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Abstract—Transition metal (TM) doped 11-VI chalcogenide
laser materials offer a unique blend of physical, spectroscopic, and
technological parameters that make them the gain media of choice
for cost effective broadly tunable lasing in the Mid-IR. The 11-VI
semiconductor hosts provide a low phonon cut-off, broad IR trans-
parency, and high thermal conductivity. When doped with transi-
tion metal ions, these materials feature ultrabroadband gain, low
saturation intensities, and large pump absorption coefficients. This
combined with the low-cost mass production technology of crystal
fabrication by postgrowth thermal diffusion, as well as broad avail-
ability of convenient pump sources, make these materials ideal can-
didates for broadly tunable mid-IR lasing in CW, gain-switched,
free running, and mode-locked regimes of operation. This review
summarizes experimental results on optically pumped lasers based
on Cr and Fe doped 11-VI wide band semiconductors providing ac-
cess to the 1.9-6 pm spectral range with a high (exceeding 60%b)
efficiency, multi-Watt-level (18 W in gain switch and 30 W in pure
CW) output powers, tunability in excess of 1000 nm, short-pulse
(<50 fs) multi-watt oscillation, multi-Joule long-pulse output en-
ergy, and narrow spectral linewidth (<100 kHz).

Index Terms—Laser, mid-infrared, tunable, transition metal,
wide-band semiconductor.

I. INTRODUCTION

IDDLE-infrared (mid-IR) laser sources are in great de-

mand for a variety of applications including molecular
spectroscopy; multi-photon microscopy; remote sensing for en-
vironmental monitoring, industrial process control, and medical
diagnostics; material processing of polymers, glass and compos-
ites; free space communication; oil and gas prospecting; surgi-
cal, dental and cosmetology procedures; as well as numerous
defense related applications. Mid-IR wavelengths are currently
addressed by nonlinear optical conversion techniques, lead-salt
diode lasers, antimonide lasers, quantum cascade semiconductor
lasers, rare-earth doped crystalline lasers, as well as transition
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metal (TM) doped 11-VI semiconductor (chalcogenide) lasers.
The latter in particular, have recently come of age and are ar-
guably the lasers of choice for cost-effective broadly tunable
mid-IR lasing.

TM?+ doped wide bandgap I1-VI semiconductor crystals
were first introduced to the scientific community as effective
mid-IR gain media by scientists from the Lawrence Livermore
National Laboratory (LLNL) [1], [2]. The heavy ions in the
11-V1 crystals provide a low energy optical phonon cut-off, de-
creasing the efficiency of impurity non-radiative decay. 11-VI
semiconductors crystallize as tetrahedrally coordinated struc-
tures enabling small crystal field splitting that places the TM
impurity transitions in the mid-IR spectral range. Overall, TM
doped I1-VI chalcogenides feature favorable spectroscopic char-
acteristics necessary for efficient mid-IR lasing. Among them—
a four-level energy structure, an absence of excited state ab-
sorption, broad absorption bands overlapping with many con-
venient fiber laser sources, a broad vibronic emission band en-
abling wide tunability, and (for Cr doped 11-VI media) high—
close to 100% quantum efficiency of fluorescence at room
temperature (RT).

After these pioneering publications, the major attention was
focused on Cr:ZnSe crystals having among other TM:11-VI com-
pounds one of the most favorable combinations of thermal, op-
tical, and spectroscopic properties. Initial progress in Cr:ZnSe
lasers included: direct diode excitation [3]-[5]; continuous wave
(CW) lasing with efficiency exceeding 60% [6]; gain switched
lasing with 18.5 W average power [7]; the range of tunability
over 1880-3100 nm [8]; first microchip [9], [10] and disk laser
[11] operations; single-frequency operation with linewidth up
to 100 kHz [12]-[14]; random lasing [15]-[17]; multi-line and
ultra-broadband operation in spatially dispersive cavities [18];
lasing via photo-ionization transitions [19], and gain-switched
(2 mJ) as well as CW (250 mW) operations of the Cr:ZnSe
hot-pressed ceramic [20], [13].

Broad emission bands of TM:II-VI materials offer unique
opportunities for generation of mid-IR ultra-short laser pulses.
All significant milestones in the development of mode-locked
TM:11-VI lasers were at first reached with Cr?*:ZnSe. Initial
progress in Cr:ZnSe mode-locked laser development consists of:
active mode-locking of a Cr?+:ZnSe laser with pulse duration of
2-4 ps [21], [22]; passive mode-locking of Cr?*:ZnSe laser by
a semiconductor saturable absorber mirror (SESAM) with pulse
duration of ~100 fs [23], [24]; Kerr-lens mode-locking (KLM)
of Cr?*:ZnSe laser with pulse duration of 95 fs [25]; energy
scaling of a SESAM mode-locked Cr?*:ZnSe fs oscillator in
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() Absorption (Cr:ZnS- curve i; Cr:ZnSe-curve ii) and emission (Cr:ZnS- curve iii; Cr:ZnSe-curve iv) cross-sections of Cr2* ions in ZnS and ZnSe;

(b) Absorption (Fe:ZnS- curve v; Fe:ZnSe-curve vi) and emission (Fe:ZnS- curve vii; Fe:ZnSe-curve vii) cross-sections of Fe2t ions in ZnS and ZnSe.

