4-8 pum spectral region in chromium
doped II-VI crystals. This band results from additional splitting
of the >T, ground state. The absorption cross-section of this
band is ~20 times smaller than that of 1.6-2.0 xm band.

2) Luminescence Quantum Yield (QY) and Radiative Life-
time: The radiative lifetimes of the Fe>* ions in low concen-
tration doped ZnS/ZnSe hosts are 55-57 us (see Fig. 3) and
are approximately ten times longer than those of Cr’* ions
(7—1';1(1 =5-7 ,U,S)

The RT luminescence QY of Cr** is approximately 100% for
Cr:ZnSe (80% for Cr:ZnS), while luminescence of Fe>* ions is
strongly thermally quenched with the upper level lifetime at RT
of only 50-380 ns. The QY of Fe:ZnSe at the low temperature
limit is 100% while for Fe:ZnS it was measured to be only 10%
[8].

Concentration quenching of Cr:ZnSe crystals at RT was re-
vealed for chromium concentration in excess of 10 cm=3 [14].
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Fig. 3. Temperature dependences of MIR luminescence lifetimes in Cr:ZnSe

(1), Cr:ZnS (ii); Fe:ZnSe (iii), and Fe:ZnS (iv) crystals.

In contrast, at RT thermal quenching is the dominant process
in Fe:ZnSe. Shortening of the luminescence lifetime from 382 to
186 ns at RT was measured in a crystal with iron concentration
of 1.1 x 102 cm—3 [31]. The luminescence lifetime of Fe:ZnSe
crystals with iron concentration of ~10'” cm~3 featured an un-
expected increase from 33 to 105 us with a temperature increase
from 12 to 120 K [32]. Similar measurements performed by our
group [31] showed that with the use of samples with low iron
concentration (~10'7 cm™?) the luminescence lifetime was con-
stant (7 = 57 us) over 14-110 K temperature range. We believe
that the unusual dependence of luminescence lifetime measured
in [32] could be explained by energy migration and reabsorption
of luminescence in highly doped Fe:ZnSe samples.

3) Inhomogeneous Broadening and Multi TM Center Forma-
tion: Itis noteworthy that the concentration of the Cr(Fe) ions in
ZnS(ZnSe) crystals in valence state other than 2+ is negligible
[2]. Even in polycrystalline ZnSe samples doped by post-growth
thermal diffusion method to the level of ~10'° cm?, the ratio of
ey /ncroy (Npesy /Npeay ) was smaller than 107 [33].

There are no spectroscopic or electron spin resonance (EPR)
experiments where formation of TM-TM pair complexes in
ZnSe/ZnS crystals was clearly identified. However, the authors
of [2] measured different positions of low temperature absorp-
tion spectra Zero-Phonon Lines (ZPL) in cubic and hexagonal
ZnS crystals. The difference between ZPLs in these crystals
was measured to be ~100 cm~!, which indicates the sensi-
tivity of the spectral position of ZPL to crystal field pertur-
bation in the second coordination sphere. Two extra absorption
ZPLs were measured at low temperature only in high iron doped
(npeay =4 x 10'%cm™3) ZnS crystals [6]. The absorption co-
efficient at these lines was ~4% of the strongest ZPL absorp-
tion coefficient. Crystal field variations cause an inhomogeneous
broadening of optical centers’ transitions, which value does not
depend on temperature. Hence, an inhomogeneous broadening
could be estimated from the value of ZPL broadening measured
at low temperature.

The ZPLs bandwidth in Cr and Fe doped ZnS, ZnSe crystals
at low temperature were measured to be ~12 cm™! or smaller
for doping concentration on the order of 10!° cm—3 [2], [5],
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[6]. Therefore, aggregate center formation and inhomogeneous
broadening are not substantial for RT laser applications when
typical doping level of TM impurity is below 10" cm~3.

Spectroscopic properties of some chromium and iron doped
II-VI materials are summarized in Table 1.

B. Historical Background

1) Cr** Lasers: Due to the broad absorption band of Cr**
ions in II-VI semiconductors spanning over the 1.3-2.1 pm
spectral range a large variety of coherent sources have been
successfully used for pumping of Cr:II-VI lasers. They include:
Rare Earth doped fiber and solid state lasers (Er’* @1.6 m [34],
[35], Tm** @1.9 um [36], [46], Ho** @2.1 um [37], [38]); TM
doped solid state lasers (Co:MgF?@1.9 pm [9], [39]); color
center lasers ([40]); and Raman Shifted Nd** lasers [12], [39],
[41]. The first lasing of a Cr:ZnSe crystal under direct pumping
by InGaAsP/InP diode bars was reported in [42]. Later a 3.7 W
CW diode pumped Cr:ZnSe laser was demonstrated in [43].
The progress in high power, reliable Er and Tm fiber lasers
[28] has made them the most convenient and widely used pump
sources for CW Cr?* lasers. It is noteworthy that Cr:ZnSe/ZnS
lasers could be pumped via photoionization transition by visible
radiation. The Cr:ZnS/ZnSe oscillation under 532 nm pumping
was reported in several publications [44], [45], albeit with low,
less than 2%, pump efficiencies.

The first CW oscillation of Cr’>* lasers with output power of
250 mW with efficiency exceeding 60% was reported in 1999
[46]. 140 W of pure CW oscillation in Cr:ZnSe was achieved
recently in [47]. Fig. 4 summarizes historical progress in devel-
opment of high power CW lasers and shows that output power
approximately doubled during a half-year period.

There are several important pulsed laser applications that
require compact design with high output energy. A joule level
MIR Cr:ZnSe laser pumped by free-running fiber-coupled Er-
glass laser was recently reported in [59]. The maximum output
energy of the Cr:ZnSe laser was measured to be 1.1 J. The output
energy remains linear up to 6 ms pulse duration. A small roll-off
due to thermal effects was observed for pulse durations longer
than 7 ms.

Similar to the dye lasers, Cr>* lasers effectively operate in
a gain switched regime of oscillation with pulse duration in
ns scale. Output energy of 20 mJ in 7 ns pulses from a sin-
gle Cr:ZnSe oscillator operating at 10 Hz was demonstrated
in [60]. A gain-switched Cr:ZnSe multi-stage MOPA system
with output energy 52.2 mJ was recently reported in [61]. A
brief review of the hybrid fiber-bulk (Er-fiber/Er: YAG, Tm-fiber:
Ho:YAG/YLF) systems combining high efficiency of CW fiber
lasers with high pulse energies of bulk materials and their use
as pump sources of gain-switched Cr:II-VI lasers is provided
below in Section II. The review of the gain switched Cr:ZnS/Se
lasers operating at rep rate >100 Hz is presented in Section III.

