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Abstract

Recent developments in laser sources operating in the mid-IR (3 - 8 µm), have
been motivated by the numerous possibilities for both fundamental and applied
research. One example is the ability to unambiguously detect pollutants and car-
cinogens due to the much larger oscillator strengths of their absorption features
in the mid-IR spectral region compared with the visible. Broadband sources are
of particular interest for spectroscopic applications since they remove the need
for arduous scanning or several lasers and allow simultaneous use of multiple ab-
sorption features thus increasing the confidence level of detection. In addition,
sources capable of producing ultrashort and intense mid-IR radiation are gain-
ing relevance in attoscience and strong-field physics due to wavelength scaling
of re-collision based processes. In this paper we review the state-of-the-art in
sources of coherent, pulsed mid-IR radiation. First we discuss semi-conductor
based sources which are compact and turnkey, but typically do not yield short
pulse duration. Mid-IR laser gain material based approaches will be discussed,
either for direct broadband mid-IR lasers or as narrowband pump lasers for
parametric amplification in nonlinear crystals. The main part will focus on
mid-IR generation and amplification based on parametric frequency conversion,
enabling highest mid-IR peak power pulses. Lastly we close with an overview
of nonlinear post-compression techniques, for decreasing pulse duration to the
sub-2-optical-cycle regime.
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1. Ultrafast mid-IR laser sources: enabling tools for cutting-edge ap-
plications

Since the early days of the laser, mid-IR laser sources (3 ≤ λ ≤ 8 µm) have25

been highly relevant for a number of applications, for spectroscopy in particu-
lar. Indeed, a large number of molecules and molecular functional groups feature
both vibrational and rotational resonances in the mid-IR spectral region (see
Fig. 1). For decades, spectroscopic applications such as absorption spectroscopy
or light detection and ranging (LIDAR) have driven the development of tradi-30

tional laser sources in the mid-IR, typically operating in the continuous wave or
nanosecond regime.

The emergence of transition ion doped-based laser oscillators (Ti:Sapphire,
Cr:LiSAF, Alexandrite) in the mid-80s and their amplification in the early 90s
has triggered the dawn of ultrafast photonics in the visible spectral range with35

all the applications - even industrial - connected with these technologies. In
the mid-2000s, it was recognized that the development of ultrafast - or equiv-
alently ultra-broadband - laser sources in the mid-IR would address a number
of shortcomings encountered at visible wavelengths. For instance - continuing
on spectroscopic applications [1] - the emergence of frequency comb sources40

would benefit from scaling to the mid-IR spectral range to tackle with record
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Figure 1: Molecular resonances in the mid-IR spectral region.

accuracy the numerous absorption lines present in the mid-IR spectral range.
As mentioned above, over the past few decades, the field of mid-IR has made
steady progress to refine sources yet, over the last decade, the field of ultrafast
mid-IR sources has spectacularly bloomed. It would therefore be far beyond45

this review to describe the various developments, their characteristics as well
as applications. Hence, we restrict ourselves to the exciting domain of ultrafast
mid-IR lasers. Even attempting to narrow our range of interest, the young field
of mid-IR ultrafast sources and related applications is extremely diverse (Fig. 2):
mid-IR sources have great potential for extreme applications such as high order50

harmonic generation and attosecond pulse generation. Ultrashort pulses in the
mid-IR permit scrutinizing atomic and molecular dynamics [2, 3, 4], they allow
imaging molecular structure [5], and they enable scaling of coherent soft X-ray
generation beyond the keV on a tabletop [6]. In medicine, mid-IR lasers permit
localized cutting and tissue removal due to the strong absorption of tissue at55

6.45 µm [7]. Micrometer precision cutting and surgery are possible which min-
imize collateral damage and possible function loss. Longer wavelength sources
also find industrial applications: at the edge of the near-IR, 2 µm Thulium fiber
lasers have been used to perform high efficiency high tensile strength polymer
welding, a clear improvement over welding with shorter wavelength sources [8],60

and it is expected that as mid-IR ultrafast sources mature, they also will greatly
benefit industrial technology. Military applications range from target designa-
tion to directed infrared counter-measures for jamming guidance systems [9].

Figure 3 summarizes some of the main sources which are based on semi-
conductor and solid-state gain media as well as parametric processes, capable65

of operating in and between the two high atmospheric transmission windows
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Figure 2: Mid-IR ultrafast sources applications.

(large absorption interval occurs from 5-8 µm, so two transparency regions can
be considered, at 3-5 µm and 8-14 µm).

Figure 3: Laser sources and typical wavelength coverage. Shown are also the wavelengths of
the two atmospheric windows [1].

There is a wide array of approaches to generate coherent long wavelength
light, with many gain materials, be it through frequency conversion or coherent70

shifting in liquids, gases and solids and we cannot do justice to all these fantas-
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tic solutions. Throughout the review we will identify the most well established
and/or promising laser sources/amplifiers, giving a very brief historical perspec-
tive, detailing important characteristics and presenting the state-of-the-art as
well as an outlook. The main contenders for direct electrical to optical energy75

conversion in the mid-IR spectral region are quantum cascade lasers (QCL) or
lead-salt semiconductor lasers. These sources are discussed in the first section of
this review. Traditional solid-state laser based-solutions relying on Chromium
ion (Cr2+)-doped bulk to transfer optical energy from the visible or near-IR into
the 2-5 µm range along with Thulium (Tm) and Holmium (Ho) doped materials80

are then discussed in Sec 2 of this review. The particular relevance of Tm and
Ho doped solid-state lasers as pump for nonlinear parametric down-converters
allows us to transition to the third section of this review in which difference-
frequency generation, optical parametric amplification and optical parametric
oscillation-based solutions are discussed as sources of mid-IR ultrashort pulses.85

Lastly we review the promising field of mid-IR nonlinear broadening and com-
pression techniques, allowing the generation of multi-octave spanning few-cycle
pulses.

2. Semiconductor mid-IR sources

Semiconductor technology is of two-fold importance for laser systems. On90

one hand semi-conductor lasers are compact, efficient direct optical energy gen-
erators, on the other hand they represent good pump sources for lasers. We
discuss the two main semiconductor lasers operating in the mid-IR: quantum
cascade lasers, that have been used to generate broadband few picosecond du-
ration laser pulses, and lead-salt diode lasers, whose integration in thin-disk95

architecture has enabled room temperature pulsed operation.

2.1. Quantum cascade lasers

Developed in 1994, QCLs are semiconductor lasers where the laser transition
occurs between inter-sub-bands [10]. QCLs consist of a periodic series of thin
layers of different composition semiconductors, yielding an electric potential100

gradient over the thickness of the device. Therefore, the transiting electron,
after leading to photon emission can tunnel into the next quantum well and
undergo emission once more. Thus, the underlying principle of QCLs allows for
each electron to generate as many photons as the number of stages in the setup,
see Fig. 4. The emitted frequency by these devices is band-gap independent,105

and is determined by the thickness of the quantum wells, this being the reason
for their large versatility. Also the carrier lifetime is in the picosecond range
and thus the emission response can be directly modulated below the limit of
normal semiconductor lasers.

Heat extraction is a concern at high power operation since heating lowers110

quantum efficiency and consequently the wall plug efficiency of only a few per-
cent plagued the first generations of devices. Recent developments however
allow for room temperature efficiencies of around 25% [12], or even 40-50%
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Figure 4: Schematics of inter-band laser and QCL (inter-sub-band) emission (left and right,
respectively). Electron energy (y axis) shown versus growth direction of the device (horizontal
axis). Valence band for the inter-sub-band structure is omitted [11].

with cryogenic cooling [13]. Although there exist designs and techniques to
create tunable QCL [14], their complexity and design requirements do not yet115

make them suitable for a turn-key oscillator. Similarly to diode lasers, their
intrinsic beam divergence and astigmatism have to be compensated for, and
power/energy is limited by currently available structure sizes. Recently, they
have also been successfully fiber-coupled using hollow waveguides [15]

Inter-sub-band transitions lie normally in the terahertz (THz) spectral re-120

gion, however, new developments have enabled QCLs operating at short wave-
lengths down to 2.6 µm [16], thus enabling access to vibrational levels in C-H and
O-H (3-4.5 µm) [17, 18]. They have also been mode-locked in a novel scheme [19]
to generate picosecond pulses at the THz regime. QCLs can therefore operate
throughout and even outside of the mid-IR spectral region, an achievement that125

makes them very attractive for compact, low power consumption (stand-alone,
battery powered, for example) tools for trace-gas sensing and spectroscopy in
general.

In the mid-IR, active mode-locking was obtained for 5 picosecond 8 µm pulses
at 11.6 GHz [20]. Attempts to passively mode-lock QCLs showed that the use130

of saturable absorbers is hindered by the fast gain recovery of the devices [21].
Furthermore, mode-locked QCLs have been used to create mid-IR frequency
combs [22] and to create a compact, broadband and all solid-state device for
dual-comb spectroscopy [23]. Active mode-locking has also been achieved lead-
ing to 3 ps, 0.5 pJ with wavelength at 6.3 µm laser pulses [24], and a novel135

scheme for mode-locking was recently proposed: with an external ring cavity
[25] the instabilities usually associated with mode-locked ultrashort QCLs are
mitigated- an important step towards high power ultrashort QCLs.

2.2. Lead-salt diodes

Lead-salt materials have been widely used as photodiodes, due to their low140

band-gap allowing them to detect pulses throughout the mid-IR spectral region.
They comprise a wide range of compound materials, namely, Pb1−xSnxSe,
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Pb1−xSnxTe, PbS1−xSex and Pb1−xCdxS. Since the emitted wavelength in
laser operation is given by the band-gap of the material, by adjusting the com-
position of these compounds, Lead-salt diodes can be tuned to operate from 3145

to 30 µm. Similarly to near-IR and visible laser diodes, Lead-salt diode lasers
suffer from considerable beam divergence and astigmatism, thus complicating
optical designs for long distance propagation and/or tight focusing, as required
by a number of applications.

A general issue for widespread applications of small band-gap materials is150

the requirement of cryogenic cooling to prevent thermal population of the con-
duction band. Therefore, despite their immense tunability allowing operation
anywhere in the mid-IR, these practical constraints have prevented wide-spread
use of mid-IR semiconductor lasers and led to a slow evolution of the technology.
However, among mid-IR semiconductors, lead-salt diodes have set the record for155

maximum operating temperature in both CW and pulsed regimes (as high as
60◦) [26], thanks partly to much lower Auger recombination [27], compared to
other mid-IR semiconductors (1-2 orders of magnitude lower than HgCdTe, for
example).

These materials have been integrated into Vertical Emission Cavity Surface-160

Emitting Laser (VECSEL) architecture, allowing for lasing at 230 K in CW
operation [28]. The VECSEL architecture has been shown to strongly reduce
the beam divergence, allowing for single mode operation and lower threshold
pump power operation, thus making them suitable for integration into mid-
IR gas sensing devices [29]. More recently, VECSEL lasers operating at room165

temperature were built using a combination of narrow-gap PbTe and wide gap
CdTe [30].