TABLE |
SPECTROSCOPIC CHARACTERISTICS OF CHROMIUM AND IRON IONS IN ZNS,
ZNSE AT 9Ty < 9F TRANSITIONS, 04}, Oem , —PEAK ABSORPTION AND
EMISSION CROSS-SECTIONS; A4, Aesn —PEAK ABSORPTION AND EMISSION
CROSS-SECTION WAVELENGTHS, RESPECTIVELY; ALpwin —FULL BANDWIDTH
AT HALF MAXIMUM; T;,q RADIATIVE LIFE TIME; T (777K )—LUMINESCENCE
LIFETIME AT ROOM TEMPERATURE AND 77 K

Crét Fe?+
Zns ZnSe Zns ZnSe
Absorption
oapy, 10718 cm? 1.0 1.1 0.92 0.97
amax, pm 1.69 1.77 2.8 3.1
AApwam, gMm 0.32 0.35 1.22 1.35
Emission
ap, 10718 cm? 1.4 1.3 11 11
Amax, pm 2.35 2.45 3.94 4.35
AA,F\\'Hl\I , 1M 0.82 0.86 0.91 1.13
Trad, J4S 5.7 55 55-62 57
TR (T77K ), 1S 4.3(5.7) 5.4 0.05(2.7) 0.38(57)

chirped-pulse regenerative amplifier with 0.3 mJ, 300 fs pulses
and 1 GW peak power at a 1-KHz repetition rate [26].

Reported CW microchip and external cavity lasing of
Cr?+:ZnS [9]; demonstration of output powers in excess of 10 W
[27]; diode pumped operation [28], [10]; early demonstration of
SESAM [29], and more recent 1 W output power Kerr-Lens
mode locked (KLM) [30], [31], as well as 41 fs graphene pas-
sive mode-locked operation [32]; all showed that Cr?*:ZnS gain
medium, being spectroscopically similar to Cr:ZnSe can serve
as its viable alternative. Moreover, it has potential for providing
higher power handling due to better hardness, higher thermal
conductivity, higher thermal shock parameter, and lower ther-
mal lensing [15], [27].

First tunable laser operation of Cr:Cdj s;Mng.15Te and
Cr:CdsSe lasers were realized in [33] and [34], respectively,
soon after the first publications on Cr:ZnSe lasers. Further im-
provements in output characteristics of Cd chalcogenide lasers
were demonstrated in [35] where an efficient Tm-fiber pumped
Cr:CdSe laser operating at 2.6 pm with output power in ex-
cess of 1 W and 60% quantum slope efficiency was reported. In

long (300 ws) pulse free running regime of excitation the same
group achieved 2.26-3.61 um tunability of the Cr:CdSe laser
in a dispersive cavity, while reaching 17 mJ of output energy
at 2.6 pm and 63% quantum efficiency in a nonselective cavity
[36]. Overall, chromium doped Cd chalcogenides are appropri-
ate for lasing at wavelengths up to 3.6 um. However, due to a
strong thermal lensing they are less attractive than Cr:ZnSe/S
media for further power scaling at room temperature.

Pulsed low temperature lasing of Fe:ZnSe with output energy
12 11J at 130 K and tunability over 3.98-4.54 m [37] stimulated
active interest to iron doped chalcogenides. First gain-switched
lasing at room temperature was realized in [38]. The output
energy in this regime was further scaled up to 5 mJ [39] and
recently to 30 mJ [40]. Output energies in excess of 180 mJ at
85 K and 140 mJ for thermoelectrically cooled Fe:ZnSe were
demonstrated under free running long-pulse (200 uS) Er:YAG
2.94 um excitation [41], [42]. In [43] and [44] the output energy
of a low temperature Fe:ZnSe laser was further scaled to 0.4 and
2.1, respectively.

Major physical and spectroscopic characteristics, methods
of fabrication, as well as output characteristics of Cr and Fe
doped I1-VI chalcogenide mid-IR lasers are summarized in
the following reviews with extensive list of references therein
[15], [45]-[52]. In the following paragraphs we provide a re-
view of recent studies aimed at the development of Cr and Fe
doped ZnSe and ZnS lasers as the most promising for practical
applications.

Il. SPECTROSCOPIC PROPERTIES OF CR AND
FE DoPED ZNSE/S COMPOUNDS

Spectroscopic properties of chromium and iron doped 11-VI
semiconductors have been studied for many decades and are
summarized in several reviews and book chapters [15], [45]-
[52]. In this section we updated some spectroscopic charac-
teristics relevant to laser applications (see Fig. 1 and Table 1).
Both Cr®* and Fe?* ions have a °D ground state, which in
the tetrahedral crystal field of 11-VI semiconductors is split into
T, triplet and ® E doublet terms. The transitions between these
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levels are in the mid-IR spectral region. All the transitions to
other chromium and iron multiplets are spin forbidden.

Broad (1.5-2.1 pm) absorption bands and high Cr?* ions
absorption cross-sections (~10"18 ¢m?) make possible direct
optical pumping of °7, —° E transitions. Available pump
sources include various diode, fiber and solid state lasers with
pumping power of several hundred watts and energies of tens of
joules.

Fig. 2 shows the temperature dependence of the mid-IR lu-
minescence lifetimes of Cr:ZnS/ZnSe and Fe:ZnS/ZnSe crys-
tals. The radiative lifetime of chromium transitions estimated
from temperature dependences of lifetime as a low tempera-
ture limit were very close to each other (7,q(cr:znse) = 5.5
US; Trad(Cr:zns) = 9.7 ps). Both chromium doped crystals re-
veal a high quantum yield of fluorescence at room temperature
~1.0and ~0.8 for ZnSe and ZnS hosts, respectively. The emis-
sion cross-sections over 1.9-3.5 um spectral range were cal-
culated from the luminescence spectra and radiative lifetime
measurements with the use of Fiichtbauer-Ladenburg equa-
tion [53]. These favorable spectroscopic characteristics make
Cr:ZnSe/ZnS crystals effective mid-IR gain media capable of
lasing in many different regimes of oscillation at room temper-
ature. Due to a smaller crystal field splitting of the °D multiplet
of Fe?* ions, the absorption and luminescence bands are shifted
to longer wavelengths in comparison with chromium transitions
(see Fig. 1 and Table I). The absorption cross section of the
Fe:ZnSe was previously measured from absorption and satura-
tion experiments (see ref [50] for details).