Broad emission bands of TM:II-VI materials offer unique
opportunities for generation of MIR ultra-short laser pulses.
First Cr:ZnSe(ZnS) mode-locked lasers were demonstrated
in [62]-[65]. A detailed review of mode-locked lasers based
on chromium doped ZnS and ZnSe crystals is presented in
Section III.
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TABLE I
MATERIALS AND SPECTROSCOPIC PROPERTIES OF CR?* AND FE?* DOPED II-VI SEMICONDUCTORS (0 41, » 0'¢m —PEAK ABSORPTION AND EMISSION
CROSS-SECTIONS; Ay s Aoy —PEAK ABSORPTION AND EMISSION CROSS-SECTION WAVELENGTHS, RESPECTIVELY; AApw iy —FULL BANDWIDTH AT HALF
MAXIMUM; Ty,q RADIATIVE LIFE TAME; TR (777K ) ~LUMINESCENCE LIFETIME AT ROOM TEMPERATURE AND 77K; SECOND (d;j) AND THIRD ORDER
NONLINEAR OPTICAL SUSCEPTIBILITY (7))

Host ZnS ZnSe ZnTe CdS CdSe CdTe
Physical properties [48]-[50]
Crystal lattice® 7B ZB 7B W w 7B
Band Gap, eV 3.7 2.7 23 2.5 1.7 1.5
Bond length, A 234 2.45 2.60 252 2.62 2.81
Max optical phonon v/, cm ™! 350 250 207 304 211 169
Thermal conductivity, W/cmK 0.27 0.18 0.108 0.2 0.09 0.075
Refractive index @3 pm 2.26 2.44 2.7 2.30 2.46 2.7
n~! dn/dT, 1075+ 1.9 2.6 6 4 4 4.4
Max dij, pV/m 12@1 pm 43@1 pum 119@1 ym 19@1 pum  65@1 ym  109@1 pm
v at 1 pm, x 1020 m>/W 84 ~350 1200 500 150 3000
Spectroscopic properties of Cr>* ions
Peak o1, x 1078 cm? 1.0 B3 1.1 641 1.201 1.5 521 1.9 1331 2221
Peak Anp, pm 1.69 1.77 1.79 1.85 1.92 1.92
Bandwidth ALy, um 0.32 0.35 0.34 0.41 0.44 0.41
Peak ooy x 10718 cm? 1.4 33 1.351 1.9 1.3 032 1.1 134
Peak Acpy , pom 2.35 2.45 2.4 2.6 2.75
Bandwidth Ay, , m 0.82 0.86 0.87 1.1 1.2
7 at RT, pis 4.3 133] 5.5 051 30 1.2 062 3.7 152 2921
Trads [18 5.7 131 5.5051 30 7.6 1521 5.5 1521 33021
Spectroscopic properties of Fe>* ions
Tap X 10718 cm? 0.92 161 0.97 321 1.5 131 1.7 361
Xab, pm 2.8 3.1 3.15 b7 35 3.65
Adyp, pm 1.22 1.35 1.54 171 1.81 1.94
Gem X 10718 cm? 1.1 281 1.1128 3.2 551 1.4 1581
hem » pm 3.94 435 481 5.94
Ajem, pm 091 1.13 1.37 1.79
7 at RT(77), ps 0.052.7) B 0.38 (57) B 0.05551  0.24 (68) 138
Trad RT, s 55 [28] 57311 72 158]

*Zinc Blende (ZB) and wurtzite (W) crystal structure.

**Long-wavelength limit of temperature coefficient of the refractive index.
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Fig. 4. Progress in high power CW TM:II-VI lasers: Cr>* :ZnS/Se (stars),
Fe’* :ZnSe (squares). The dashed lines indicate exponential growth.

Tunable MIR lasing was demonstrated in several other Cr-
doped binary, ternary and quaternary II-VI chalcogenides.
The following chromium doped lasers have been described in
the literature: Cr:CdSe (2.45-3.4 pum) [54], Cr:Cd;_«Mn,Te
(2.1-3.0 pm) [37], [66], Cr:CdTe (2.54 pm) [21], Cr:CdS
(2.2-3.3 pm) [67], and Cr:ZnMgSe (2.3-2.7 um) [68], [69].
The broadest tunability of a Cr:ZnSe laser covering 1.88—
3.3 um was demonstrated in [S1], [70]. The longest wavelength

oscillation of Cr>* laser @3.6 um was reported using a CdSe
host [71]. Major milestones in Cr and Fe doped II-VI laser
development are summarized in Table II.

2) Fe’* Lasers: The first lasing of Fe?* ions in tetrahedral
sites was reported by Klein ez al. [74] in 1983. The gain element
was n-InP doped with iron and lasing was observed at 3.53 pm at
2 K. The first Fe:ZnSe laser pumped by 2.94 ;ym Er: YAG radia-
tion and tunable over 3.98—4.5 pym spectral range was reported at
T = 180 K [32]. The spectral position of Fe?>* absorption bands
is around 2.5-4.0 um where available pump sources are very
limited. The following laser sources were used for excitation:
Er’* lasers operating at 2.9 pm [32]; Cr?* laser operating over
2.6-2.9 um [75]; Dy Raman Shifted (2nd Stokes) Nd: YAG laser
2.92 pm radiation [76]; HF laser operating at 2.6 yzm [79]. One
of the ways to circumvent this limitation is to use energy transfer
from other ions to create inversion of Fe?* ions. Co**" ions in
II-VI semiconductors feature strong absorption bands near
0.8 ym and 1.5 pum and could be used for this application.
Indeed, laser oscillation of Fe?* ions in Co:Fe:ZnS(ZnSe) co-
doped samples via energy transfer from cobalt was demonstrated
under 790 nm and 1.56 ym pumping of Co** ions [80], [81].
Unfortunately, laser oscillation was realized only at low temper-
ature (<24 K) due to overlapping of excited state absorption of
Co** ions with Fe?* luminescence band at higher temperatures.
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TABLE II
MILESTONES IN DEVELOPMENT OF CR?>* AND FE?* LASERS

Milestone Ref.
CrP* lasers
First lasing 1996 [9]
First diode-pumped laser 1997 [42]
First CW laser 1999 [72]
First mode-locked laser 2000 [62]
First Kerr mode-locked laser 2009 [73]
Gain element: Tunability
Cr:ZnS 1.84-3.06 um  This paper
Cr:ZnSe 1.88-3.30 um  [51], [70]
Cr:CdSe 2.26-3.61 pm [71]
Fe** laser

First lasing of Fe>* ions 1983 [74]
First lasing in chalcogenide host 1999 [32]
First CW lasing 2008 [75]
First RT lasing 2005 [76]
Gain element: Tunability
Fe:ZnS 3.49-4.65 pm [77]
Fe:ZnSe 3.77-5.05 pm [26]
Fe:CdSe 4.60-6.10 pm [78]

Highly efficient laser oscillations of Fe:ZnS(ZnSe) pumped
by free running 2.94 um Er’" laser radiation were demon-
strated at temperatures of 77-220 K by several research groups
[82]-[84]. Recently, a 5 J pulsed Fe:ZnSe laser operating at T
= 85 K and pumped by a free running 10 J Er:YAG laser was
reported in [85].