Lead salt materials have been used in multi quantum well [31] for pulsed
operation, and in single quantum well microdisk lasers, also demonstrating CW
lasing at 275 K [32].170

This evolution in CW systems has also translated into a large improvement
in pulsed operation: from the first implementations at cryo temperatures [33] up
to even above room temperature [34], both pumped by neodymium (Nd) doped
greater than 10 nanosecond pulse duration. Room temperature operation with
100-femtosecond optical pumping has also been reported [35] as well as pulsed175

operation at 4.4 µm in a VECSEL using a PbSe quantum well [36], although
reduced bandwidth from the latter would only support multi-picosecond pulses.
Additionally, 8 µm emission from VECSELs has been obtained in a cryo-cooled
setup [37] in both CW and pulsed operation when pumped by a 360 nanosecond
laser).180

3. Crystal gain storage based ultrafast mid-IR sources

The longest wavelength solid-state laser reported to date operated at 7.2
µm wavelength, [38] relied on a Pr3+:LaCl3 crystal and was operated only in
the pulsed regime at cryogenic temperature. The crystal used for this one-of-a-
kind laser was so hygroscopic that it had to be kept in a dry atmosphere with185

a dew point at -40 ◦C to maintain transparency over an extended period of
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time [39]. This example - though extreme - summarizes most of the challenges
encountered when attempting to develop a mid-IR solid-state laser: materials
exhibit extremely short excited-state lifetime, thereby requiring pulsed pumping,
three-level operation, cryogenic cooling to control the thermal population of the190

intrinsically close-by energy levels, or difficulties to encounter materials with
low phonon energy. For these reasons, only a handful of gain media have been
reported to successfully operate in the mid-IR spectral range [40, 41, 42, 43, 44,
45].

Strictly speaking, the 2-3 µm spectral region does not belong to the mid-IR195

spectral range. Nonetheless, a number of laser gain media exhibit transitions
that have been successfully exploited in Q-switched and mode-locked opera-
tion. These ”near-mid-IR” laser systems are highly relevant to pump parametric
down-converters (see Sec 4) into the mid-IR and are therefore discussed below.

The gain media that have been successfully operated in the 2-3 µm spectral200

range can be split into two families: rare-earth doped oxides or fluorides and
transition metal doped chalcogenides. More specifically, the rare-earth doped
materials most commonly used in the 1.9-2.1 µm spectral region are Tm or
Ho-doped YAG, YLF and LuLF, see Fig. 5 a. Notice that some transitions
in Er-doped oxides also result in laser emission in this spectral range, but will205

not be discussed here since we aim at highlighting novel advances. More exotic
sesquioxide doped laser gain media such as Lutetium oxide (LuO), Scandium
oxide (ScO3), Yttrium oxide (YO) and possibly compounds such as Lutetium
Scandium oxide (LuScO) show great potential - particularly in their ceramic
form [46, 47] - when doped with Yb ions [48, 49, 50] and are expected to make210

an impact in the long wavelength range when doped with either Tm or Ho ions
[51, 52, 53]. The transition metal doped chalcogenide family consists in Cr2+

and Fe2+-doped ZnSe, ZnS, ZnTe, CdS and CdSe and emits in the 2.5 to 5 µm
spectral range, see Fig. 5b. Notice that the 5 µm boundary is only reached in
Fe2+:ZnSe and often requires drastic cooling - yet a lot of ongoing work aims at215

alleviating this cooling requirement - and pulsed operation [54, 55, 56].

Figure 5: Chromium (a) and Holmium (b) absorption and emission spectra for different host
materials.
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It is remarkable that Ho and Tm-doped oxides and fluorides have been in-
vestigated since the early days of the laser - as early as 1962 for a cryogeni-
cally cooled Ho:CaWO4 [57] laser and 1965 for the first demonstration of room
temperature operation of a Ho:YLF laser [58] - while transition metal doped220

chalcogenides - even though investigated since the 1960s [59, 60, 61, 62, 63, 64,
65, 66, 67] - were only produced with sufficient quality, and made to lase, in
the mid 1990s at Lawrence Livermore National Laboratory [68]. The first las-
ing action in Cr2+:CdSe was reported in 2007 [69] and complete spectroscopic
characterization of Cr2+:CdS has been reported only this year [70]. Cr:ZnTe is225

for the moment left rather unstudied [71]. Both rare-earth doped and transition
metal doped materials have recently experienced a revolution.

3.1. Rare-earth doped materials: Tm and Ho

Rare-earth doped oxide and fluoride materials have been used extensively in
the 1990s, but suffered from the lack of a suitable and efficient pump laser. In the230

case of Tm ion doped materials, efficient absorption is possible in the red part
of the visible spectrum (790 nm) with good overlap for pumping with GaAlAs
diodes that are also used for pumping Nd:YAG, see Fig. 6. Using this efficient
pumping channel to obtain emission in the 2 µm spectral range nonetheless
results in low quantum efficiency - typically less than 40% - ultimately yielding235

heavy thermal loading of the crystals and preventing high power operation. A
cross-relaxation process dubbed ”2-for-1” [72] would in principle enable Tm-
doped gain media pumped at 790 nm and emitting at 2 µm wavelength to
operate with a quantum efficiency as high as 80%, but requires high dopant
concentration, a challenging task in a crystalline structure. This limitation240

was readily addressed with the rise of the fiber laser since heavy doping is more
readily achieved in amorphous (glass) than crystalline matrices: Tm-doped fiber
lasers make full use of the ”2-for-1” process. Tm:fiber lasers have been reported
to achieve efficiencies as high as 72% [73] when pumped at 1.6 µm wavelength
and recently efficiency above 90% have been reported using resonant pumping245

[74]. Most importantly, successfully porting high concentration of Tm ions
into a glass matrix that is drawn as a fiber allows efficient cooling and has
resulted in the delivery of continuous wave multi-kW level output powers in
the 2 µm spectral region [75]. In fact, Tm-doped fiber lasers have shown a
development similar to that of Yb-doped fibers in the last 15 years, see Fig.7.250

Continuous wave, narrowband tunable Tm-doped laser systems operating in the
hundred Watt regime have been reported [76] and used to perform spectroscopic
measurements over kilometer distances [77]. Tm-doped laser system have also
been successfully Q-switched to drive nonlinear parametric down-converters [78,
79, 80]. In addition to being highly relevant for high power CW operation and255

suited for Q-switched operation, Tm-doped fiber lasers - contrary to Tm-doped
crystals [81] - exhibit a broad and smooth emission spectrum [82] making those
lasers highly suitable for mode-locked operation in the picosecond [83] and few
hundreds of femtosecond regimes[84, 85].

Ho-doped oxide and fluoride crystals have also been used extensively in the260

1990s mostly through a co-doped Tm,Ho approach [87, 88, 89, 90, 91]. A ma-
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Figure 6: Spectral absorption of a Tm-doped single-mode silica fiber [86] (left) and Energy
level diagram of two Tm ions (right), illustrating the cross relaxation process between them
[72].

Figure 7: Power of Yb and Tm-doped CW fiber lasers plotted vs year.

jor hindrance for exploiting the full potential of the Ho ion was the need for a
sensitizer - in this case Tm ions - to enable absorption at a wavelength where
suitable pumps were available. The complex interactions between the Tm and
Ho ions have been investigated [92] and proven to be the main limitation for265

power scaling of Ho, Tm codoped materials. The revolution occurred for Ho-
doped materials with the commercial availability of high power continuous wave
Tm:fiber lasers which enabled decoupling energy transfer between the Tm and
Ho ions. It is still early to summarize all the capabilities of Ho-doped materials
- partially plagued by a strong quasi-three level behavior [93] - but a number270

of exciting results have already been reported [94]. A 1997 nm 410 femtosec-
ond near-transform-limited 84 mW passively mode-locked laser was reported
[95]. Fonnum et al. demonstrated a 0.5 J, cryogenically cooled, nanosecond
Q-switched Ho:YLF laser system operating at 1 Hz repetition rate [96]. Male-
vich et al. reported a Ho:YAG CPA system operating at 5 kHz and providing275

3 mJ energy with pulses compressible to 530 femtoseconds [97]. Recently, a 40
mJ, 10 picosecond CPA system operated at 100 Hz repetition rate relying on
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a water-cooled regenerative amplifier and cryogenically cooled single pass am-
plifier was developed [98, 99]. Direct 160 femtosecond output from a Ho-doped
fiber oscillator, pumped by a commercial Tm-doped fiber laser has been imple-280

mented [100]. The system delivers less than 1 nJ pulses at 35 MHz and, using
an additional nonlinear compressor stage, sub-100 femtosecond pulse durations
were achieved. Hoogland et al. reported a 2.08 µm Er:Tm,Ho codoped gain
fibers system, obtaining 7 MHz 383 femtoseconds (after compression) with an
output pulse energy of 10.2 nJ [101].285

3.2. Transition metal chalcogenides: Cr and Fe

The present time is very exciting as a revolution for transition metal doped
chalcogenides is currently occurring. Based on the smooth and broad emis-
sion cross-section exhibited by these materials [68, 102, 103] (see Fig. 8), it is
clear that those gain media would be highly suitable for mode-locked operation.290

Mode-locking was achieved in Cr:ZnSe in 2006 using a saturable absorber and
resulted in optical pulses with 100 femtosecond duration in the 2.5 µm spectral
range. These pulses have been further spectrally broadened in nonlinear fiber
and yielded spectra spanning from 2000 nm to 2800 nm at 20 dB below the peak
[104]. Kerr-lens mode-locking was achieved [105, 106] and resulted in pulses as295

short as 95 femtoseconds at 94 MHz repetition rate. This achievement resulted
in the first frequency comb directly from a solid-state gain-stage based oscil-
lator in a spectral region featuring numerous absorption lines from vibrational
resonances in molecules.

Figure 8: Absorption and emission cross-sections for several Cr and Fe doped materials: i:ZnS,
ii:ZnSe, iii:CdSe, iv:CdMnTe [103].