The peak RT absorption cross-section of Fe:ZnS crystal was
calculated using data reported in [54]. The absorption cross-
sections of the iron ions are very close to the absorption cross-
sections of the chromium ions, however, the number of available
optical pump sources with wavelength around 3 pm is limited.
Also, as one can see from Fig. 2(b), the mid-IR luminescence
of Fe?* ions is thermally quenched at RT. The luminescence
lifetimes were measured to be 380 and 50 ns for Fe:ZnSe and
Fe:ZnS crystals, correspondingly [55]. This indicates that these
crystals could efficiently oscillate in gain-switched regime at RT,
but require cooling for effective CW lasing. As one can see from
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the Fig. 2(b), the radiative lifetime in Fe:ZnSe crystal could be
estimated from the lifetime temperature dependence as 7,,q =
57 us [55]. For Fe:ZnS crystal, the low temperature limit of the
luminescence lifetime was measured to be 6.2 ps. It is close to
the value of 5.5 s reported earlier in [56]. The radiative lifetime
of Fe in ZnS crystal cannot be estimated from the temperature
dependence of the luminescence lifetime due to its quenching
even at helium temperatures. The authors in [57] reported 10%
of luminescence yield measured at low temperature in Fe:ZnS
crystal. From these data points, one could estimate the radiative
lifetime of Fe?* ions in ZnS crystal as 55-62 ys, which is close
to the value measured for Fe>* ions in the ZnSe host.

The broad emission cross-sections of Fe in ZnS and ZnSe
covering 3-5.5 um spectral range were calculated from the lu-
minescence spectra and radiative lifetime measurements with
the use of Flichtbauer-Ladenburg equation and are depicted in
Fig. 1(b).

Together the emission of these gain media cover spec-
tral range between 1.9 and 5.5 um, which is important
for many medical, environmental, military and technological
applications.

I1l. CR:ZNSE/S LASERS
A. CW Tunable Cr:ZnSe/S Lasers

In this section we review our most recent developments in
high-power CW tunable and single-frequency lasers based on
Cr?*:ZnS and Cr?*:ZnSe gain materials.

Previously we reported on power scaling of CW tunable lasers
based on Cr?*:ZnS, Cr?*:ZnSe gain media [47]. We demon-
strated that conventional cavities based on Brewster configura-
tion of the gain elements suffer severely from non-symmetric
thermal lensing effects, which strongly limit the achievable out-
put power and beam quality [27]. Recent progress in improv-
ing optical quality of polycrystalline Cr>*:ZnS, Cr?*:ZnSe slab
gain elements and development of strong and reliable AR coat-
ings for these materials allowed us to move to normal incidence
linear resonator configurations.
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allows for considerable extension of wavelength tuning range.
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Fig. 4. Performance of Cr?*:ZnS master oscillator at 2.4 ;m pumped by a
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The most general optical scheme of our CW tunable MOPA
laser systems is shown in Fig. 3. These systems are usually
pumped by either Er-fiber lasers at 1567 nm (preferable for
Cr?*:ZnS gain medium) or Tm-fiber lasers at 1908-1940 nm
(more suitable for Cr?* :ZnSe gain material). The gain elements
have ultra-broadband AR coatings which span 1500-3200 nm
spectral range.

The normal incidence configuration allows for obtaining pre-
viously unachievable levels of output power in the 2-3 um
mid-IR spectral region. Fig. 4 shows input-output characteristic
of a Cr?*:ZnS standalone master oscillator pumped by 50 W
Tm fiber laser. This very simple mid-IR master oscillator uses
50% output coupler and operates near Cr?*:ZnS gain maximum
located near 2.4 yum. It is noteworthy that this input-output curve
shows no rollover even at the maximum pump power. In our re-
cent preliminary experiments we reached 30 W output power
level using multi-element MOPA. It is expected that further in-
crease of the pump power and beam combining techniques will
allow for reaching 100 W output power levels within this very
important mid-IR spectral region. One of the most important
practical applications of 2.4 um lasers is processing of polymer
materials which have a large number of strong absorption lines
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laser system. Intracavity water vapor absorption in the 2.5-2.7 ;zm spectral range
leads to laser power suppression at certain wavelengths which can be mitigated
by cavity purging.
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Cr?*:ZnS/Se laser system. The insert shows an interferogram obtained with
high-resolution ring interferometer. The upper estimate of the laser linewidth,
limited by the interferometer resolution, is less than 0.7 MHz. The tuning is per-
formed automatically using built-in motorized wavelength tuning mechanism.

near this wavelength (e.g., polypropylene, polycarbonate, PLA,
PVA, PAC, COP and others.).

There are numerous applications where tunable mid-IR lasers
are preferable to fixed-wavelength systems. Spectroscopic ap-
plications, testing of optical devices, material processing appli-
cations development, dynamic process monitoring; all require
the broadest possible wavelength tuning ranges. Depending on
the linewidth requirements, several methods are used to obtain
wavelength tunable output: intracavity prism (typical linewidth
is <5 nm); diffraction grating in the Littrow-mount configu-
ration (linewidths are <1 nm and <0.1 nm without- and with
intracavity prismatic beam expansion, respectively). A diffrac-
tion grating in the Littman scheme is used for obtaining single-
longitudinal mode of operation. Typical tuning ranges for vari-
ous lasers are shown in Figs. 5 and 6.
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lene/ensinger, polyurethane/hydex-301) samples obtained with the rapidly tun-
able laser module at 1 kHz sweep rate. This measurement illustrates the potential
of the rapidly-tunable mid-IR laser systems for applications where fast dynamic
spectral analysis is required (e.g., environmental monitoring, real-time process
control).