The first CW lasing of Fe:ZnSe pumped by 2.97 um
Cr?*:CdSe laser radiation was demonstrated in [75]. The au-
thors reported 160 mW of output power at 4 pm wavelength.
Current progress in development of high power Cr>* CW lasers
enabled power scaling of Fe:ZnSe output power in excess of
9 W [86]. Fig. 4 shows progress in development of CW Fe?*
lasers. As one can see from the figure, the exponential growth
rates for the output power of Fe?* and Cr>* lasers are very
similar.

The first RT operation of an Fe:ZnSe laser was proposed and
realized in [76]. The authors demonstrated that Fe:ZnS/ZnSe
crystals could efficiently operate at RT in the gain-switched
regime of operation if the pump pulse duration is shorter than,
or of the same order of magnitude as, the quenched lifetime
of Fe’" optical centers at RT. Recent progress in RT Fe?*
lasers strongly correlates with the development of high-energy
pump sources based on solid-state lasers and HF chemical
laser. A highly efficient Fe:ZnSe laser with an output energy
of 1 J pumped by an HF laser operating at 20 Hz was demon-
strated in [87]. The output energy of the Fe:ZnSe laser reached
1.4 J in ~150 ns pulse duration when pumped by HF laser
radiation in single pulse regime [88]. In our review we will
mainly focus on Fe:ZnSe laser systems pumped by solid state
lasers.

Table II also summarizes tuning ranges of Fe?* :II-VI lasers.
The shortest 3.49 um oscillation wavelength was demonstrated
using ZnS hosts [77]. The longest 6.1 um was achieved in CdSe
crystals [26], [55].
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TABLE III
PROPERTIES OF ER:YAG, HO:YLF, AND HO: YAG [48], [90]
Property Er:YAG Ho:YLF Ho:YAG
Crystal type Isotopic Birefringent  Isotopic
Central wavelength ., nm 1645 2051 2090
Pump wavelength A;,, nm 1470/ 1940 1908
1532.6
Thermal conductivity, 13 6.3 13
Wm/K
Peak emission cross-section 2.7 1.81 0.98
Oe, 10720 ¢m?
Lifetime 7, ms 5 15 7
Thermal coefficient of 7.8 —4.3 (/lc) 7.3
refractive index (dn/dT), —2.0(Lc)
1070 K!

II. TM:II-VI LASERS PUMP SOURCES BASED ON HYBRID,
FIBER-BULK SYSTEMS

A. Introduction

Erand Tm fiber lasers [28] are the most convenient and widely
used pump sources for CW Cr>* lasers. The review of these fiber
lasers is out of the scope of the current paper and can be found
elsewhere [89]. This section is focused on recent developments
in Q-switched fiber-bulk hybrid lasers combining effective oper-
ation of fiber lasers in CW regime and energy storage capability
of solid state lasers. These systems are used as pump sources for
TM:II-VI lasers operating in the gain-switched regime. In addi-
tion, these hybrid laser sources operating in the eyesafe wave-
length regions have a variety of applications in medicine, range-
finding, remote sensing, and industrial material processing. Due
to the broad availability of high-brightness fiber laser optical
pump sources, the most attractive are the eyesafe solid-state
laser systems based on resonantly-pumped Ho:YAG (pumped
by Tm-doped fiber laser (TDFL) at 1908 nm), Ho:YLF (pump
by Tm-doped fiber lasers at 1940 nm), and Er:YAG (pumped
by Er-doped fiber lasers (EDFL) at 1532 nm) laser gain media.
Thermal, optical, and spectroscopic parameters of Er: YAG and
Ho:YAG/YLF are summarized in Table III. Due to long storage
lifetime and high peak emission cross section, these lasers ef-
ficiently convert CW radiation of the fiber pump sources into
high-energy, high peak power pulsed oscillators and deliver high
quality, high-brightness laser beams at 2090 nm, 2050 nm, and
1645 nm, respectively. These properties open an excellent op-
portunity for obtaining high energy MIR radiation via optical
parametric oscillators (OPOs) and direct pumping of transition
metal doped II-VI semiconductor materials.

Systems such as Er:YAG lasers at 1645 nm are prefer-
able for direct pumping of Cr>*:ZnS gain medium whereas
Ho:YLF/ Ho:YAG lasers at 2050/2090 nm are more suitable for
Cr’*:ZnSe gain material pumping.

B. Fiber Pumped Er:YAG Laser

Er:YAG lasers with emission at 1645 nm and 1617 nm have
been realized by in-band pumping by EDFL [91]-[93]. High
energy generation under laser diode pumping has been reported
in [94], [95]. Obtaining high energy Er: YAG lasers operating at
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Fig. 5. Resonator schematic of high energy Er:YAG oscillator optimized for
(a) low repetition rates (<5 kHz) and (b) high repetition rate (>5 kHz) MOPA:
EDFL, pump laser at 1532 nm; L, pump focusing lens; Er:YAG, gain element;
HR, high reflectors; AOM, Acousto-optic modulator; BP, Brewster plate; OC,
output coupler; EDFL — Er fiber laser. The pump beam size in all cases is
~1.2 mm. In the MOPA system the output beam of the Er:YAG master oscillator
was collimated to match the pump beam diameter before focusing into the gain
elements of the amplifier.

1 kHz, however, has proven to be a challenging task. Here, we
present two designs of high energy 1645 nm lasers suitable for
operating at low (<5 kHz) and high repetition rates (>5 kHz).