Mode-locking operation in SESAMs and based on the Kerr effect in Cr2+:ZnS300

shortly followed in 2011 and 2013 [107, 108]. It is questionable whether mode-
locked operation of Cr:CdS will be achieved owing to the short lifetime of the
material at room temperature (480 ns) [70]. Mode-locked operation was shown
in Cr2+:CdS at cryogenic temperature due to the lengthening of the excited
state lifetime (7.8 µs at 8 K), but the technical requirement for such low tem-305

peratures might prevent widespread interest with Cr2+:CdS. As can be seen
from the very short time span over which all these exciting results have been
reported, currently there is a tremendous effort to develop and perfect mode-
locked operation of these transition metal doped materials. This is the first
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aspect of the revolution. The second aspect lays in the energy scaling capabil-310

ities of these transition metal doped laser systems, made possible by reliable
Q-switched Ho-doped oscillators. Despite being plagued by relatively short life-
time, strong thermal lensing and high nonlinear refractive index, a CPA sys-
tem based on Cr:ZnSe that delivered 350 µJ energy at 1 kHz with pulses as
short as 346 femtoseconds was recently reported by Slobotchokov et al. [109].315

The last aspect of the revolution currently ongoing for transition metal doped
chalcogenide laser gain media lays in the implementation of these gain media
in thin-disk geometry in an attempt to make full use of their remarkably high
emission cross-section while mitigating the unfavorable thermal and nonlinear
properties of the chalcogenide matrix [110, 111].320

Similarly as with Fe-doped lasers, one of issues is the few suitable solid-state
pump lasers, since their absorption region lies in the 3-4 µm range, efficient
pumping can only be provided by a handful of solid-state lasers (Cr, Er-doped)
or mid-IR semiconductors. The upper state lifetime and emission wavelength
dependence on temperature have been studied on a Fe:ZnSe laser [112] and325

pulsed operation has yielded 15 nanosecond long 4.7 mJ at 4.3 µm pulses with
Fe:ZnSe pumped by a codoped Er:Cr:YSGG 20 nanosecond laser [56]. Just
this year, a CW (Er:YAG) pumped Q-switched Fe:ZnSe laser was implemented
which produced 0.5 W, 64 nanosecond pulses [113]. The luminescence study
from a QCL (80 kHz 100 nanosecond 4 µm) pumped Fe:ZnSe polycrystal has330

paved the way for high quantum efficiency, low phonon/thermal losses laser
[114].

These developments clearly show the mid-IR solid-state laser panorama will
see transition metal doped chalcogenides as main players and providers for high
energy broadband, i.e. with short-pulse capability, especially when pumped by335

appropriate sources such as mid-IR semiconductors or rare-earth doped mate-
rials.

4. Parametric, non-gain-storage ultrafast mid-IR sources

In the previous section of this review we highlighted the challenges encoun-
tered when attempting to develop a mid-IR solid-state laser.340

Difference-frequency generation (DFG), optical parametric generation (OPG)
and optical parametric amplification (OPA) derive from the same set of nonlin-
ear coupled wave equations. These equations are essentially frequency invariant
and in principle valid for any wavelength range. In practice nonetheless, the
optical properties of the material in which the interaction takes place is of cru-345

cial importance. Several conditions such as transparency, absence of absorption,
phase-matchability, absence of centro-symmetry and high nonlinearity must be
met for a crystal to permit nonlinear interaction. One of the main characteris-
tics of DFG, OPA and OPG arises from the three-wave nature of the interaction,
supporting broad spectral coverage of the third wave.350

Nonlinear three-wave mixing has been spectacularly successful to achieve
frequency downconversion of solid-state lasers emitting in the visible or near-IR
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spectral range into the mid-IR region. In particular, the laser systems dis-
cussed in the previous section are expected to become major workhorses to
drive such parametric down-converters well into the mid-wave and long-wave355

infrared. Three main nonlinear processes are used to achieve such frequency
down-conversion: OPG, DFG and OPA. Notice that optical parametric ampli-
fiers can be built resonantly and are then called optical parametric oscillator
(OPO). All these processes are governed by the same set of three nonlinear
coupled wave equations yet are used to fulfil different tasks.360

Demonstrated in 1961, second harmonic generation (SHG) is often remem-
bered as the first observed nonlinear process driven by a laser [115], this obser-
vation being achieved hardly a year after the invention of the laser itself [116].
It is less often remembered that the same year sum-frequency generation (SFG)
[117] and optical rectification were also experimentally reported [118], laying365

down the building blocks that later enabled covering the electromagnetic spec-
trum emission from the UV to the THz through laser light frequency conversion.
In this section of the review, we will mainly focus on DFG, OPA and OPO pro-
cesses. These interactions were observed for the first time in 1963 for DFG [119]
and in 1965 for OPA [120, 121] and OPO [122]. Owing to the narrow-spectral370

band of the lasers available in the early 1960s, all of these interactions led to
small spectral bandwidth and little tunability.

4.1. Nonlinear crystals for the mid-IR

Despite the large number of known nonlinear crystals for OPA [123], given
the stringent requirements listed above, only a limited number of crystals are375

suitable candidates for broadband generation in the mid-IR. Most standard
nonlinear oxide crystals, extensively used in all areas of nonlinear optics and
for which there exists a well-established growth technology, are limited in trans-
parency range to around 5 µm due to intrinsic multi-phonon absorption. Ex-
tending parametric processes to the entire mid-IR therefore requires turning to380

non-oxide materials such as binary and ternary non-centrosymmetric inorganic
crystals. In general, these materials require more complex growth processes than
oxides, which inevitably leads to an increase in growth defects and correspond-
ing residual losses. Nevertheless, over the last two decades, an intensive search
for new nonlinear materials suitable for the mid-IR has led to an improvement385

on existing crystals as well as on the synthesis of new materials [124].
A list of the most widely used or promising new mid-IR nonlinear crystals

is shown in Tab. 1. Potassium titanyle arsenate (KTA) has been used to near-
transform-limited 94 femtoseconds at 3.5 µm with tens of mW [125] and to
generate 4.1 W of 3.5 µm [126]. An OPO with 31 mJ and 87% fundamental to390

mid-IR conversion efficiency was demonstrated [127]. Potassium titanyle phos-
phate (KTP) has been used to generate transform limited pulses in the 2.5-4.2
µm [128]; as well as a 250 kHz 160 femtosecond laser [129]. Potassium niobate
(KNO) properties [130, 131] as a nonlinear crystal were investigated since the
70s [132], although its application for the mid-IR was considered only in the 90s395

[133]. It has been used to generate sub-5 cycle pulses at 3.6 µm [134], sub 50
femtosecond pulses with 3-4 µJ at 3 µm [135]. Of all potassium oxides its larger
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deff , a large acceptance bandwidth and a higher damage threshold, make it at-
tractive for energetic broadband operation [136]. Another group of oxide crystals
are the ones involving lithium, namely lithium iodate, niobate and tantalum.400

Lithium niobate (LNO) has for long been used by the laser community, being
a stable solution in the near-IR until the establishment of oxiborates (BBO,
LBO) [122]. When compared to these, its lower damage threshold coupled with
presence of photorefractive effects limited power scaling. The photorefractive
effects can be controlled, however, by heating the crystal which changes the405

phase-matching conditions, or through MgO doping. Lithium tantalate has a
broad transparency range (from UV to mid-IR), a high deff but regretfully ex-
hibits very small birefringence, making it impossible to phase-match many of
the desired configurations (SHG is not possible over the full visible region, for
example, [137]). Lithium iodate has been used in an efficient DFG stage to pro-410

duce 45 mW of 5 µm pulses [138], and, having the longest transmission cutoff
of the oxide crystals, it has also been used for mid-IR generation in the sec-
ond atmospheric transmission window at 7 µm [139]. Silver thiogallate (AGS)
and silver gallium selenide (AGSe) are negative uniaxial semiconductors that
have been widely used for parametric downconversion to the mid-IR [140, 141].415

Their popularity stems from the fact that their large band-gap allows them to
be pumped at 1 µm. AGSe has also proven to be an efficient up-conversion
crystal for CO2 laser radiation [142]. However, both AGSe and AGS have low
thermal conductivity and low damage threshold, making them unsuitable for
high power application with femtosecond lasers.420

Transparency range (µm) deff (pm/V)
Oxide crystals
KNbO3 (KNO) 0.4-4.5 8
KTiOAsO4 (KTA) 0.4-4.0 2.1
KTiOPO4 (KTP) 0.4-4.5 2.3
LiIO3 (LIO) 0.3-6.0 2
LiNbO3 (LNO) 0.3-5.5 4
LiTaO3 (LTO) 0.3-5.5 7
Non-oxide crystals
AgGaS2 (AGS) 0.5-1.3 23
AgGaSe2 (AGSe) 0.7-18 41
CdSiP2 (CSP) 0.7-9.0 85
GaSe 0.7-18 54
HgGa2S4 (HGS) 0.5-13 31
LiGaS2 (LGS) 0.3-11 10
LiGaSe2 (LGSe) 0.4-13 18
LiInS2 (LIS) 0.4-12 16
LiInSe2 (LISe) 0.5-12 10
ZnGeP2 (ZGP) 2.0-11 75

Table 1: Overview of nonlinear crystals for mid-IR parametric processes.

14



Zinc germanium phosphide (ZGP) is a positive uniaxial chalcopyrite showing
an extremely high nonlinearity [143] and it also presents good thermal conduc-
tivity as well as damage threshold. The transparency range is limited in the
short wavelength part of the spectrum requiring a pump wavelength above 2
µm to avoid two-photon absorption (TPA). Nevertheless ZGP is one of the425

most widely used crystals for pumping mid-IR parametric devices and the most
promising for the next generation of OPA based systems pumped at long wave-
lengths [144, 145].

Gallium selenide (GaSe) is a negative uniaxial crystal with a large nonlin-
earity and birefringence and has been extensively used for THz generation via430

intra-pulse DFG from Ti:Sapphire systems. Unfortunately, GaSe has a very
low damage threshold and is an extremely soft crystal (0 on the Mohs hardness
scale), which requires careful handling and makes it difficult to polish. In ad-
dition, it has a crystalline structure such that it can only be cut perpendicular
to the optical axis, making certain phase-matching configurations unattainable435

[146].
The four ternary wide-band-gap biaxial crystals LGS, LGSe, LIS and LISe

are relatively new additions to the list of mid-IR nonlinear crystals [147, 148,
149]. Although LGS was reported as early as 1947, and poor quality sample of
LIS were studied in the 1970s, growth related problems prevented proper char-440

acterization of these materials until the last decade. They present the lowest
nonlinearity of all the crystals considered here, around an order of magnitude
less than ZGP for instance. On the other hand, their wide band-gap allows
them to be directly pumped at 800 nm with femtosecond lasers without TPA
and their thermal properties, and damage threshold, are superior to the other445

mid-IR crystals like AGS and GaSe [150]. Finally, Mercury thiogallate (HGS)
and cadmium silica phosphate (CSP) are both promising new uniaxial chal-
copyrites that have drawn increasing attention recently. HGS was originally
developed in the 1970s [151] but growth problems limited the optical quality.
It presents a nonlinearity as high as AGS with a much higher damage thresh-450

old. The fabrication process has been greatly improved in the past decades
and some practical application have been demonstrated [152]. CSP [153, 154]
has the highest nonlinearity of all the crystals shown in this list [155] (deff =
85 pm/V) and can be pumped without TPA at 1 µm. Even though its rela-
tively low damage threshold limits its application in high power systems, it has455

recently been proven to be a highly promising crystal for broadband mid-IR
downconversion [156].

4.2. Quasi-phase-matching

In the case of some crystals, the crystal orientation required for phase-
matching leads to a low nonlinear coefficient value, making them undesirable.460

A solution to this problem is to orientate the crystal for maximum gain (use
the largest element of the d tensor), and to use quasi-phase-matching (QPM)
by having short periodic regions of the crystal, where the sign of the second
order susceptibility alternates, so that after two consecutive regions the phase
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conditions are restored. In this case the parameter to be tuned to guarantee465

phase-matching is the thickness (or period) of each domain.