In our conventional tunable mid-IR lasers the wavelength
tuning is performed using motorized tuning mechanisms actu-
ated by precision stepper motors. This approach allows precise
and repeatable wavelength setting as well as continuous wave-
length scanning. However, this mechanism is relatively slow
(~200 nm/s at the highest motor speed). There are a number
of applications where fast wavelength scanning over the entire
laser tuning range is highly desirable. For such applications we
have developed a rapidly tunable laser system. The module is
based on similar cavity design as shown in Fig. 3, but with a
slightly different wavelength tuning approach: a high-speed oc-
tagon mirror scanner is installed into the mode path between
the intracavity lens and a Littrow-mounted diffraction grating,
which is used as an end mirror. This method allows for fast
wavelength sweeps across the entire tuning range. Typical out-
put spectra from the rapidly-tunable laser are shown in Figs. 7,
and 8, where some examples of practical applications of this
laser system are also demonstrated.

There is a great demand for a high-power CW laser systems
operating at 2940 nm wavelength. In addition to the applications
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sion over entire 1.5-2.93 um spectral range and high reflectivity at 2.94 um.
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wavelength.
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Fig. 10.  Schematic of tunable gain switched Cr:ZnSe laser.

in medicine (where this wavelength is FDA approved), there is a
very large potential for these systems in industrial applications
for processing of various types of glasses and polymer materials.
Due to relatively low gain of Cr?*:ZnS and Cr?*:ZnSe gain
media at this wavelength and their inherently high thermo-optic
coefficient (dn/dT); it has been a challenging task to upscale the
output power of the CW 2.94 um laser system. Our most recent
results are depicted in Fig. 9.

Further power scaling of the 2.94 um laser is limited by ther-
mal lens effects in the gain media and requires more advanced
approaches (such as various beam combining techniques).

B. Gain-Switched Cr:ZnSe/S Lasers Operating at High
(>100 Hz) Repetition Rate

A schematic diagram of tunable gain-switched (GS) Cr:ZnSe
laser is shown in Fig. 10. We used Q-switched Ho:YAG laser
operating at 2090 nm as a pump source (see Section 1V-B for
details). The Ho:YAG laser was operating at 100-1000 Hz repe-
tition rates with pulse energy over 5-15 mJ range and 15-50 ns
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pulse duration. The GS laser cavity consists of a high effi-
ciency (>90%) diffraction grating used in auto-collimation (Lit-
trow) configuration, prism beam expander, HR folding mirror,
Brewster-cut Cr:ZnSe crystal, and output coupler (R~50%).
The prism beam expander is used to prevent optical damage of
diffraction grating as well as to provide narrow band laser oscil-
lations. The bandwidth of laser radiation was less than 0.5 nm.

Output characteristics of GS Cr:ZnSe laser at different repeti-
tion rates are shown in Fig. 11. We achieved wavelength tuning
over 2350-2960 nm spectral range at low repetition rates (100—
400 Hz, see Fig. 11), and over 2350-2900 nm at higher repeti-
tion rates, (800-1000 Hz). Tunability at shorter wavelength was
limited by reflection of folding mirror. In general it was pos-
sible to tune this laser over 1900-3000 nm spectral range with
a shorter pump wavelength, e.g., 1645 nm Q-switched Er:YAG
laser, and a proper set of mirrors. It is noteworthy that sharp dips
in the tuning curves in Fig. 11 are due to intracavity absorption
by atmospheric water vapor, which can be mitigated by cavity
purging with dry Ar or Ns.

The pulse duration was in 3.3-5.3 ns range depending on
repetition rate, as shown in Fig. 12.
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C. Gain-Switched Cr:ZnSe/S Lasers Operating at Low
(<100 Hz) Repetition Rate

Diode and/or flash-lamp pumped Q-switched solid state lasers
can be utilized as Cr:ZnSe/S pump sources for high energy and
low repetition rate applications. Output energy of 20 mJ from the
single Cr:ZnSe oscillator was demonstrated using experimental
set-up reported in [58]. For these experiments a Raman shifted
Q-switched Nd:YAG laser with a repetition rate of 10 Hz, and
pulse duration of 7 ns was used as a pump source for Cr:ZnSe
laser oscillator. The Stokes line at 1.906 pm with maximum
output energy of 300 mJ and pulse duration of 7 ns at FWHM,;
was realized with a H, Raman cell pumped in a backscattering
geometry.

The Cr:ZnSe laser cavity was formed by a dichroic input mir-
ror and the output facet of the Cr:ZnSe crystal with Fresnel re-
flectivity R = 17%. The intracavity lens (F;. = 1 m) increases
energy density of the pump in the Cr:ZnSe gain elements, and
helps avoid high energy density in the dichroic mirror. In addi-
tion, this lens provides stability of the Cr:ZnSe laser cavity. Gain
element consisted of two Cr:ZnSe rectangular shaped crystals
with a total beam propagation length of 8.2 mm and initial trans-
mission ~1% at 1.9 um. The gain element was longitudinally
pumped though the input mirror. The input-output dependence
is shown the Fig. 13.

As one can see from the Fig. 13 the slope efficiency was equal
to 48%. The limiting factor in this experiment was the optical
damage of the input mirror. Optimization of the pump beam
diameter at the input mirror enabled £ = 20 mJ output energy
at 66 mJ incident pump energy.

A gain-switched Cr:ZnSe MOPA system was recently re-
ported in [59]. Diode pumped Tm:YAG lasers with acousto-
optical Q-switch operating at 2.01 zm with 10 Hz rep rate were
used to pump a tunable Cr:ZnSe MOPA system. The oscilla-
tion wavelength of the Cr:ZnSe master oscillator was tunable
by acousto-optic filter within 2.12-2.7 m spectral range. The
laser cavity was designed in a Z-shaped configuration using a
7.5 mm Brewster cut Cr:ZnSe crystal with chromium concen-
tration N = 5.5 x 10'® cm® and 60% reflectivity of the output
coupler. The maximum output energy of 4.8 mJ at 2.43 um was
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Fig. 15.

obtained under 16 mJ pump energy. The three stage Cr:ZnSe
power amplifier was studied in the paper. The Cr:ZnSe crys-
tals used in the amplifier were 5 x 7 mm? in aperture, 15 mm
long, and had chromium concentration N = 9 x 10'® cm®. The
output energies were measured to be 13.8, 30.5, and 52.2 mJ
with conversion efficiency of 39.2%, 46.6%, and 44.4% in first,
second, and third stage amplifier, respectively. This Cr:ZnSe
MOPA system was further used for pumping of a 6-10 um
tunable ZGP OPO system.