Previous attempts of hybrid Er:YAG laser operating at
~1 kHz were limited by damage to dielectric coatings of the
input mirror [93]. Our approach, which is tailored to operate at
low repetition rates, is depicted in Fig. 5(a). The master oscilla-
tor (MO) was composed of two 1532.6 nm, 30 W EDFLs and a
resonator based on two 5 mm diameter by 60 mm long 0.25%
doped Er:YAG crystals. The beam was passed through high
reflection (1645 nm)/high transmission (1532.6 nm) dichroic
mirrors and Q-switched operation was achieved by Gooch &
Housego acousto-optic modulator (AOM). A volumetric Bragg
grating (VBG) with an effective reflection of 65% at 1645 nm
served as an output coupler. The cavity length was optimized
such that the beam size at the input mirrors and crystals is
~0.8 mm (2w) allowing maximized extraction of energy with-
out laser-induced damage of components. Fig. 6 summarizes
output characteristics of the low repetition rate Er:YAG laser
design. At full power pumping (64 W) we demonstrate 22 mJ,
50 ns pulses operating at 1 kHz. Output energy of 40 mJ at
<100 Hz was limited by optical damage of the antireflection
(AR) coating on the VBG. Further improvement of output char-
acteristics can be achieved by 1) improving AR coating on the
VBG, and 2) use of high power pump sources (>100 W EDFL).

Fig. 5(b) depicts the design of a high average power, high
repetition rate Er:YAG laser. It is a MO and power amplifier
(MOPA) configuration employing two 30 W EDFLs. The mas-
ter oscillator is based on one EDFL pumping one 5 mm diameter
by 40 mm long 0.5% Er:YAG crystal. The cavity consists of a
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Fig. 6. Output characteristics of low repetition rate Er:YAG oscillator
(<5 kHz) design. Pulse energy (a) pulse duration (b) of Er:YAG Q-switched
lasers vs a pulse repetition rate. (¢) Output pulse energy as a function of incident
pump power for different repetition rates.

dichroic input mirror (IM), a crystal, AOM, a Brewster etalon,
an intracavity lens, and a VBG with a 65% reflection. The gen-
erated light is then passed through a single pass power amplifier
consisting of two 40 mm long 0.5% Er:YAG crystals pumped by
a second 30 W EDFL. Output characteristics are summarized
in Fig. 7. Here, output energies of up to 2.6 mJ were achieved
at 10 kHz rep. rate. Average output power of high repetition
rate MOPA Er:YAG did not exceed 26 W for the whole range
of repetition rates 5-100 kHz. Further Er:YAG energy scal-
ing can be achieved by the use of higher power EDFL pump
sources.
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Fig.7.  Output characteristics of high repetition rate MOPA Er: YAG (>5 kHz)
laser design. Pulse energy (a) pulse duration (b) of Er:YAG Q-switched lasers
vs a pulse repetition rate. (c) Output pulse energy as a function of incident pump
power for different repetition rates.

C. Fiber Pumped Ho:YAG Laser

Direct resonant pumping of Q-switched Ho:YAG lasers by
TDFL lasers operating at 1908 nm allows for obtaining high
energy nanosecond pulsed output radiation at 2.09 pm at pulse
repetition rates ranging from tens of Hz to hundreds of kHz
with high optical to optical efficiencies. A very important appli-
cation of fiber-pumped Q-switched Ho:YAG lasers is pumping
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Fig. 8. MOPA schematic of high energy (a) and high rep rate (b) Ho:YAG
lasers: TDFL — Tm fiber pump laser at 1908 nm; L — lens, HR — dichroic high
reflectors (AR@ 1908 nm, HR@2090 nm); AOM — Acousto-optic modulator;
BP — Brewster plate; OC — output coupler; VBG — volumetric Bragg grating.
The pump beam size in all cases is ~2.3 mm. In the MOPA system the output
beam of the Ho: YAG master oscillator was collimated to match the pump beam
diameter before focusing into the gain elements of the amplifier.

of Cr:ZnSe gain crystals in gain-switched laser configuration.
This approach allows for obtaining 10 ns pulses in the spectral
range of 2-3 um (see Section III).

High energy Ho: YAG systems with high optical efficiencies
were studied extensively [96]-[98]. In general, the efforts of
power scaling are limited by strong thermal lensing in Ho: YAG
crystals resulting in permanent optical damage of dielectric coat-
ings within the cavity. Here, we present our latest achievement
in power scaling of Ho:YAG lasers. General optical diagrams
of high-energy and high pulse repetition rate systems are shown
in Fig. 8. In the case of high-energy systems, the cavity is op-
timized for larger active volume in the Ho:YAG gain elements
and larger spot sizes to minimize optical damage. This leads to
lower optical-to-optical efficiency but allows for obtaining very
high pulse energies at low pulse rep rates (up to 1 kHz). In con-
trast, high rep-rate systems are optimized for maximum possible
gain. Thus we use relatively tight pump focusing, small mode
diameter, and higher Ho concentration. This approach enables
shortening of the pulse duration at high pulse rep rates (e.g.,
100 kHz).

The high-energy system was composed of four stages: a MO
and 3-stage power amplifier (PA), and is depicted in Fig. 8(a).
Two 100 W TDFLs operating at 1908 nm and split with 50/50
beam splitters were used to pump each channel. The MO
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Ho:YAG oscillator design as a function of incident pump power. Blue curve
(circles) represents output energy from Master Oscillator and first amplifier stage
(PA1) simultaneously pumped by the first 100 W TDFL. Red curve (squares)
represents MOPA passed through second and third amplifier (PA2 PA3) stages
simultaneously pumped by the second 100 W TDFL.

consisted of one input coupler (IC), an intracavity lens (to com-
pensate thermal lens in MO gain element), a 5 mm diameter by
40 mm long 0.5% Ho:YAG crystal, AOM, a Brewster etalon and
a R = 40% output coupler. The MO output energy at 2090 nm
was 14.5 mJ with pulse duration of 17 ns. Each consecutive
amplifier stage was composed of a single 40 mm long 0.5%
Ho:YAG crystal and mode matched with pump by a long focal
length lens. The resultant output energy after each stage was as
follows: PA1 — 25 mJ, PA2 — 34 mJ, PA3 — 52 m] retaining the
pulse duration of 17 ns (Fig. 9). Our further efforts for power
scaling will include a new and improved design of the MO based
on Er:YAG schematic introduced in Section II-B.

The high rep-rate system shown in Fig. 8(b) was also built
using a MOPA approach. The pump beam is tightly focused into
1.0% gain element of the MO and the cavity is made as short
as possible. To reduce the pulse duration and ensure narrow-
linewidth at 2090 nm, a low-efficiency VBG is used as the output
coupler. The output beam of the MO is then focused together
with the second pump beam into a dual-crystal 0.5% Ho:YAG
single-pass amplifier gain element. The output characteristics
of the high rep-rate system are summarized in Fig. 10.