Figure 9: Example of gain versus propagation length for different types of phase-matching.
The dashed purple line shows perfect phase-matching, dashed black line for perfect quasi-
phase-matching, dot-dashed cyan line for no phase-matching [157].

These materials are also called periodically poled or oriented, since their
internal axis are inverted over every given period. One way of implementing
this is using ferroelectric materials, where orientation of the extraordinary axis
is imprinted through high electric field application at high temperatures.470

Periodically poled Lithium Niobate (PPLN) is one of such ferroelectric oxides
that has allowed extending OPAs from the near-IR into the mid-IR (up to
the 5 µm mark). Aperture increases, needed for energy scaling, have been
steadily but slowly occurring; the difficulty lies in the scaling of the needed
voltages (kiloVolts even for few millimetres crystals) to pole thick crystals all475

the while also needing to maintain homogeneity and well defined poling locations
(micrometer resolution) [158]. Despite this, larger PPLN are being produced
(for example 10 mm thick wafers have been successfully poled) as the fabrication
technology develops, leading to the operation of a high efficiency half Joule level
OPO [159].480

Another way to quasi-phase-match is to periodically change the sign of the
χ2 coefficient, this can be done by periodic inversions of the crystallographic ori-
entation epitaxially grown into the crystal, called Orientation-Patterning (OP).
Materials where this technique is used are GaAs, GaN and GaP. OP-GaAs is
the most used so far, due to its large deff , 1.5-15 µm transparency range and485

a relatively small group velocity dispersion [160]. It has been used to create
milliwatt tuneable DFG outputs in the 7 to 13 µm [161], see Fig. 10.

There are however some practical difficulties associated with size (and en-
ergy) scaling of OP crystals. Namely, the difficulty of having error free crystal
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Figure 10: Mid-IR output spectra for different crystal periods [161]. (Maximum output power
for the 10.3 µm peak was 1.3 mW).

inversions with poling thicknesses 10 µm or less, limited OP-GaAs to be used490

in 10 µm laser systems only. Due to the rapidly advancing technology, one can
foresee that poling will be possible for bridging the 3-10 µm spectral region.

4.3. Difference-Frequency Generation

Difference-frequency generation is highly attractive to generate broadband
mid-IR radiation. The minimum requirements on the driving near-IR laser are495

modest as long as sufficient intensities are reached, i.e., typically requiring fem-
tosecond pulses with energies as low as the nanojoule level. These specifications
can be met by a number of solid-state or fiber laser sources, and allow for com-
pact tuneable and broadband mid-IR sources [161]. The DFG process was early
on implemented using two relatively narrow-band laser sources. Such imple-500

mentation of DFG is often referred to as inter-pulse DFG, and still remains a
robust way of down-converting near-IR laser systems into the mid-IR and at
appreciable powers.

As an example, using a commercial fiber laser with two outputs tailored for
DFG, an output of 1.6 mW at a repetition rate of 100 MHz and with high quan-505

tum efficiency has been obtained [162] using Periodically Poled Lithium Niobate
(PPLN). The spectrum spanned from 3-4 microns (at 1/e2). Such spectrum can
support CEP-stable 3 cycle pulses, and is ideal to seed a broadband mid-IR laser
amplification system.

For λ ≥ 5 µm, CSP, has been used to generate a spectrum supporting 50510

femtoseconds transform-limited duration pulses, (2.3 optical cycles) (Fig. 11 a).
An average power of up to 15 mW (150 pJ) was obtained: AGS was also used
for comparison and delivered 300 µW (3 pJ) under the same conditions yielding
less bandwidth, see Fig. 11b [163].

Additionally, LiSe has been used for DFG to generate nanojoules level ener-515

gies tuneable from 5 to 12 µm, and up to 17 µm with AGSe [164, 165, 166]. With
AGS and GaSe tunability between 5.2 to 18 µm tunability was demonstrated
[167], illustrating the flexibility of the DFG approach.
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Figure 11: Measured idler spectrum (black solid line) together with simulated spectrum (blue
dashed line) based on numerical simulations of the DFG process including absorption in CaF2.
Left: CSP, Right: AGS [163].

Intra-pulse DFG [168] alleviates all issues related to spatio-temporal overlap
of the iterating pump and signal waves but requires driving pulses featuring520

ultra-broad bandwidth. For instance generating 5 µm radiation from a source
centered at 800 nm requires significant spectral content at both 740 nm and 860
nm i.e. over 200 to 300 nm of spectral bandwidth. Until the mid-2000s the main
drivers for intra-pulse DFG were Ti:Sapphire oscillators providing energy in the
nanojoule to tens of nanojoules energy range. For instance, Jedju et al. reported525

on an ultrafast DFG setup based on a Ti:Sapphire laser at with spectral content
at both 770 nm and 840 nm from the same oscillator [169] and successfully drove
difference-frequency generation in an AGS crystal to the 7.5-12.5 µm range
at 82 MHz repetition rate and with ≈ 500 femtoseconds pulse duration [170].
The development of thin-disk laser technology, and in particular mode-locked530

Yb:YAG thin-disk lasers delivering microjoule energy level directly from an
oscillator, is currently changing revolutionizing the accessible parameter range
and average power [171, 172, 173, 174, 175]. While the spectral content typically
found at the output of these oscillators is too narrow to drive DFG into the mid-
IR spectral range, the implementation of post-spectral broadening compression535

(in high throughput gas-filled hollow-core fiber and chirped mirror), results in
pulses with duration in the few tens of femtosecond duration and energy in
the microjoule range, highly suitable for driving intra-pulse DFG to the mid-IR
[150]. Limitations of intra-pulse DFG are nonetheless: (i) the efficiency of the
process, which is typically limited since the same driving pulse serves as pump540

and signal for the interaction, (ii) the process offers limited adjustment and
relies solely on temporal walk-off of the different spectral components within
the pulse. Still, intra-pulse DFG enables stable temporal synchronization of the
DFG stage input (and thus, stable spectral output), and allows for compact
octave-spanning systems in the mid-IR [150].545

Another way of implementing mid-IR DFGs that requires a single laser is to
couple some of the output into a fiber for soliton Raman shifting [176, 177], and
then perform DFG between the Raman shifted and the fundamental pulse. This
technique has been used to implement compact highly tuneable DFG [178, 179,
180]. Another variant is based on the so-called adiabatic conversion; presented550

by Suchowski in 2008, it allows for ultra-high efficiency to take place in a short
portion of the nonlinear crystal [181]. Recently, this technique has been used to
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down-convert the output of a Ti:sapphire system into the mid-IR with almost
100% efficiency [182], and generate an octave spanning mid-IR laser [183] with
self CEP stabilized.555

4.4. Optical Parametric Oscillators

When resonantly pumped and placed inside a cavity, the parametric process
is called optical parametric oscillation (OPO). This approach, owing to filtering
of the cavity allows superior stability and tunability of the output.

The use of OPOs to produce ultra-broadband mid-IR emission requires par-560

ticular care. The quasi-instantaneous nature of the interacting pulses requires
careful management of the intra-cavity dispersion and calls for short nonlinear
crystals to achieve broadband generation, therefore limiting the gain per pass
and the affordable output coupling losses.

Moreover, pumping with femtosecond driving pulses requires precise syn-565

chronization between the pump repetition rate and the cavity roundtrip.
The workhorse for mid-IR OPOs operated at wavelength shorter than 5 µm

has been periodically poled Lithium Niobate [184] for a number of years. For
operation at longer wavelength, the negative uniaxial chalcopyrite AGS, AGSe
and positive uniaxial chalcopyrite ZGP have also been used in tandem OPOs570

[185, 186]. Recently, the emergence of femtosecond Cr:ZnSe lasers permitted
additional tandem OPOs to directly pump non-oxide nonlinear crystals in their
transmission range. Notice that Ti:Sapphire [187], Er:fiber [188], Yb:fiber [189],
Tm:fiber [190] have all been used to drive OPO into the mid-IR spectral range.
Advances in materials have also triggered exciting new possibilities in the field575

of mid-IR ultrafast OPOs: optically patterned GaAs has led to the first OPO
featuring an isotropic material [160], see Fig. 12. The chalcopyrite crystal CSP
has also been used in OPO for emission in the 5.8-6.6 µm spectral range by
pumping at 1053 nm. The output energy of 240 pJ at 100 MHz was nonetheless
limited by residual linear absorption and TPA [191]. CSP has been used to580

generate 27.5 mW, 6.45 µm laser pulses, with the crystal performance being
superior to the obtained with AGS [192].

A variety of OPO systems has been demonstrated with ZGP [144, 145, 193,
194, 195, 196, 197], yielding up to 15 kW peak power pulses at 3.7 µm [80]. This
very year 200 mJ pulses (signal and idler) were obtained in the 3 to 5 µm with585

high beam quality (M2) using ZGP pumped by a Ho:YLF laser [198]. A very
successful implementation of OPO relies on a particular geometric arrangement,
called RISTRA architecture [145, 198, 196, 199].

4.5. Optical Parametric Amplification

The aforementioned techniques and implementations are sufficient for spec-590

troscopy and mid-IR low energy/power sources. Many applications however
require high pulse energies. The process to amplify radiation is called optical
parametric amplification, which comes in a number of varieties ranging from
femtosecond OPAs to optical parametric chirped pulse amplifiers (OPCPA).
Strictly speaking it is nearly impossible to generate unchirped pulses, we dis-595

tinguish OPA from optical parametric chirped pulse amplification as OPCPA
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Figure 12: GaAs OPO output spectra (in black). Atmospheric absorption is shown in gray
[160].

using intentionally chirped pulses compared to OPA. Broadband ultrafast OPAs
operating at 2 µm wavelength are commercially available from a number of ven-
dors and are therefore of limited interest in this review. The most popular
implementation is typically driven by high energy chirped pulse amplifier-type600

femtosecond Ti:Sapphire systems and are seeded by white-light sources. The
parametric amplifiers in these cases use the ubiquitous β-Barium Borate (BBO)
or Bismuth Triborate (BiBO) crystals, limiting operation to wavelengths shorter
than 2 µm due to the decreasing transparency of these crystals past 2 µm wave-
length. A high-power home-built implementation of such femtosecond OPA in605

BiBO was reported by Silva et al. generating CEP-stable pulses at 2.1 µm
[200]. Cascaded high-energy OPA-systems have nonetheless been implemented
in which a second stage of parametric frequency conversion (mostly DFG) en-
ables reaching the mid-IR spectral range at the expense of efficiency and sim-
plicity [201, 202, 203]. Maximum pulse energies up to 100 µJ at 4 µm with 1610

kHz repetition rate [202] could be demonstrated. In contrast, OPCPA enables
order of magnitude further upscaling of the output energies. In the mid-IR, this
technique has so far been implemented only in a handful of laboratories world-
wide [204, 205, 206, 207, 208] but is gaining momentum particularly because
of the impact in strong-field physics [2, 3, 6, 209]. High power mid-IR outputs615

ranging from 18 µJ energy at 160 kHz [205] up to 13 mJ energy at 10 Hz [206]
could be demonstrated. The implementation of the mid-IR OPCPA systems are
based on two routes for successful generation of high energy ultra-broadband
optical pulses: 1)Parametric amplification of near-IR radiation at 1.3-1.6 µm
wavelength, and a resulting idler at either 3 µm [207, 208] or 3.8 µm [204],620

which is compressed and used, i.e. the last OPCPA stage is operated as DFG
stage. This approach permits using easily available optics and components but
on the expense of intrinsically carrier-envelope phase (CEP) stabilized pulses
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in the mid-IR. 2) The pathway followed by our group [205] places the DFG
stage in front, therefore providing intrinsic CEP stability if both DFG inputs625

originate from the same oscillator [210]. This approach resulted in the delivery
of passively and long-term CEP-stable optical pulses with 6-cycle duration.