D. Free Running Cr:ZnSe Lasers

There are several important applications that require signif-
icantly higher output energy in longer pulses without special
requirements for output beam characteristics. A compact 1 J
mid-IR Cr:ZnSe Laser was recently reported in [60]. An Er-
glass laser operating at 1.54 ;m with 0.1-1 Hz repetition rate,
and pulse duration variable over 3-10 ms (Palomar Lux1540)
was used as a pump laser for such a Cr:ZnSe laser system.
Output radiation of the Er-glass laser was coupled to an optical
fiber with N.A. = 0.15. The 9 mm long Cr:ZnSe laser cavity

Signal, a.u.

0.5

time, ps

(a) Temporal profiles of the pump (i) and Cr:ZnSe (ii) pulses. (b) Temporal profiles of single spike of the pump (i) and Cr:ZnSe (ii) lasers.

consisted of a 10 cm radius-of-curvature concave input mirror
and a flat output coupler (R~60%). Pump radiation was focused
into 5 mm long AR coated Cr:ZnSe gain element with 8 x 10'®
cm~2 chromium concentration.

In the preliminary experiments, a Cr:ZnSe laser was char-
acterized under 5 ms pump pulse excitation. This Cr:ZnSe
laser demonstrated 0.7 J of output energy, and 27% slope effi-
ciency with respect to the incident pump energy (see Fig. 15(a)).
Fig. 15(a) shows envelopes of the pulses in ms-time scale. The
pulses overlap and don’t reveal any thermal roll-off at the end
of the oscillation. However, fine structures of the pump and
oscillation pulses are different. The pump pulses demonstrate
relaxation oscillation over the whole pulse duration with modu-
lation depth of approximately 50% after the first spike, and 5 1S
average period of oscillation. The Cr:ZnSe laser pulse consists
of separate lasing spikes with pulse duration around ~1 us.
Moreover, individual spike of the Cr:ZnSe laser reveals its own
relaxation oscillation with time between spikes ~100 ns (see
Fig. 15(b)). The time-resolved oscillation spectra are shown
in Fig. 16. Oscillation wavelength was centered at 2.65 ;m and
spectral linewidth was 50 nm FWHM. The output of the Cr:ZnSe
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Fig. 16.  The time-resolved oscillation spectra of the Cr:ZnSe laser.

laser was observed to have a small shift to longer wavelengths
at the end of the oscillation pulse. The dependence of the output
energy of Cr:ZnSe laser for different pulse duration is depicted
in Fig. 14(b). The output energy remains linear up to 6 ms pulse
duration. A small roll-off due to thermal effect was observed
for the pulse duration longer than 7 ms. The output energy of
Cr:ZnSe laser under 7 ms pulse duration is shown in Fig. 14(a).
The maximum output energy of the Cr:ZnSe laser was measured
to be 1.1 J. The output beam was collimated into 4 mm diameter
with divergence of ~30 mrad.

E. Femtosecond Polycrystalline TM:11-VI Lasers

Recent efforts on ultrafast Cr?*:11-V1 oscillators were con-
centrated on further improvement of the laser parameters in
terms of reliability, average power and pulse duration. It was
understood that the use of SESAM imposes limits on the output
laser power and pulse duration. Therefore, the interest has been
centered on the development and optimization of pure Kerr-lens
mode-locked oscillators [30], [61], [62]. It was demonstrated
that Cr>* :ZnS is a promising material for mid-IR ultrafast lasers.
Onthe one hand, Cr?*:ZnS and Cr?* :ZnSe have similar spectro-
scopic and laser parameters. On the other hand, Cr?*:ZnS has
higher thermal conductivity, higher thermal shock parameter
and lower thermal lensing. Kerr-Lens mode-locked Cr?*:ZnS
laser with 1 W output power in harmonic mode-locking regime
(the pulse repetition rate twice as high as the cavity mode spac-
ing) laser has been recently reported [31]. The mid-IR pulses of
only 5.1 optical cycles (41 fs) with 190 nm spectral bandwidth,
250 mW average output power at 108 MHz repetition rate were
reported for graphene mode-locked Cr:ZnS laser [32].

Reliability and reproducibility of ultrafast Cr?*:11-VI lasers
depend on availability of the gain elements with high op-
tical quality and uniformity of the laser properties. Until
very recently, it was widely believed that KLM regime in
Cr?+:ZnSe/ZnS lasers requires the use of single crystal gain
medium. Currently, high quality Cr>*:ZnS and Cr?*:ZnSe sin-
gle crystal materials are not readily available. Crystal sublima-
tion during the growth process results in poor uniformity of the
single-crystal samples and limits the dopant concentration. It is

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 1, JANUARY/FEBRUARY 2015

\Cr:znSiznSe

Fig. 17.

Kerr-lens
Cr?*:ZnSe/ZnS laser. HR—high reflectors, OC—output coupler, FS, YAG—
dispersion compensation plates, L—pump focusing lens. The laser is pumped
at 1550 nm by a radiation of narrowband semiconductor laser (seed) amplified
to 1—2 W in Er-doped fiber amplifier (EDFA).

Schematic of the mode-locked polycrystalline

often required to locate a ‘good spot’ inside the single crystal in
order to achieve KLM regime of the laser.