D. Fiber Pumped Ho:YLF Laser

Ho:YLF as the gain medium features a combination of a high
gain cross-section and long storage time of the Ho-transition
as well as birefringent and athermal nature of the YLF crystal
essential in the design of high-power linearly polarized laser
systems. As with Ho:YAG, Ho:YLF laser system design is well
suited for a pumping scheme utilizing randomly-polarized, high-
brightness Tm-fiber lasers but with a small difference in design.
In this case it is convenient to polarization-split the fiber laser
output into two independent pump channels which can be used
to pump two laser crystals. In our case we use one channel to
pump a crystal in a laser oscillator and the other channel to pump
a crystal configured as a single-pass amplifier. This dual-crystal
MOPA approach is described in [99], [100]. The Tm-fiber lasers
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for pumping Ho: YLF lasers are typically operated at 1940 nm
and produce ~100-150 W in CW regime with diffraction-
limited beam quality. The performance of the Ho:YLF MOPA
system is illustrated in Fig. 11. The absolute optical-to-optical
efficiency reaches ~47% in CW regime. Fig. 11 illustrates the
output pulse energy in Q-switched regime at different repe-
tition rates vs total Tm-pump power. No alignment or opti-
mization was performed on the system while recording the
data in Fig. 11. Typical pulse width for the Ho: YLF MOPA is
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~15-17 ns while operating at pulse energies >35 mJ. The ad-
dition of a dual-crystal Ho: YLF single-pass amplifier after the
MOPA enables a 2-fold improvement in energy, i.e., >70 mJ at
1 kHz, and >100 mJ at <500 Hz [100].

III. HIGH-POWER MIDDLE-IR SOURCES BASED ON
POLYCRYSTALLINE CR:ZNS AND CR:ZNSE

A. Introduction

During recent years we have observed a rapidly growing pop-
ularity of CW MIR laser sources operating within the 2-3 pm
spectral region. Our MIR laser systems are based on Cr>*:ZnS
and Cr’>*:ZnSe gain media capable of delivering high-power,
high-brightness CW laser radiation in the spectral range of
1800-3400 nm [70], [101]. These lasers have been used for a
broad variety of applications that include, but are not limited to,
precision laser spectroscopy, detection of organic compounds,
defense applications, and medical research. There is also a
rapidly growing demand for very high-power, high-brightness
mid IR laser systems (more than 100 W, high beam quality) in
the fields of industrial material processing for fast cutting, weld-
ing, and marking of polymers near 2400 nm wavelength region,
processing of glasses in the range of 2700-2950 nm, manu-
facturing of biomedical equipment products, and laser surgery
near 2940 nm. In this section we review our recent progress in
development of state-of-the-art MIR Cr>*:ZnS and Cr>*:ZnSe
lasers and demonstrate their unique output characteristics.

B. Widely Tunable Cr:ZnS and Cr:ZnSe Lasers

The availability of high-power fiber lasers operating in the
1.5-1.9 pm spectral range which deliver near diffraction-limited
beam quality has enabled significant progress in development of
reliable widely-tunable, narrow-linewidth, and single-frequency
MIR Cr**:ZnS and Cr’* :ZnSe laser systems [28]. Cr’*:ZnS/Se
tunable lasers deliver more than 8 W of output power at the
central wavelength and more than 1000 nm continuous tun-
ability, while maintaining <0.25 nm laser linewidth and high
beam quality. The single-frequency systems reach 5 W out-
put power level and up to 500 nm tuning range (tunability of
the single-frequency lasers is currently limited by bandwidth
of diffraction gratings operating in low-efficiency Littman con-
figuration). Fig. 12 shows general optical diagrams of the tun-
able Cr’>":ZnS and Cr?>*:ZnSe lasers in MOPA configurations.
Fig. 13 depicts typical tuning curves of narrow-line and single-
frequency Cr>*:ZnS lasers.

C. Power-Scaling CW Cr:ZnS and Cr:ZnSe Lasers With
Spinning-Ring Gain Element Approach

Due to inherent physical properties of ZnS and ZnSe hosts,
the maximum output power of Cr>*:ZnS and Cr**:ZnSe lasers
was limited to about 10 W [28]. The primary limiting factors
for power scaling of these laser systems are extremely strong
thermal lensing [102] and relatively low optical damage thresh-
old [103], [104]. In order to mitigate these challenges and sig-
nificantly increase achievable output power of Cr’>*:ZnS and
Cr’*:ZnSe CW laser systems we have recently developed a
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single-frequency (b) Cr’t:ZnS and Cr?* :ZnSe lasers in MOPA configura-
tions. EDFL — fiber pump laser; HR — dichroic mirror (HR @2000-3000 nm,
AR@1500-1700 nm); L — AR-coated lens; LTG — diffraction grating in Littrow
mount configuration; LMG - diffraction grating in Littman mount configura-
tion; THR — tuning high reflector; OC — output coupler. Depending on the output
power requirements, the MOPA systems may use either dual or single pump
laser (with 50/50 pump beam splitting in the latter case). Cr:ZnS is preferable
for higher output powers at shorter wavelengths, while Cr:ZnSe is more suitable
for longer wavelengths. A combination of Cr:ZnS and Cr:ZnSe in the mas-
ter oscillator and power amplifier, respectively, allows for achieving a broader
wavelength tuning range. The pump beam size in all cases is ~1.2 mm, the
master oscillator typically delivers ~1.5 mm output beam. No special beam
shaping of the master oscillator is used in these systems. The typical length of
the gain elements is 9 mm with Cr concentration of 5 x 108 cm=3.
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losses and restores the laser output power. The residual atmospheric absorption
is still detectable in the 25 mm air path between the laser and power meter.
The dashed plot shows a typical tuning curve of the single-frequency Cr?* :ZnS
MOPA laser system.
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Fig. 14.  Generic optical diagrams of the spinning-ring gain element (a) and

spinning-cavity (b) Cr?*:ZnS and Cr?>* :ZnSe laser systems. EDFL — fiber
pump laser; HR — dichroic mirror (HR @2000-3000 nm, AR@ 1500-1700 nm);
L — AR-coated lens; LTG — diffraction grating in Littrow mount configuration;
SP - spinning periscope; AOR — axis of rotation of the ring gain element (a) or
the spinning periscope (b); OC — output coupler.

novel approach which consists of a rapid scanning of coaxial
pump beam and laser mode through the gain element. In the
simplest implementation the Cr>*:ZnS or Cr?*:ZnSe gain ele-
ment is manufactured in the form of a ring which is spinning
in the laser cavity at high RPM. This approach allows us to
completely eliminate thermal lensing effects due to a very low
local heating, avoid optical damage of the gain element, and
thereby obtain record levels of output power limited only by the
available pump.