Most of the mentioned OPCPA-systems are based on oxide crystals, limiting
their emission wavelength range to below 5 µm (see section 4.1). It is expected
that the recent developments of high energy picosecond lasers emitting at 2630

µm wavelength [97, 99, 98, 211] will enable non-oxide crystal-based OPCPA-
systems, covering the entire mid-IR spectral range.

5. Mid-IR nonlinear spectral broadening and nonlinear compression

In this chapter we will focus on nonlinear techniques used to modulate the
spectral and temporal shape of high-energy mid-IR pulses.635

The maximum possible spectral bandwidth and the related transform limited
pulse duration of output pulses generated by a mid-IR radiation sources (see
chap. 2.-4.) is limited by various constrains like the emission spectrum of laser
gain materials or the acceptance bandwidth in the case of parametric processes.
To overcome these limitations various methods have been developed exploit-640

ing mix of nonlinear light-matter interactions like self-phase modulation, self-
steepening, four-wave-mixing and plasma blue-shifting. These effects strongly
reshape the spatio-temporal structure of the electric field, allowing the gener-
ation of multi-octave spanning supercontinua and temporal pulse compression
down to the sub-2-optical-cycle regime.645

First we will focus on the spectral broadening of mid-IR pulses in waveguide
fiber-structures. The second part will discuss temporal compression of the spec-
tral broadened mid-IR pulses by dispersion control or post-compensation of the
added chirp during the spectral broadening process.

5.1. Nonlinear spectral broadening in the mid-IR650

Broadening of mid-IR pulses to octave-spanning spectra has been demon-
strated in a variety of waveguide geometries. An often studied group of materials
is the chalcogenide family - relying on Sulphur, Selenium or Tellurium covalently
bonded to Germanium, Antimony, Gallium, Silicon or Phosphate. They exhibit
nonlinear coefficients 2 to 4 orders of magnitude higher than fused silica [212]655

and very broad spectral transmission. Sulphides typically transmit up to 11 µm
wavelength, selenides transmit up to 15 µm wavelength and tellurides transmit
beyond 20 µm wavelength [212]. Our group, in particular, recently reported
spectral broadening spanning from 1.6 to 5.9 µm at -20 dB in an As2S3 step-
index fiber driven by a 3.1 µm laser [213]. By using a longer driving wavelength660

at 4 µm in a bulk chalcogenide glass a spectrum spanning from 2.5 µm to 7.5
µm could be demonstrated [214]. Simulations indicate that pumping an As-Se
chalcogenide fiber at 4.5 µm could generate a spectrum from 3 µm to 12 µm
wavelength [215]. Perhaps the currently most interesting material is the fluo-
ride compound ZrF4-BaF2-LaF3-AlF3-NaF better known as ZBLAN [216]. This665
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material shows transparency ranging from 300 nm to 7 µm wavelength, it can
be drawn into fibers [217], and exhibits a nonlinearity similar to fused silica.
ZBLAN fibers have been extensively used to efficiently produce supercontinua
extending into the mid-IR spectral range by pumping above the zero-dispersion
wavelength of these fibers (1.65-1.9 µm) [218]. Mid-IR supercontinuum sources670

have been developing towards high output power [219], for example, while ini-
tial supercontinuum generation spanning up to 4.5 µm [220] had been reported,
the more recent use of Tm fiber lasers as pump allowed scaling up these broad
sources to the watt level [221, 222], up to values as high as 62.1 W [223].

5.2. Nonlinear self-compression techniques in the mid-IR675

Nonlinear pulse compression techniques of high-energy pulses rely typically
on spectral broadening during self-guided filamentation in gases or bulk ma-
terials [224] and the post-compensation of the added chirp. This compression
technique has been introduced approximately 10 years ago in the near-IR at
the ubiquitous wavelength of 800 nm [225] and led to routine generation of high680

energy few-cycle pulses [226, 227, 228]. In this case the spectrum is typically
broadened due to filamentary propagation in gases and post-compressed by a
chirped mirror based compressor [226]. Optical pulses as short as 5 femtosec-
onds with as much as 10 mJ have been reported from such systems at 800 nm
wavelength [227]. By applying two compression setups in series a further pulse685

duration decrease to 3.8 femtoseconds could be shown [228]. Supercontinuum
generation in bulk GaAs and dispersion compensation in a combination of BaF2,
CaF2 and MgF2 plates, achieved temporal pulse compression at 6 um center
wavelength down to 29 femtoseconds (sub-2-optical-cycles) [229].

Another elegant alternative is self-compression [224]. In this case the spectral690

broadening and spectral phase control are handled simultaneously, as opposed
to traditional nonlinear pulse compression techniques. Since self-compression of
mid-IR pulses relies on the delicate interplay of various nonlinear effects in the
anomalous dispersion regime, the compression is strongly dependent of the input
pulse characteristics and the propagation material. For a driving wavelength of695

2 µm Hauri et al. have shown self-compression due to filamentation in Xenon
gas from 55 femtoseconds down to 18 femtoseconds (sub-3-cycle) pulse duration
[230]. The possibility of transferring this compression technique in gases to
the mid-IR was numerically investigated and revealed potential for quasi-single
cycle pulse generation [231] but nevertheless until now just supercontinuum700

generation over three octaves driven at 3.9 µm wavelength in Argon gas could
be demonstrated [204].

A different alternative in the mid-IR is self-compression in bulk materials.
Hemmer et al. pursued and pioneered an alternative approach that led to the
successful self-compression of multi-cycle mid-IR optical pulses down to the few-705

cycle regime with high conversion efficiencies of 65 % [232, 233]. The approach
relies on using filamentary propagation in a thin YAG plate to generate a high
spectral energy density supercontinuum spanning over 3.3 octaves from 450
nm to 4.5 µm [232]. Further, due to thorough modelling of the filamentary
propagation in the crystal one can tailor the beam and crystal parameters to710
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interrupt the filamentary propagation when the propagating pulse experience
spatio-temporal collapse. Guided by these numerical simulations 2-fold pulse
self-compression at 3.1 µm wavelength from 6-cycle duration down to sub-3-cycle
could be demonstrated (see Fig. 13) [233]. The scalability of the process was
demonstrated within the range of 3 µJ to 15 µJ input pulse energy and recently715

Pugzlys et al. reported further scalability to the mJ level of this process making
it highly promising as a compact and efficient solid-state nonlinear compressor
[234].

Figure 13: Measured and retrieved SHG-FROG traces of the seed (left) and self-compressed
(right) pulses on logarithmic color scale.

6. Conclusions

Mid-IR laser sources are of great scientific and industrial importance and720

span applications over several scientific and technical fields. Mid-IR spec-
troscopy serves multiple purposes across scientific and medical applications,
since gas molecules rovibrational states cover 3-15 µm. Consequentially there
is a need for broadband (ideally several octaves) or easily tuneable systems.
High energy few-cycle and CEP stable mid-IR pulses are expected to enable the725

second revolution in strong field physics since attosecond-duration X-ray pulses
can be generated.

These existing applications are enabled by a multitude of old and new tech-
nologies. Lead-salt and quantum cascade lasers can operate through the whole
mid-IR region but can not supply ultra short pulse duration high power sys-730

tems. Thulium and Holmium lasers allow for solid-state laser operating near
2 µm which are suitable to pump mid-IR OPCPA systems. Namely, for up
to 5 µm sources Chromium or Iron-doped media lasers can be used, and DFG
and OPA can be used to both extend and amplify laser pulses throughout the
mid-IR. Supercontinuum generation can be achieved through SPM, compactly735

generating octave spanning spectra, although at the cost of efficiency.
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The mid-IR laser field has seen an accelerated development and interest
in the past few years, and will continue to do so, as commercial laser and
adequate pump systems are becoming available. The progresses in varying laser
architectures in mid-IR lasers (namely fiber and thin-disk) have and will allow740

mid-IR systems to both scale in power and become more compact, thus enabling
a revolution in mid-IR science. We are witnessing an exciting time in this field.
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U. Keller, Thermal analysis and efficient high power continuous-wave and1015

mode-locked thin disk laser operation of Yb-doped sesquioxides, Applied
Physics B 102 (3) (2011) 509–514. doi:10.1007/s00340-011-4428-0.
URL http://link.springer.com/article/10.1007/

s00340-011-4428-0

30

http://dx.doi.org/10.1364/JOSAB.24.002690
http://josab.osa.org/abstract.cfm?URI=josab-24-10-2690
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2005-75
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2005-75
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2005-75
http://dx.doi.org/10.1364/ASSP.2005.75
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2005-75
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2005-75
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2005-75
http://www.opticsinfobase.org/abstract.cfm?URI=ASSL-1999-WD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSL-1999-WD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSL-1999-WD4
http://dx.doi.org/10.1364/ASSL.1999.WD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSL-1999-WD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSL-1999-WD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSL-1999-WD4
http://iopscience.iop.org/1063-7818/36/4/A01
http://iopscience.iop.org/1063-7818/36/4/A01
http://iopscience.iop.org/1063-7818/36/4/A01
http://dx.doi.org/10.1070/QE2006v036n04ABEH013139
http://iopscience.iop.org/1063-7818/36/4/A01
http://www.nature.com/nphoton/journal/v2/n12/full/nphoton.2008.243.html
http://dx.doi.org/10.1038/nphoton.2008.243
http://www.nature.com/nphoton/journal/v2/n12/full/nphoton.2008.243.html
http://www.nature.com/nphoton/journal/v2/n12/full/nphoton.2008.243.html
http://www.nature.com/nphoton/journal/v2/n12/full/nphoton.2008.243.html
http://www.mdpi.com/1996-1944/5/2/258/
http://dx.doi.org/10.3390/ma5020258
http://www.mdpi.com/1996-1944/5/2/258/
http://www.sciencedirect.com/science/article/pii/S0022231399004974
http://dx.doi.org/10.1016/S0022-2313(99)00497-4
http://www.sciencedirect.com/science/article/pii/S0022231399004974
http://www.sciencedirect.com/science/article/pii/S0022231399004974
http://www.sciencedirect.com/science/article/pii/S0022231399004974
http://link.springer.com/article/10.1007/s00340-011-4428-0
http://link.springer.com/article/10.1007/s00340-011-4428-0
http://link.springer.com/article/10.1007/s00340-011-4428-0
http://dx.doi.org/10.1007/s00340-011-4428-0
http://link.springer.com/article/10.1007/s00340-011-4428-0
http://link.springer.com/article/10.1007/s00340-011-4428-0
http://link.springer.com/article/10.1007/s00340-011-4428-0