An important advantage of polycrystalline Cr?*:ZnS/ZnSe
laser media is the post-growth diffusion doping technology,
which enables mass production of large-size laser gain ele-
ments with high dopant concentration, uniform dopant distribu-
tion, and low losses. Results in polycrystalline Cr?*:ZnS/ZnSe
crystals have gradually superseded single-crystals in cw, gain-
switched, and SESAM-mode-locked regimes of laser oper-
ation. The recent demonstration of KLM in polycrystalline
Cr?+:ZnS/ZnSe [63] is an important milestone and opens new
venue for the development of commercial ultrafast mid-IR
lasers.

Polycrystalline Cr?*:ZnS/ZnSe laser gain elements are pro-
duced by thermal diffusion doping of chemical vapor deposition
(CVD) grown polycrystalline ZnS and ZnSe [47]. Post-growth
diffusion doping of CVD-ZnS/ZnSe retains the polycrystalline
zinc-blend structure of the material with the grain size of 50—
100 pm.

Zinc-blende 11-VI semiconductors (ZnSe, ZnS, ZnTe) exhibit
rather high second-order nonlinear susceptibility, which exceeds
the values of birefringent materials such as ammonium dihy-
drogen phosphate (ADP) and potassium dihydrogen phosphate
[64]. Furthermore, the grain size in CVD-ZnS/ZnSe is of the or-
der of the coherence length of SHG process in the mid-IR wave-
length range. This feature of polycrystalline Cr?+:ZnS/ZnSe
laser media is of importance in fs laser regime, as will be dis-
cussed below.

In this section we give an overview of our recent results
on ultrafast polycrystalline Cr>*:ZnSe/ZnS lasers. The spectral
and temporal parameters of the lasers were characterized using
a grating monochromator with ~0.5 nm resolution and an in-
terferometric autocorrelator equipped with a pair of oppositely
mounted 3-mm thick dielectric coated beam splitters (YAG),
gold mirrors with SiO, protective layer, and a two-photon Ge
detector. The autocorrelator was built in house. Therefore, our
evaluations of the pulse duration are approximate for very short
pulses.

Schematic of the first reliable polycrystalline Cr?+:ZnSe/ZnS
KLM laser is shown in Fig. 17. The output of a linearly polarized
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Fig. 18. Schematic of Cr>*:ZnS KLM laser with optimized resonator. HR
— dispersive high reflectors (GDD ~ —200 fs?), YAG—2 mm thick Brewster
mounted dispersion compensation plate, OC—output coupler ((GDD| < 150
fs?), MgF,—optional 0.5 mm thick Brewster mounted birefringent tuner (Lyot
filter), L—pump focusing lens. SHG—secondary outputs of the laser at SH
wavelength. The laser is pumped at 1567 nm by a linearly polarized radiation
of Er-doped fiber laser (EDFL).

Er- doped fiber amplifier (EDFA) seeded by a low noise 1550 nm
narrowband semiconductor laser was coupled to the standard
astigmatism compensated asymmetric Z-folded resonator con-
sisting of two curved high reflecting (HR) mirrors, plane HR
mirror and plane output coupler (OC, R = 99%). The length of
the laser cavity was about 94 cm. KLM regime was obtained us-
ing two types of laser media: polycrystalline Cr2*:ZnS (2.0 mm
thick, 43% low-signal transmission at 1550 nm) and polycrys-
talline Cr?*:ZnSe (2.4 mm thick, 15% transmission). Gain el-
ements were plane-parallel polished, uncoated and Brewster
mounted on a copper heat sink without forced cooling. The cav-
ity mirrors were non-dispersive. The dispersion compensation
was implemented using a combination of Brewster mounted
fused silica plate (2 mm thick) and YAG plate (4 mm thick).
The group delay dispersion of the resonator at 2400 nm, near
the central laser wavelength, was about —1000 fs.

The laser was optimized for maximum CW output power
and then the distance between the curved mirrors was fine-
adjusted in order to obtain KLM regime. The mode-locked laser
oscillation was initiated by translation of the OC.

Multi-hour uninterrupted single-pulse oscillations were ob-
served in Cr?*:ZnSe at 1 W pump power and 60 mW laser
output power. Further increase of the pump power resulted in
multi-pulsing and frequent interruptions of the mode-lock. The
emission of Cr?*:ZnSe laser was chirped with the approximate
pulse duration of 130 fs.

Maximum stability of Cr?*:ZnS KLM laser was observed at
1.25 W pumping and 30 mW output power (1-2 h of uninter-
rupted single-pulse oscillations). The output of Cr®*:ZnS laser
was sech? transform limited with 125 fs pulse duration.

To improve the output characteristics of polycrystalline mid-
IR laser in KLM regime we (i) optimized the parameters and
mounting of the gain element, (ii) optimized the design and dis-
persion of the laser resonator, (iii) optimized the OC transmis-
sion. These optimizations allowed us to significantly increase
the laser output power in KLM regime and to produce shorter
pulses.

Schematic of the optimized laser is shown in Fig. 18. As
a pump source, we used a linearly polarized Er-doped fiber
laser (EDFL). In order to increase the laser output power
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TABLE Il
OUTPUT CHARACTERISTICS OF THE OPTIMIZED CR?T :ZNS KLM LASER

Roc,% Poui, W 7,fs A, nm Ac,Nm Ppump, W
9 0.3 85 70 2380 34
90 0.6 46%) 120%) 2300 5.2
70 1.2 68+ 84+ 2332 6.7
50 2.0 67 82 2295 10.0

Roc - reflectivity of the output coupler, P,,;—average output laser power in KLM
regime, 7 - laser pulse duration (FWHM), A x—width of the laser emission spectrum
(FWHM), 1 —laser emission peak, Py, —optimal pump power. *) — conservative
estimates of the spectral bandwidth and of the pulse duration.

and efficiency of lasing we used a 5 mm long polycrystalline
Cr?*:ZnS gain element with 11% low-signal transmission at
1567 nm pump wavelength. The gain element was AR coated
and mounted in the resonator at normal incidence on a water
cooled copper heat sink. The main advantages of normal inci-
dence mounting of the gain element are (i) better management of
the thermal optical effects in the gain element due to circularity
of the pump and laser beams, (ii) significant increase of pump
and laser intensity inside the gain element (if compared with the
standard Brewster mounting), (iii) ability to use gain elements
with large length and, hence, high pump absorption. Normal
incidence mounting may also be more favorable for Kerr-lens
mode-locking [65].