A very detailed description of this laser system can be found
in [47] and a generic optical diagram of the spinning ring laser
is shown in Fig. 14(a). An alternative optical scheme which uses
exactly the same principle of operation is depicted in Fig. 14(b).
In the latter system, the gain element is made in the shape of a
plane-parallel plate (this can be either of circular or rectangular
shape) and the coaxial pump beam and laser mode are scanned
through the gain element on a circular path using a spinning
periscope consisting of a single piece of IR optical material or a
pair of parallel mirrors. We designate this design of the system
as “spinning cavity” laser.

The main advantage of the spinning ring over spinning cavity
is that multiple pump sources can be used simultaneously: us-
ing two 100 W, 1.9 ym Tm fiber lasers we were able to obtain
140 W of output power at 2.4 pm and 30 W at 2940 nm [47]
and we expect to reach at least 250 W maximum output power
level with 4 such pump sources from a single gain element. On
the other hand, self-cooling of the spinning ring has somewhat
limited heat removal efficiency and becomes challenging from
an engineering perspective. In contrast, in the spinning cavity
design the gain element plate is fixed on a heatsink that allows

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 5, SEPTEMBER/OCTOBER 2018

1.0

0.8

0.6

0.4

Output Power, W

0.2

10

‘Wavelength scan in air
Normalized air transmission

0 1 L [l i i i L i 1 L 1 i 00
2400 2500 2600 2700 2800 2900 3000

Wavelength, nm

Normalized air transmission, a.u.

Fig. 15. Continuous wavelength scan of a tunable Cr>* :ZnSe spinning-ring
master oscillator. Grey background plot (right y-axis) shows calculated standard
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for efficient heat removal using conventional cooling methods
(e.g., water cooling). The greatest disadvantage of the spinning
cavity design is that only one pump source can be used, therefore
requiring very high power pump sources. In our preliminary ex-
periments we obtained about 50 W of output power near 2.4 ym
at 100 W incident pump power. Nevertheless, with continuing
progress in fiber laser technology this problem might be soon
mitigated as kW level high-brightness fiber pump lasers become
available, allowing for further progress in power scaling of MIR
laser systems based on Cr’*:ZnS and Cr’*:ZnSe gain media.
Also, currently under consideration is the feasibility of using
multimode fiber pump sources.

To conclude this section, we present our most recent results in
tunability of the spinning-ring Cr>* :ZnSe laser system. The tun-
ing curve of the laser is shown in Fig. 15. The tuning range was
limited by dichroic mirrors while the maximum output power
was limited by the damage threshold of the diffraction grating.
To mitigate these problems in the future, we are currently devel-
oping a MOPA system where in place of the master oscillator
we will use our mid-power widely tunable Cr**:ZnS laser sys-
tem (Figs. 12 and 13) and the spinning ring will be used as a
dual-pass power amplifier.

D. Gain Switched Cr:ZnS/ZnSe Lasers

A general diagram of a tunable gain-switched (GS) Cr:ZnS/Se
laser is shown in Fig. 16. We used Q-switched Er:YAG/Ho: YAG
laser operating at 1645 nm/2090 nm as a pump source (see
Section II for details). The cavity consisted of a high reflection
folding mirror with R > 99%, a gain crystal with antireflection
coatings on both facets, output coupler with R = 50%, and a
high efficiency (>90%) diffraction grating placed in Littrow
configuration for wavelength tuning. A dual prism beam ex-
pander was inserted to 1) provide narrow laser linewidth and 2)
prevent optical damage of the diffraction grating.

For the Cr:ZnSe laser, a Ho:YAG pump laser was assembled
operating at 100-200 Hz repetition rates with pulse energy over
30-55 mJ range and 30 ns pulse duration. Output characteristics
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Fig. 16.  Schematic of tunable gain switched Cr:ZnS/Cr:ZnSe laser.
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of the GS Cr:ZnSe laser are shown in Fig. 17. We achieved
wavelength tuning over 2400-3000 nm with maximum output
energy as high as 16 mJ at the 2500 nm peak. Pulse duration
was 10 ns.

For the Cr:ZnS laser, a dual Er:YAG pump laser was as-
sembled operating at 100 Hz repetition rate with pulse energy
of 12 mJ and 80 ns pulse width. Pumping was performed at
Brewster angle from both sides of the crystal. Output character-
istics of the GS Cr:ZnS laser are shown in Fig. 18. We achieved
wavelength tuning over 1950-2650 nm with output energy as
high as 7 mJ at the 2250 nm peak. Pulse duration was 50 ns.

IV. ULTRAFAST MIDDLE-IR SOURCES BASED ON
POLYCRYSTALLINE CR:ZNS AND CR:ZNSE

A. Introduction

Our review of this topic will be organized as follows. The
most current designs and output parameters of polycrystalline
Cr:ZnS and Cr:ZnSe oscillators are summarized in Section B.
Recent results on amplification and spectral broadening of MIR
fs pulses in single-pass polycrystalline Cr:ZnS and Cr:ZnSe
amplifiers are discussed in Section C. We conclude the review
with a short summary on the down-conversion of Cr’>* -based fs
sources in synchronously pumped optical parametric oscillators
(OPOs).
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TABLE IV
PROPERTIES OF CR:ZNS, CR:ZNSE, AND TI: SAPPHIRE

Property CriZnS  Cr:ZnSe Ti:Sa
Central wavelength Ac, pm 2.35 2.45 0.8
Relative bandwidth Ax/Ac 0.6 0.6 0.6
Bandwidth Av, THz 70 70 130
Peak emission cross-section 14 13 4
Oo, 10719 cm?

Nonlinear index no, cm?-W-! 10~ 14b 3.10°16
Second order nonlinear 4P 16-20° Very low
susceptibility x(2), pm-V~!

ALifetime 7, us 43 54 3
4Thermal conductivity, 27 18 35
W-m~!-K™!

4Temperature derivative of 54 61 12
refractive index (dn/dT),

1070-K~!

Hardness, Mohs 4 4 9

2At room temperature (RT).
b Approximate values.