[50] U. Griebner, V. Petrov, K. Petermann, V. Peters, Passively mode-1020

locked Yb:Lu2o3 laser, Optics Express 12 (14) (2004) 3125–3130.
doi:10.1364/OPEX.12.003125.
URL http://www.opticsexpress.org/abstract.cfm?URI=

oe-12-14-3125

[51] W. Kim, C. Baker, C. Florea, J. Frantz, G. Villalobos, B. Shaw, S. Bow-1025

man, S. O’Connor, B. Sadowski, M. Hunt, I. Aggalwar, J. Sanghera,
Doped sesquioxide ceramic for eye-safe solid state laser materials, Vol.
8599, 2013, pp. 85990J–85990J–6. doi:10.1117/12.2004524.
URL http://dx.doi.org/10.1117/12.2004524

[52] P. Koopmann, S. Lamrini, K. Scholle, C. Krankel, P. Fuhrberg,1030

G. Huber, Holmium-Doped Lutetia: A Novel Diode Pumped Laser
at 2124 nm, in: Lasers, Sources, and Related Photonic Devices, OSA
Technical Digest (CD), Optical Society of America, 2012, p. IW5D.4.
doi:10.1364/AIOM.2012.IW5D.4.
URL http://www.opticsinfobase.org/abstract.cfm?URI=1035

AIOM-2012-IW5D.4

[53] G. A. Newburgh, A. Word-Daniels, A. Michael, L. D. Merkle, A. Ikesue,
M. Dubinskii, Resonantly diode-pumped Ho3+:Y2o3 ceramic 2.1 µm laser,
Optics Express 19 (4) (2011) 3604–3611. doi:10.1364/OE.19.003604.
URL http://www.opticsexpress.org/abstract.cfm?URI=1040

oe-19-4-3604

[54] V. Fedorov, S. Mirov, A. Gallian, D. Badikov, M. Frolov, Y. Korostelin,
V. Kozlovsky, A. Landman, Y. Podmar’kov, V. Akimov, A. Voronov, 3.77-
5.05 µm tunable solid-state lasers based on Fe2+-doped ZnSe crystals
operating at low and room temperatures, Quantum Electronics, IEEE1045

Journal of 42 (9) (2006) 907–917. doi:10.1109/JQE.2006.880119.
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T. T. Basiev, V. V. Badikov, D. V. Badikov, Room-temperature lasing,
gain-switched bulk, tunable Fe:ZnSe laser, Vol. 7721, 2010, pp. 772111–
772111–6. doi:10.1117/12.854304.1050

URL http://dx.doi.org/10.1117/12.854304

[56] N. Myoung, D. V. Martyshkin, V. V. Fedorov, S. B. Mirov, Energy scaling
of 4.3 µm room temperature Fe:ZnSe laser, Optics Letters 36 (1) (2011)
94–96. doi:10.1364/OL.36.000094.
URL http://ol.osa.org/abstract.cfm?URI=ol-36-1-941055

[57] L. J. Johnson, G. D. Boyd, K. Nassau, Optical maser characteristics of
Ho3+ in CaWO4, Proc IAE (1962) 87–90.

[58] E. P. Chicklis, C. S. Naiman, R. C. Folweiler, D. R. Gabbe, H. P.
Jenssen, A. Linz, High-Efficiency Room Temperature 2.06 µm Laser
Using Sensitized Ho3+:YLF, Applied Physics Letters 19 (4) (1971)1060

31

http://www.opticsexpress.org/abstract.cfm?URI=oe-12-14-3125
http://www.opticsexpress.org/abstract.cfm?URI=oe-12-14-3125
http://www.opticsexpress.org/abstract.cfm?URI=oe-12-14-3125
http://dx.doi.org/10.1364/OPEX.12.003125
http://www.opticsexpress.org/abstract.cfm?URI=oe-12-14-3125
http://www.opticsexpress.org/abstract.cfm?URI=oe-12-14-3125
http://www.opticsexpress.org/abstract.cfm?URI=oe-12-14-3125
http://dx.doi.org/10.1117/12.2004524
http://dx.doi.org/10.1117/12.2004524
http://dx.doi.org/10.1117/12.2004524
http://www.opticsinfobase.org/abstract.cfm?URI=AIOM-2012-IW5D.4
http://www.opticsinfobase.org/abstract.cfm?URI=AIOM-2012-IW5D.4
http://www.opticsinfobase.org/abstract.cfm?URI=AIOM-2012-IW5D.4
http://dx.doi.org/10.1364/AIOM.2012.IW5D.4
http://www.opticsinfobase.org/abstract.cfm?URI=AIOM-2012-IW5D.4
http://www.opticsinfobase.org/abstract.cfm?URI=AIOM-2012-IW5D.4
http://www.opticsinfobase.org/abstract.cfm?URI=AIOM-2012-IW5D.4
http://www.opticsexpress.org/abstract.cfm?URI=oe-19-4-3604
http://dx.doi.org/10.1364/OE.19.003604
http://www.opticsexpress.org/abstract.cfm?URI=oe-19-4-3604
http://www.opticsexpress.org/abstract.cfm?URI=oe-19-4-3604
http://www.opticsexpress.org/abstract.cfm?URI=oe-19-4-3604
http://dx.doi.org/10.1109/JQE.2006.880119
http://dx.doi.org/10.1117/12.854304
http://dx.doi.org/10.1117/12.854304
http://dx.doi.org/10.1117/12.854304
http://dx.doi.org/10.1117/12.854304
http://dx.doi.org/10.1117/12.854304
http://ol.osa.org/abstract.cfm?URI=ol-36-1-94
http://ol.osa.org/abstract.cfm?URI=ol-36-1-94
http://ol.osa.org/abstract.cfm?URI=ol-36-1-94
http://dx.doi.org/10.1364/OL.36.000094
http://ol.osa.org/abstract.cfm?URI=ol-36-1-94
http://scitation.aip.org/content/aip/journal/apl/19/4/10.1063/1.1653837
http://scitation.aip.org/content/aip/journal/apl/19/4/10.1063/1.1653837
http://scitation.aip.org/content/aip/journal/apl/19/4/10.1063/1.1653837


119–121. doi:http://dx.doi.org/10.1063/1.1653837.
URL http://scitation.aip.org/content/aip/journal/apl/19/4/

10.1063/1.1653837

[59] G. A. Slack, F. S. Ham, R. M. Chrenko, Optical Absorption of Tetrahedral
Fe2+ (3d6) in Cubic ZnS, CdTe, and MgAl2o4, Phys. Rev. 152 (1) (1966)1065

376–402. doi:10.1103/PhysRev.152.376.
URL http://link.aps.org/doi/10.1103/PhysRev.152.376

[60] G. A. Slack, B. M. O’Meara, Infrared Luminescence of Fe2+ in ZnS,
Physical Review 163 (1967) 335–340. doi:10.1103/PhysRev.163.335.

[61] H. Nelkowski, G. Grebe, IR-luminescence of ZnS:Cr, Journal of Lu-1070

minescence 1 (0) (1970) 88 – 93. doi:http://dx.doi.org/10.1016/

0022-2313(70)90025-6.
URL http://www.sciencedirect.com/science/article/pii/

0022231370900256

[62] J. T. Vallin, G. A. Slack, S. Roberts, A. E. Hughes, Infrared Absorption1075

in Some II-VI Compounds Doped with Cr, Phys. Rev. B 2 (11) (1970)
4313–4333. doi:10.1103/PhysRevB.2.4313.
URL http://link.aps.org/doi/10.1103/PhysRevB.2.4313

[63] G. Grebe, G. Roussos, H.-J. Schulz, Infrared luminescence of ZnSe:Cr
crystals, Journal of Luminescence 12 (0) (1976) 701 – 705, pro-1080

ceeding of the 1975 International Conference on Luminescence.
doi:http://dx.doi.org/10.1016/0022-2313(76)90164-2.
URL http://www.sciencedirect.com/science/article/pii/

0022231376901642

[64] M. Godlewski, M. Kaminska, The chromium impurity photogeneration1085

transitions in ZnS, ZnSe and ZnTe, Journal of Physics C: Solid State
Physics 13 (35) (1980) 6537. doi:10.1088/0022-3719/13/35/013.
URL http://iopscience.iop.org/0022-3719/13/35/013

[65] G. Roussos, H.-J. Schulz, M. Thiede, Luminescence and related optical
properties of iron ions in II–VI compounds, Journal of Luminescence1090

31–32, Part 1 (0) (1984) 409–411. doi:10.1016/0022-2313(84)90310-7.
URL http://www.sciencedirect.com/science/article/pii/

0022231384903107

[66] J. M. Baranowski, J. W. Allen, G. L. Pearson, Crystal-Field Spectra of
dn Impurities in II-VI and III-V Compound Semiconductors, Phys. Rev.1095

160 (3) (1967) 627–632. doi:10.1103/PhysRev.160.627.
URL http://link.aps.org/doi/10.1103/PhysRev.160.627

[67] G. A. Slack, S. Roberts, F. S. Ham, Far-Infrared Optical Absorption
of Fe2+ in ZnS, Physical Review 155 (1967) 170–177. doi:10.1103/