The lengths of the cavity legs were unequal with a typical
ratio of 2:5. The angles of incidence at the curved HR mirrors
were minimized in order to reduce the astigmatism of the res-
onator. Dispersion management was implemented by the use of
dispersive high reflectors (GDD ~ —200 fs? in 2200—2500 nm
range) and 2 mm thick Brewster mounted YAG plate. Dispersion
of the OCs was within 150 fs? in 2200-2400 nm range. Over-
all dispersion of the resonator at the maximum of laser emission
(2300-2400 nm) was about —1400-1600 fs?. For the experi-
ments on wavelength tuning of the KLM laser we used a 0.5 mm
thick MgF, Brewster mounted birefringent tuner (single-plate
Lyot filter).

KLM regime of the laser with the optimized resonator was
obtained using output couplers with 96%, 90%, 70%, and 50%
reflectivity. Most measurements were carried out at the pulse
repetition rate of 94.5 MHz. However, KLM laser oscillations
were obtained in a range of pulse repetition rates (80-120 MHz).
Results of the laser characterization are summarized in Table I1.

The laser parameters, shown in the table, correspond to the
single pulse oscillations at 94.5 MHz repetition rate and multi-
hour uninterrupted laser operation in Kerr-lens mode-locked
regime. The highest average power of KLM laser was obtained
with Roc = 50%: 2 W with 67 fs pulse duration which cor-
responds to 21 nJ pulse energy and 275 kW peak power. The
shortest pulse duration, with the conservative estimate of 46 fs,
was obtained at 0.6 W average output power using Roc = 90%.
Right column in Table Il shows the optimal pump power for dif-
ferent OCs. Optimization of the pump power was essential as an
increase of the pump by 10-15% above the optimum resulted in
unstable pulsing, multi-pulsing and spikes in the laser emission
spectrum.
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Fig. 19. Emission spectra of KLM laser with different reflectivity (Ro ¢ ) of
the output coupler. Dashed lines show sech fit of the spectra.

] Roc= 96%
PL=03W

-100 -50 0 50 100
Delay, fs

Fig.20. Autocorrelation traces of KLM laser with different reflectivity (Ro ¢ )
of output coupler.

Emission spectra and autocorrelation traces of KLM laser ob-
tained for the OCs with different reflectivity are illustrated in
Figs. 19 and 20, respectively. The shape of the spectra and
of the autocorrelation functions correspond to sech? pulses
for Roc = 96% and Roc = 50%. This allows us to use the
time bandwidth product of 0.315 for estimation of the pulse
duration. The emission spectra, measured for Roc = 90 and
70%, are flat-top. Therefore, we used conservative estimates
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for the spectral bandwidth and the pulse duration. We explain
the flat-top spectra by second harmonic generation (SHG) in
polycrystalline Cr?*:ZnS, as will be discussed below. We ex-
plain the small peak at 2525 nm in the spectrum measured for
Roc = 90% by presence of Kelly sidebands in the laser emis-
sion, see, e.g., [25]. The opposite sideband is suppressed due
to leakage through high reflectors at the wavelengths below
2200 nm.

Our experiments revealed a particular feature of polycrys-
talline Cr?*: 11-VI laser media: we observed generation of
second, third and fourth optical harmonics of the fundamen-
tal mid-IR laser emission in femtosecond regime of polycrys-
talline Cr?*:ZnS laser. The laser output power as high as 40
mW was measured at second harmonic (SH) wavelength for the
Roc = 96%. The SH power was measured behind one of the
high reflectors (shown by asterisk on Fig. 18). Average trans-
mission of the HR mirrors in SH wavelength range is about
50%. That allows estimating ~160 mW SHG power inside the
resonator, in one direction. The typical SHG output power was
about 30 mW for Roc = 90%, 10-20 mW for Roc = 70%,
and 5-10 mW for Roc = 50%. A decrease in the optical power
inside the resonator resulted in decrease of SHG output. The
output power of the KLM laser at third and fourth harmonics
was at mW and pW levels, respectively.

Thus, a considerable fraction (up to 50%) of the mid-IR fem-
tosecond laser emission can be converted to the SH and the
amount of the SH power can be adjusted by control of the OC
reflectivity. The observed strong SHG effect can be explained
by polycrystalline structure of the material [66]-[68]. The size
of the microscopic single-crystal grains is of the same order
as the coherence length of the SHG process. Dissimilarities in
the grain size and in orientation of the crystallographic axes
result in the ‘patterning’ of the material, like in quasi phase
matched (QPM) nonlinear converters. Unlike in the standard
QPM material, the patterning is not regular but random. On one
hand, the nonlinear gain in randomly patterned material is very
low. On the other hand, random patterning results in very large
bandwidth of the nonlinear frequency conversion. A linear de-
pendence of the nonlinear yield on the thickness of randomly
patterned medium has been predicted [67] and observed in the
experiment [68]. Our observations show that low nonlinear gain
of polycrystalline Cr?*:ZnS is compensated by high intensity
of fs laser pulses inside the resonator.

SHG effect has been routinely observed in SESAM mode-
locked polycrystalline Cr?*:ZnS/ZnSe lasers. Reported SHG
signals were at sub-mW level (intracavity) or about 10~* of the
main signal [69]. We explain the significant increase of SHG
signal in our experiments by specific features of the resonator: (i)
mounting of the gain element at normal incidence, (ii) relatively
large length of the gain element, (iii) significant increase of the
optical power at fundamental mid-IR wavelength.