Chromium doped ZnS and ZnSe are well suited for generation
of ultra-short optical pulses in the MIR range. These materials
combine superb ultra-fast laser capabilities with high nonlin-
earity of wide-bandgap zinc-blende semiconductors. Therefore,
Cr:ZnS and Cr:ZnSe support all standard regimes of femtosec-
ond (fs) lasers and amplifiers and also enable efficient frequency
conversion of ultra-short pulses via x(2) and x(*) nonlinearity.

Due to their broad absorption and emission bands, Cr:ZnS
and Cr:ZnSe are often referred to as the “Ti:sapphire of the
middle-infrared”. Relevant properties of the materials are com-
pared in Table IV. As can be seen, Cr:ZnS and Cr:ZnSe exhibit
significantly higher peak emission cross-section and longer RT
lifetime at similar relative bandwidth. On the other hand, Cr:ZnS
and Cr:ZnSe are more demanding in terms of the thermal man-
agement due to smaller thermal conductivity, higher temperature
derivative of refractive index and lower hardness.

Convenience of RT operation and availability of high power
fiber lasers for optical pumping have stimulated rapid progress of
ultrafast Cr:ZnS/Se lasers. Femtosecond oscillators based on all
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major mode-locking techniques have been implemented over the
past decade. Passive mode-locking of single-crystal Cr>*:ZnSe
lasers by a semiconductor saturable absorber mirror (SESAM)
with ~100 fs pulses was demonstrated in 2005 [105], [65].
Kerr-lens mode-locking of a single-crystal Cr:ZnSe laser with
95 fs pulses was achieved in 2009 [73]. The first Cr:ZnSe-based
chirped-pulse amplifier (CPA) with sub-mJ pulse energy and
GW peak power was demonstrated in 2011 [106]. A graphene
mode-locked single-crystal Cr:ZnSe laser (226 fs pulses) was
first reported in 2013 [107].

Further efforts of several research teams were concentrated
on the improvements of Cr-based oscillators and amplifiers,
as reviewed in [108]. Optimization of SESAM mode-locked
oscillators has allowed the achievement of 50 fs pulses at 0.25 W
average power (and implementation of a kHz CPA with 5 GW
peak power) [109]. Pulse durations as short as 41 fs (5 opti-
cal cycles) and repetition rates as high as 0.95 GHz were ob-
tained from single-crystal Cr:ZnS lasers passively mode-locked
by graphene [110], [111]. However, it was understood that the
use of SESAM and Graphene mode-lockers imposes limits on
further power scaling of Cr-based fs oscillators [108], [112].
On the other hand, optimization of the single-crystal Kerr-lens
mode-locked Cr:ZnS and Cr:ZnSe lasers resulted in <70 fs
pulses, and has allowed the realization of sub-W levels of out-
put power [113]-[115].

All recent developments in ultrafast Cr-based laser technol-
ogy are related to Kerr-lens mode-locking in polycrystalline
Cr:ZnS and Cr:ZnSe, which was first achieved in 2014 [116].
The use of optimized polycrystalline gain elements and uncon-
ventional designs of the optical resonators has resulted in signif-
icant improvements in the output parameters of MIR fs oscilla-
tors in terms of average power, pulse energy, and pulse duration
[28]. The most current achievements include 2-3 optical-cycle
oscillators with Watt-level average power and MW-level peak
power [117]-[119]. Efficient power scaling of ultra-fast MIR os-
cillators in simple and robust single-pass polycrystalline Cr:ZnS
and Cr:ZnSe amplifiers has been demonstrated, resulting in few-
optical-cycle MIR sources with multi-Watt (multi-MW) average
(peak) powers which operate in very broad range of pulse repe-
tition rates [120], [121].

Another set of interesting opportunities arises from the
high nonlinearity of zinc-blende semiconductors. Nonlinear re-
fractive indices of ZnS and ZnSe are approximately 30-50
times higher than that of sapphire (see Table IV); the criti-
cal power for self-focusing in these materials is proportion-
ally low (Pcpit = 0.4 MW at the wavelength 2.4 pm). Fila-
mentation and supercontinuum generation (SCG) in bulk ZnS
and ZnSe attracts growing attention from the ultrafast laser
community. The formation of filaments and multi-octave MIR
SCG has been recently investigated in undoped ZnS and ZnSe
[122]-[126]. The parameters of filaments were characterized
in a broad range of pump wavelengths (and hence in different
regimes of multi-photon ionization) using MIR optical paramet-
ric amplifiers (OPA, OPCPA) and difference frequency genera-
tion (DFG) setups. A compact and cost efficient octave-spanning
MIR supercontinuum generator based on Cr:ZnSe has been re-
ported in [121].
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Second-order nonlinear susceptibility of ZnS and ZnSe
(d3¢ = 4 and 16-20 pm/V, respectively) [127], [128] is com-
parable or higher than that of LiNbOj3. Polycrystalline ZnS and
ZnSe consist of a multitude of microscopic single-crystal grains.
The broad distribution of grain sizes and orientations allows for
three-wave mixing via random quasi-phase-matching process
(RQPM). The main distinctive features of RQPM (a linear de-
pendence of the conversion yield with the medium length and an
ultra-wide bandwidth) were predicted in [129], [130] and then
confirmed in a proof-of-principle experiment [131]. RQPM is
less efficient than the conventional QPM process in cw and
ns pulsed laser regimes. However, a number of recent reports
have demonstrated that RQPM in polycrystalline ZnS and ZnSe
is very well suited for three-wave-mixing of few-cycle MIR
pulses with high peak power and broad spectrum [132], [133].

Ultrafast sources based on Cr:ZnS and Cr:ZnSe can be used as
laser frequency comb generators in the spectral range 2—-3 pum
with a number of important applications in science and tech-
nology [134]. Furthermore, Cr>* -based sources provide a very
convenient starting point for the extension of frequency combs
to the whole MIR range of 2-20 pm. The standard approach to
MIR comb generation is based on an intrapulse difference fre-
quency generation (DFG) of ultra-short (sub-two-cycle) pulses
from available fs lasers [135]-[138]. Advantages of this ap-
proach include inherent stability of carrier-envelope-phase and
possibility to access the long-wavelength part of the MIR range
(10-20 pm). The limitations of this approach arise from the
intrinsic difficulty of simultaneously achieving high efficiency
of the DFG process and a broad bandwidth of phase-matching.

Another approach to generation of MIR combs is presented by
degenerate (subharmonic) parametric oscillators (OPO) [139].
Synchronous pumping of a subharmonic OPO by a frequency
comb (fs pump laser) simultaneously provides frequency-
divided-by-2 down-conversion and significant spectral broaden-
ing. Furthermore, the technique features high pump conversion
efficiency and fully preserves the coherence of the pump comb
[140].