PhysRev.155.170.1100

32

http://dx.doi.org/http://dx.doi.org/10.1063/1.1653837
http://scitation.aip.org/content/aip/journal/apl/19/4/10.1063/1.1653837
http://scitation.aip.org/content/aip/journal/apl/19/4/10.1063/1.1653837
http://scitation.aip.org/content/aip/journal/apl/19/4/10.1063/1.1653837
http://link.aps.org/doi/10.1103/PhysRev.152.376
http://link.aps.org/doi/10.1103/PhysRev.152.376
http://link.aps.org/doi/10.1103/PhysRev.152.376
http://dx.doi.org/10.1103/PhysRev.152.376
http://link.aps.org/doi/10.1103/PhysRev.152.376
http://dx.doi.org/10.1103/PhysRev.163.335
http://www.sciencedirect.com/science/article/pii/0022231370900256
http://dx.doi.org/http://dx.doi.org/10.1016/0022-2313(70)90025-6
http://dx.doi.org/http://dx.doi.org/10.1016/0022-2313(70)90025-6
http://dx.doi.org/http://dx.doi.org/10.1016/0022-2313(70)90025-6
http://www.sciencedirect.com/science/article/pii/0022231370900256
http://www.sciencedirect.com/science/article/pii/0022231370900256
http://www.sciencedirect.com/science/article/pii/0022231370900256
http://link.aps.org/doi/10.1103/PhysRevB.2.4313
http://link.aps.org/doi/10.1103/PhysRevB.2.4313
http://link.aps.org/doi/10.1103/PhysRevB.2.4313
http://dx.doi.org/10.1103/PhysRevB.2.4313
http://link.aps.org/doi/10.1103/PhysRevB.2.4313
http://www.sciencedirect.com/science/article/pii/0022231376901642
http://www.sciencedirect.com/science/article/pii/0022231376901642
http://www.sciencedirect.com/science/article/pii/0022231376901642
http://dx.doi.org/http://dx.doi.org/10.1016/0022-2313(76)90164-2
http://www.sciencedirect.com/science/article/pii/0022231376901642
http://www.sciencedirect.com/science/article/pii/0022231376901642
http://www.sciencedirect.com/science/article/pii/0022231376901642
http://iopscience.iop.org/0022-3719/13/35/013
http://iopscience.iop.org/0022-3719/13/35/013
http://iopscience.iop.org/0022-3719/13/35/013
http://dx.doi.org/10.1088/0022-3719/13/35/013
http://iopscience.iop.org/0022-3719/13/35/013
http://www.sciencedirect.com/science/article/pii/0022231384903107
http://www.sciencedirect.com/science/article/pii/0022231384903107
http://www.sciencedirect.com/science/article/pii/0022231384903107
http://dx.doi.org/10.1016/0022-2313(84)90310-7
http://www.sciencedirect.com/science/article/pii/0022231384903107
http://www.sciencedirect.com/science/article/pii/0022231384903107
http://www.sciencedirect.com/science/article/pii/0022231384903107
http://link.aps.org/doi/10.1103/PhysRev.160.627
http://link.aps.org/doi/10.1103/PhysRev.160.627
http://link.aps.org/doi/10.1103/PhysRev.160.627
http://dx.doi.org/10.1103/PhysRev.160.627
http://link.aps.org/doi/10.1103/PhysRev.160.627
http://dx.doi.org/10.1103/PhysRev.155.170
http://dx.doi.org/10.1103/PhysRev.155.170
http://dx.doi.org/10.1103/PhysRev.155.170


[68] L. D. DeLoach, R. H. Page, G. D. Wilke, S. A. Payne, W. F. Krupke,
Transition metal-doped zinc chalcogenides: spectroscopy and laser
demonstration of a new class of gain media, Quantum Electronics, IEEE
Journal of 32 (6) (1996) 885–895.
URL http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1105

502365

[69] V. A. Akimov, V. I. Kozlovskii, Y. V. Korostelin, A. I. Landman,
Y. P. Podmar’kov, Y. K. Skasyrsky, M. P. Frolov, Efficient cw lasing
in a Cr2+:CdSe crystal, Quantum Electronics 37 (11) (2007) 991–992.
doi:10.1070/QE2007v037n11ABEH013715.1110

URL http://iopscience.iop.org/1063-7818/37/11/L02/pdf/

1063-7818_37_11_L02.pdf

[70] E. Sorokin, D. Klimentov, M. P. Frolov, Y. V. Korostelin, V. I. Kozlovsky,
Y. P. Podmar’kov, Y. K. Skasyrsky, I. T. Sorokina, Continuous-wave
broadly tunable high-power Cr:CdS laser, Applied Physics B (2014)1115

1–6doi:10.1007/s00340-014-5921-z.
URL http://link.springer.com/article/10.1007/

s00340-014-5921-z

[71] V. Kisel, N. Tolstik, V. Shcherbitsky, N. Kuleshov, V. Konstantinov,
L. Postnova, V. Levchenko, E. Sorokin, I. Sorokina, Growth and spec-1120

troscopic characterization of Cr:ZnTe laser crystals, in: 2005 Conference
on Lasers and Electro-Optics Europe, 2005. CLEO/Europe, 2005, pp. 81–.
doi:10.1109/CLEOE.2005.1567870.

[72] S. D. Jackson, Cross relaxation and energy transfer upconversion
processes relevant to the functioning of 2 µm Tm3+-doped sil-1125

ica fibre lasers, Optics Communications 230 (1–3) (2004) 197–203.
doi:10.1016/j.optcom.2003.11.045.
URL http://www.sciencedirect.com/science/article/pii/

S0030401803022612

[73] D. Y. Shen, J. K. Sahu, W. A. Clarkson, High-power widely tunable1130

Tm:fibre lasers pumped by an Er,Yb co-doped fibre laser at 1.6 µm,
Optics Express 14 (13) (2006) 6084–6090. doi:10.1364/OE.14.006084.
URL http://www.opticsexpress.org/abstract.cfm?URI=

oe-14-13-6084

[74] D. Creeden, B. R. Johnson, S. D. Setzler, E. P. Chicklis, Resonantly1135

pumped Tm-doped fiber laser with >90% slope efficiency, Optics Let-
ters 39 (3) (2014) 470–473. doi:10.1364/OL.39.000470.
URL http://ol.osa.org/abstract.cfm?URI=ol-39-3-470

[75] P. Moulton, G. Rines, E. Slobodtchikov, K. Wall, G. Frith, B. Samson,
A. Carter, Tm-Doped Fiber Lasers: Fundamentals and Power Scaling,1140

IEEE Journal of Selected Topics in Quantum Electronics 15 (1) (2009)
85–92. doi:10.1109/JSTQE.2008.2010719.

33

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=502365
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=502365
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=502365
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=502365
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=502365
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=502365
http://iopscience.iop.org/1063-7818/37/11/L02/pdf/1063-7818_37_11_L02.pdf
http://iopscience.iop.org/1063-7818/37/11/L02/pdf/1063-7818_37_11_L02.pdf
http://iopscience.iop.org/1063-7818/37/11/L02/pdf/1063-7818_37_11_L02.pdf
http://dx.doi.org/10.1070/QE2007v037n11ABEH013715
http://iopscience.iop.org/1063-7818/37/11/L02/pdf/1063-7818_37_11_L02.pdf
http://iopscience.iop.org/1063-7818/37/11/L02/pdf/1063-7818_37_11_L02.pdf
http://iopscience.iop.org/1063-7818/37/11/L02/pdf/1063-7818_37_11_L02.pdf
http://link.springer.com/article/10.1007/s00340-014-5921-z
http://link.springer.com/article/10.1007/s00340-014-5921-z
http://link.springer.com/article/10.1007/s00340-014-5921-z
http://dx.doi.org/10.1007/s00340-014-5921-z
http://link.springer.com/article/10.1007/s00340-014-5921-z
http://link.springer.com/article/10.1007/s00340-014-5921-z
http://link.springer.com/article/10.1007/s00340-014-5921-z
http://dx.doi.org/10.1109/CLEOE.2005.1567870
http://www.sciencedirect.com/science/article/pii/S0030401803022612
http://www.sciencedirect.com/science/article/pii/S0030401803022612
http://www.sciencedirect.com/science/article/pii/S0030401803022612
http://www.sciencedirect.com/science/article/pii/S0030401803022612
http://www.sciencedirect.com/science/article/pii/S0030401803022612
http://dx.doi.org/10.1016/j.optcom.2003.11.045
http://www.sciencedirect.com/science/article/pii/S0030401803022612
http://www.sciencedirect.com/science/article/pii/S0030401803022612
http://www.sciencedirect.com/science/article/pii/S0030401803022612
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-13-6084
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-13-6084
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-13-6084
http://dx.doi.org/10.1364/OE.14.006084
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-13-6084
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-13-6084
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-13-6084
http://ol.osa.org/abstract.cfm?URI=ol-39-3-470
http://ol.osa.org/abstract.cfm?URI=ol-39-3-470
http://ol.osa.org/abstract.cfm?URI=ol-39-3-470
http://dx.doi.org/10.1364/OL.39.000470
http://ol.osa.org/abstract.cfm?URI=ol-39-3-470
http://dx.doi.org/10.1109/JSTQE.2008.2010719


[76] T. S. McComb, R. A. Sims, C. C. C. Willis, P. Kadwani, V. Sudesh,
L. Shah, M. Richardson, High-power widely tunable thulium fiber lasers,
Applied Optics 49 (32) (2010) 6236–6242. doi:10.1364/AO.49.006236.1145

URL http://ao.osa.org/abstract.cfm?URI=ao-49-32-6236

[77] T. S. McComb, L. Shah, R. A. Sims, C. C. C. Willis, P. Kadwani,
V. Sudesh, M. Richardson, Atmospheric propagation testing with a high
power, tunable thulium fiber laser system, Vol. 7578, 2010, pp. 75781G–
75781G–7. doi:10.1117/12.842378.1150

URL http://dx.doi.org/10.1117/12.842378

[78] Q. Fang, W. Shi, K. Kieu, E. Petersen, A. Chavez-Pirson, N. Peygham-
barian, High power and high energy monolithic single frequency 2 µm
nanosecond pulsed fiber laser by using large core Tm-doped germanate
fibers: experiment and modeling, Optics Express 20 (15) (2012) 16410–1155

16420. doi:10.1364/OE.20.016410.
URL http://www.opticsexpress.org/abstract.cfm?URI=

oe-20-15-16410

[79] P. Kadwani, N. Modsching, R. A. Sims, L. Leick, J. Broeng, L. Shah,
M. Richardson, Q-switched thulium-doped photonic crystal fiber laser,1160

Optics Letters 37 (10) (2012) 1664–1666. doi:10.1364/OL.37.001664.
URL http://ol.osa.org/abstract.cfm?URI=ol-37-10-1664

[80] M. Gebhardt, C. Gaida, P. Kadwani, A. Sincore, N. Gehlich, C. Jeon,
L. Shah, M. Richardson, High peak-power mid-infrared ZnGeP2 optical
parametric oscillator pumped by a Tm:fiber master oscillator power am-1165

plifier system, Optics Letters 39 (5) (2014) 1212–1215. doi:10.1364/OL.
39.001212.
URL http://ol.osa.org/abstract.cfm?URI=ol-39-5-1212

[81] J. B. Gruber, M. E. Hills, R. M. Macfarlane, C. A. Morrison, G. A. Turner,
G. J. Quarles, G. J. Kintz, L. Esterowitz, Spectra and energy levels of1170

Tm3+:Y3al5o12, Phys. Rev. B 40 (14) (1989) 9464–9478. doi:10.1103/

PhysRevB.40.9464.
URL http://link.aps.org/doi/10.1103/PhysRevB.40.9464

[82] S. Jackson, The spectroscopic and energy transfer characteristics of the
rare earth ions used for silicate glass fibre lasers operating in the shortwave1175

infrared, Laser & Photonics Reviews 3 (5) (2009) 466–482. doi:10.1002/
lpor.200810058.
URL http://dx.doi.org/10.1002/lpor.200810058

[83] M. A. Solodyankin, E. D. Obraztsova, A. S. Lobach, A. I. Chernov, A. V.
Tausenev, V. I. Konov, E. M. Dianov, Mode-locked 1.93 µm thulium fiber1180

laser with a carbon nanotube absorber, Opt. Lett. 33 (12) (2008) 1336–
1338. doi:10.1364/OL.33.001336.
URL http://ol.osa.org/abstract.cfm?URI=ol-33-12-1336

34

http://ao.osa.org/abstract.cfm?URI=ao-49-32-6236
http://dx.doi.org/10.1364/AO.49.006236
http://ao.osa.org/abstract.cfm?URI=ao-49-32-6236
http://dx.doi.org/10.1117/12.842378
http://dx.doi.org/10.1117/12.842378
http://dx.doi.org/10.1117/12.842378
http://dx.doi.org/10.1117/12.842378
http://dx.doi.org/10.1117/12.842378
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-15-16410
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-15-16410
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-15-16410
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-15-16410
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-15-16410
http://dx.doi.org/10.1364/OE.20.016410
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-15-16410
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-15-16410
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-15-16410
http://ol.osa.org/abstract.cfm?URI=ol-37-10-1664
http://dx.doi.org/10.1364/OL.37.001664
http://ol.osa.org/abstract.cfm?URI=ol-37-10-1664
http://ol.osa.org/abstract.cfm?URI=ol-39-5-1212
http://ol.osa.org/abstract.cfm?URI=ol-39-5-1212
http://ol.osa.org/abstract.cfm?URI=ol-39-5-1212
http://ol.osa.org/abstract.cfm?URI=ol-39-5-1212
http://ol.osa.org/abstract.cfm?URI=ol-39-5-1212
http://dx.doi.org/10.1364/OL.39.001212
http://dx.doi.org/10.1364/OL.39.001212
http://dx.doi.org/10.1364/OL.39.001212
http://ol.osa.org/abstract.cfm?URI=ol-39-5-1212
http://link.aps.org/doi/10.1103/PhysRevB.40.9464
http://link.aps.org/doi/10.1103/PhysRevB.40.9464
http://link.aps.org/doi/10.1103/PhysRevB.40.9464
http://dx.doi.org/10.1103/PhysRevB.40.9464
http://dx.doi.org/10.1103/PhysRevB.40.9464
http://dx.doi.org/10.1103/PhysRevB.40.9464
http://link.aps.org/doi/10.1103/PhysRevB.40.9464
http://dx.doi.org/10.1002/lpor.200810058
http://dx.doi.org/10.1002/lpor.200810058
http://dx.doi.org/10.1002/lpor.200810058
http://dx.doi.org/10.1002/lpor.200810058
http://dx.doi.org/10.1002/lpor.200810058
http://dx.doi.org/10.1002/lpor.200810058
http://dx.doi.org/10.1002/lpor.200810058
http://dx.doi.org/10.1002/lpor.200810058
http://dx.doi.org/10.1002/lpor.200810058
http://ol.osa.org/abstract.cfm?URI=ol-33-12-1336
http://ol.osa.org/abstract.cfm?URI=ol-33-12-1336
http://ol.osa.org/abstract.cfm?URI=ol-33-12-1336
http://dx.doi.org/10.1364/OL.33.001336
http://ol.osa.org/abstract.cfm?URI=ol-33-12-1336


[84] R. A. Sims, P. Kadwani, A. S. L. Shah, M. Richardson, 1 µJ, sub-500 fs
chirped pulse amplification in a Tm-doped fiber system, Opt. Lett. 38 (2)1185

(2013) 121–123. doi:10.1364/OL.38.000121.
URL http://ol.osa.org/abstract.cfm?URI=ol-38-2-121

[85] R. Sims, P. Kadwani, L. Shah, M. Richardson, All Thulium Fiber CPA
System with 107 fs Pulse Duration and 42 nm Bandwidth, in: Advances
in Optical Materials, Optical Society of America, 2011, p. ATuD4.1190

doi:10.1364/ASSP.2011.ATuD4.
URL http://www.opticsinfobase.org/abstract.cfm?URI=

ASSP-2011-ATuD4

[86] S. Agger, J. Povlsen, P. Varming, Single-frequency thulium-doped
distributed-feedbackfiber laser, Optics Letters 29 (13) (2004) 1503–1505.1195

doi:10.1364/OL.29.001503.
URL http://ol.osa.org/abstract.cfm?URI=ol-29-13-1503

[87] N. Barnes, E. D. Filer, C. A. Morrison, C. Lee, Ho:Tm lasers. I. The-
oretical, Quantum Electronics, IEEE Journal of 32 (1) (1996) 92–103.
doi:10.1109/3.481924.1200

[88] B. M. Walsh, G. W. Grew, N. P. Barnes, Energy levels and intensity
parameters of Ho 3+ ions in GdLiF 4 , YLiF 4 and LuLiF 4, Journal of
Physics: Condensed Matter 17 (48) (2005) 7643.
URL http://stacks.iop.org/0953-8984/17/i=48/a=016

[89] B. M. Walsh, N. P. Barnes, M. Petros, J. Yu, U. N. Singh, Spectroscopy1205

and modeling of solid state lanthanide lasers: Application to trivalent
Tm3+ and Ho3+ in YLiF4 and LuLiF4, Journal of Applied Physics
95 (7) (2004) 3255–3271. doi:http://dx.doi.org/10.1063/1.1649808.
URL http://scitation.aip.org/content/aip/journal/jap/95/7/

10.1063/1.16498081210

[90] N. P. Barnes, B. M. Walsh, E. D. Filer, Ho:Ho upconversion: applications
to Ho lasers, J. Opt. Soc. Am. B 20 (6) (2003) 1212–1219. doi:10.1364/
JOSAB.20.001212.
URL http://josab.osa.org/abstract.cfm?URI=josab-20-6-1212

[91] C. Lee, G. Han, N. Barnes, Ho:Tm lasers. II. Experiments, Quantum1215

Electronics, IEEE Journal of 32 (1) (1996) 104–111. doi:10.1109/3.

481925.

[92] V. Sudesh, K. Asai, Spectroscopic and diode-pumped-laser properties of
Tm, Ho:YLF; Tm, Ho:LuLF; and Tm, Ho:LuAG crystals: a comparative
study, J. Opt. Soc. Am. B 20 (9) (2003) 1829–1837. doi:10.1364/JOSAB.1220

20.001829.
URL http://josab.osa.org/abstract.cfm?URI=josab-20-9-1829

35

http://ol.osa.org/abstract.cfm?URI=ol-38-2-121
http://ol.osa.org/abstract.cfm?URI=ol-38-2-121
http://ol.osa.org/abstract.cfm?URI=ol-38-2-121
http://dx.doi.org/10.1364/OL.38.000121
http://ol.osa.org/abstract.cfm?URI=ol-38-2-121
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2011-ATuD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2011-ATuD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2011-ATuD4
http://dx.doi.org/10.1364/ASSP.2011.ATuD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2011-ATuD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2011-ATuD4
http://www.opticsinfobase.org/abstract.cfm?URI=ASSP-2011-ATuD4
http://ol.osa.org/abstract.cfm?URI=ol-29-13-1503
http://ol.osa.org/abstract.cfm?URI=ol-29-13-1503
http://ol.osa.org/abstract.cfm?URI=ol-29-13-1503
http://dx.doi.org/10.1364/OL.29.001503
http://ol.osa.org/abstract.cfm?URI=ol-29-13-1503
http://dx.doi.org/10.1109/3.481924
http://stacks.iop.org/0953-8984/17/i=48/a=016
http://stacks.iop.org/0953-8984/17/i=48/a=016
http://stacks.iop.org/0953-8984/17/i=48/a=016
http://stacks.iop.org/0953-8984/17/i=48/a=016
http://scitation.aip.org/content/aip/journal/jap/95/7/10.1063/1.1649808
http://scitation.aip.org/content/aip/journal/jap/95/7/10.1063/1.1649808
http://scitation.aip.org/content/aip/journal/jap/95/7/10.1063/1.1649808
http://scitation.aip.org/content/aip/journal/jap/95/7/10.1063/1.1649808
http://scitation.aip.org/content/aip/journal/jap/95/7/10.1063/1.1649808
http://dx.doi.org/http://dx.doi.org/10.1063/1.1649808
http://scitation.aip.org/content/aip/journal/jap/95/7/10.1063/1.1649808
http://scitation.aip.org/content/aip/journal/jap/95/7/10.1063/1.1649808
http://scitation.aip.org/content/aip/journal/jap/95/7/10.1063/1.1649808
http://josab.osa.org/abstract.cfm?URI=josab-20-6-1212
http://josab.osa.org/abstract.cfm?URI=josab-20-6-1212
http://josab.osa.org/abstract.cfm?URI=josab-20-6-1212
http://dx.doi.org/10.1364/JOSAB.20.001212
http://dx.doi.org/10.1364/JOSAB.20.001212
http://dx.doi.org/10.1364/JOSAB.20.001212
http://josab.osa.org/abstract.cfm?URI=josab-20-6-1212
http://dx.doi.org/10.1109/3.481925
http://dx.doi.org/10.1109/3.481925
http://dx.doi.org/10.1109/3.481925
http://josab.osa.org/abstract.cfm?URI=josab-20-9-1829
http://josab.osa.org/abstract.cfm?URI=josab-20-9-1829
http://josab.osa.org/abstract.cfm?URI=josab-20-9-1829
http://josab.osa.org/abstract.cfm?URI=josab-20-9-1829
http://josab.osa.org/abstract.cfm?URI=josab-20-9-1829
http://dx.doi.org/10.1364/JOSAB.20.001829
http://dx.doi.org/10.1364/JOSAB.20.001829
http://dx.doi.org/10.1364/JOSAB.20.001829
http://josab.osa.org/abstract.cfm?URI=josab-20-9-1829


[93] M. Eichhorn, Quasi-three-level solid-state lasers in the near and mid in-
frared based on trivalent rare earth ions, Applied Physics B 93 (2-3) (2008)
269–316. doi:10.1007/s00340-008-3214-0.1225

URL http://link.springer.com/10.1007/s00340-008-3214-0

[94] W. Koen, C. Bollig, H. Strauss, M. Schellhorn, C. Jacobs, M. J. D. Esser,
Compact fibre-laser-pumped Ho:YLF oscillator–amplifier system, Applied
Physics B 99 (1-2) (2010) 101–106. doi:10.1007/s00340-009-3819-y.
URL http://link.springer.com/10.1007/s00340-009-3819-y1230

[95] F. Fusari, A. A. Lagatsky, G. Jose, S. Calvez, A. Jha, M. D. Dawson,
J. A. Gupta, W. Sibbett, C. T. A. Brown, Femtosecond mode-locked
Tm3+ and Tm3+-Ho3+ doped 2 µm glass lasers, Opt. Express 18 (21)
(2010) 22090–22098. doi:10.1364/OE.18.022090.
URL http://www.opticsexpress.org/abstract.cfm?URI=1235

oe-18-21-22090

[96] H. Fonnum, E. Lippert, M. W. Haakestad, 550 mJ Q-switched cryogenic
Ho:YLF oscillator pumped with a 100 W Tm:fiber laser, Optics Letters
38 (11) (2013) 1884–1886. doi:10.1364/OL.38.001884.
URL http://ol.osa.org/abstract.cfm?URI=ol-38-11-18841240

[97] P. Malevich, G. Andriukaitis, T. Flöry, A. J. Verhoef, A. Fernández,
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