The use of mode-locked Cr?>* -based lasers for OPO pumping
has attracted a lot of attention. Subharmonic OPO and dual comb
spectroscopy with fs Cr:ZnSe lasers were demonstrated shortly
after the advent of first SESAM mode-locked oscillators [141],
[142]. More recent achievements include a subharmonic OPO
with instantaneous spectral span of 2.9-8.4 yim [143]. The most
well-studied nonlinear material for Cr’>*-laser pumped OPOs
is quasi-phase-matched orientation patterned GaAs (OP-GaAs)
[143], [144]. A new route for generation of few-cycle pulses and
multi-octave frequency combs has been opened by the world’s
first OPO based on RQPM in polycrystalline material (1.5-mm
thick ZnSe sample) [145]. A number of similar polycrystals
(ZnSe, ZnS, ZnTe, ZnO, CdSe, GaP, GaN) are readily available
for OPO applications. Further in this section, we will demon-
strate that the necessity to achieve phase-matching condition
can be further relaxed in self-phase-matched OPOs based on
sufficiently thin (of the order of coherence length) samples of
nonlinear material.

With a few exceptions, the experiments were carried out in
a standard lab environment at 40-60% relative air humidity.
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Fig. 19.  Generic resonators of Kerr-lens mode-locked Cr:ZnS (ZnSe) oscil-
lators (not to scale): (a) st generation lasers, (b) 2nd generation lasers. EDFL,
pump laser at 1550-1567 nm; L, pump focusing lens; Cr:ZnS(ZnSe), gain el-
ement; HR, high reflectors; OC, output coupler; HRx*, optional folding high
reflectors; BP, Brewster plates for dispersion control (YAG, FS, sapphire, etc.);
BP: optional Brewster plate with low GDD and TOD for polarization control.
SHG signal is generated in the gain element via RQPM process and separated
by an optional dichroic mirror DM. Dashed rectangle shows an optional wave-
length tuning stage that includes a CaFy prism (P) and a tuning HR, see main
text.

Some MIR sources with ultra-broad spectra were purged by ni-
trogen, which will be specified in the main text. All obtained
laser parameters correspond to long-term-stable laser operation
in Kerr-lens mode-locked regime at fundamental repetition rate
with linear polarization. Laser spectra were characterized us-
ing a Princeton Instruments SP2150 monochromator (150 and
75 g/mm gratings), InGaAs (Thorlabs), PbSe (Thorlabs), MCT
(VIGO, Teledyne Judson) detectors and, if necessary, sets of
spectral filters (Spectrogon). We did not post-process the ac-
quired spectra to account for spectral dependences of the diffrac-
tion efficiency of the gratings and sensitivity of the detectors.
Temporal parameters of the lasers were evaluated using an in-
terferometric autocorrelator (A-P-E GmbH) with measurable
MIR pulse widths of ~20 fs. We relied on the autocorrela-
tor’s control software and used sech? fit of the autocorrelation
functions for evaluations of the pulse duration. Output beam
profiles were characterized by a bolometric camera (DataRay
WinCamD-FIR2-16-HR). Femtosecond pulse trains at funda-
mental MIR wavelength and at second harmonic wavelength
were detected by fast MCT and InGaAs photo detectors (VIGO
PEM and Time-Base PD1800, respectively) and acquired by
TDS7254 digital scope.

B. Kerr-Lens Mode-Locked Oscillators Based on
Polycrystalline Cr:ZnS and Cr:ZnSe

The first Kerr-lens mode-locked Cr:ZnS and Cr:ZnSe lasers
were very similar to well-established Ti:sapphire oscillators. A
schematic of the 1st generation of Cr:ZnS(ZnSe) oscillators is
illustrated in Fig. 19(a). These lasers rely on Brewster mounting
of uncoated gain elements in the standard astigmatism com-
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pensated Z- or X- folded resonators. Another distinctive feature
of this design is the use of plane-parallel Brewster plates as a
primary means for dispersion control. Some IR materials (e.g.,
sapphire, YAG) have negative group delay dispersion (GDD)
and hence can compensate for positive GDD of ZnS and ZnSe.
On the other hand, the properties of optical materials in the
range 2-3 pm are such that prism compensators do not bring
much advantage in comparison with the plate compensators see,
e.g., [108], [112].

The typical 1st generation laser setups are described in [73],
[114]-[116]. These designs have allowed the attainment of
~70 fs pulses with up to 6 nJ pulse energy and ~75 kW
peak power. The limitations of 1st generation lasers arise from
thermal optical effects in the Brewster mounted gain elements
(limitations on power) and from significant third-order disper-
sion (TOD), which is introduced by the plate compensator (lim-
itations on pulse duration).

New and improved designs of Kerr-lens mode-locked Cr:ZnS
and Cr:ZnSe lasers enabled significantly shorter pulses with
higher average and peak power. Distinctive features of these 2nd
generation lasers include (i) unconventional normal incidence
mounting of the AR coated gain element and (ii) extensive use
of the optical coatings with tailored chromatic dispersion. New
laser designs were introduced in [28] and further developed in
[117]-[119], [132]. Features of the 1st and 2nd generations were
combined in a recent report on a Kerr-lens mode-locked poly-
crystalline Cr:ZnSe laser with conventional Brewster mounting
of the gain element (and hence limited power) but advanced
GDD and TOD control (and hence relatively short pulses) [146].

A generic scheme of a 2nd generation oscillator is shown in
Fig. 19(b). The polycrystalline Cr:ZnS (Cr:ZnSe) gain element
is 4-9 mm long, is optically pumped by off-the-shelf EDFL, and
is cooled with RT water. The gain element is plane-parallel cut
and AR coated. Typical low-signal transmission of the gain ele-
ments at the pump wavelength is 5-20%. The resonator includes
two curved high reflectors (HR) with radii of curvature r, a plane
end mirror and an output coupler for fundamental MIR radia-
tion (OC). The choice of the radii of curved mirrors depends on
the desired output parameters of the oscillator. The radii may
vary from 150 mm [132] to 15 mm [119]. The resonator’s legs
are unequal with a typical ratio of 2:5 with the OC being in-
stalled in the longer leg. Optional folding mirrors HR* can be
introduced in the resonator in order to reduce its foot-print. An
optional output for second harmonic radiation can be imple-
mented via curved dichroic mirror (DM) with high transmission
in SHG range, as shown in Fig. 19(b). All optical coatings are
dispersion-controlled. Currently we control net-GDD and TOD
of the resonator within a third of an octave.