Typical images of the laser output beams at different wave-
lengths are shown in the top of Fig. 21 (the snapshots were made
at2 W KLM laser output, Roc = 50%). Graph in the bottom of
Fig. 21 shows a femtosecond pulse train at 94.5 MHz, acquired
at SH wavelength by fast InGaAs photo-detector, installed be-
hind one of the HR mirrors.
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Fig. 21.  Top: images of the fs laser output beams at fundamental (a), second
(b), third (c) and forth (d) harmonic wavelengths (2300, 1150, 770, 575 nm,
respectively). Two images on the left were acquired by a pyroelectric camera.
Three beams on the right is a photo of IR-sensitive card placed behind the OC
(collinear spectral components of the laser output were resolved by a disper-
sive prism). Bottom: waveform of the KLM laser pulse train acquired at SH
wavelength by fast InGaAs photodetector.
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Fig. 22.  Emission spectra of KLM laser: spectra on the right—fundamental

wavelength spectra on the left—SH wavelength, solid lines—measured spectra,
dashed lines—SHG spectra normalized to the mirror transmission (oscillat-
ing curves). Top graph: Roc = 96%, laser output power P,,¢ = 0.3 W/40
mW (fundamental / SH wavelength). Bottom graph: Roc = 70%, Py, = 1.2
W/10 mW (fundamental / SH).

Emission spectra of KLM laser at fundamental and at SH
wavelengths are compared in Fig. 22. Measurements were
carried out for Roc = 96% (top graph) and Roc = 70%
(bottom graph). For the spectral measurement we used SHG
output after the right curved HR mirror (see Fig. 18). SHG
power was measured behind plane HR mirror (marked on
Fig. 18 by asterisk). Measured SHG spectra (solid curves) were
normalized to take into account the oscillations of the mirror
transmission in SHG spectral range.

Normalized SHG spectra are shown in the graphs by dashed
curves. SHG conversion in the “closed’ resonator (Roc = 96%)
resulted in rather uniform and broad SHG spectrum with FWHM
bandwidth of 34 nm (versus 84 nm bandwidth at fundamental
wavelength). Use of the output coupler with high transmission
(Roc = 70%) resulted in significant narrowing of SHG emis-
sion (21 nm SHG bandwidth versus 100 nm bandwidth at fun-
damental wavelength) and in distortions of SHG spectrum.
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Fig. 23.  Control of KLM laser parameters by translation of polycrystalline
gain element along the waist of the laser beam. Emission spectra and the auto-
correlation traces were measured for three different locations of the gain element
(total translation along the waist within 0.5 mm). Dashed lines show the fit of
measured spectra by sech profiles.

The Kerr effect is proportional to the optical intensity while
SHG is quadric on intensity. Thus, the relative ‘strengths’ of
two nonlinear effects can be adjusted by translation of poly-
crystalline gain element along the waist of the laser beam. Our
experiments have shown that small translations of the gain ele-
ment (by a fraction of its length) do not disrupt KLM regime of
the laser and allow adjustment of SHG output power. Further-
more, translation of the gain element along the waist resulted in
variation of width/shape of KLM laser emission spectrum and
affected the laser pulse duration, as illustrated in Fig. 23.

The resonator was equipped with Roc = 70% output cou-
pler. The spectra and autocorrelation traces of the KLM laser
were measured for different locations of the gain element
(~0.25 mm pitch). Displacement of the gain element resulted in
significant increase of SHG output, from 10 mW (top graph)
to ~25 mW (bottom graph), while the laser output power
was reduced from 1.2 to 1.0 W. In case of ‘weak’ SHG (top
graph), the emission spectrum is rather close to sech profile
with FWHM bandwidth of 68 nm and 84 fs pulse duration. In
case of ‘medium’ SHG (middle graph) the emission spectrum
has flattened, the spectral bandwidth has increased to 84 nm and
the pulse duration has decreased to 68 fs. Further increase of the
SHG “strength’ (bottom graph), resulted in more distorted spec-
trum with ~95 nm bandwidth and ~60 fs pulse duration. Thus,
our observations show that translation of the gain element along
the waist of the laser beam allows for adjustment of SHG power
and can be used for fine-tuning of the ultrafast laser parameters
at fundamental wavelength.

To implement wavelength tuning of the femtosecond laser, we
equipped the resonator with a Brewster mounted 0.5 mm thick
MgF, birefringent plate (Lyot filter), see Fig. 18. The broadest
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Fig. 24. Tuning of central wavelength of KLM laser by rotation of MgFs
birefringent plate (Lyot filter). Top: dependences of average output power (P,
solid line, triangles) and pulse duration (7, dashed line, squares) on central
wavelength of KLM laser emission. Bottom: emission spectra of KLM laser in
different parts of the tuning range (solid lines) and emission spectrum of KLM
laser without the filter (dashed line).

tuning range was obtained for Roc = 70%. The results of the
experiment are summarized in Fig. 24. The single-plate bire-
fringent tuner allowed tuning of the central wavelength within
2180-2360 nm range in KLM regime (the wavelength was tun-
able within 2150-2400 nm range in cw regime). Fine-alignment
of the distance between the curved mirrors and re-initiation of
KLM regime was required to tune the laser in the whole range.
Continuous tuning of the laser with KLM regime maintained
during tuning was obtained in the range of about 100 nm. De-
pendence of the laser output power on the wavelength is shown
in the top graph by solid line. We explain the decrease of the
output power at short wavelengths by a leakage through high re-
flectors. We also observed strong dependence of the laser pulse
duration on the wavelength (top graph, dashed line). One can
assume that the shortest pulse (2250 nm) corresponds to the
optimal GDD of the resonator (—1320 fs?, according to our
calculations). Tuning of the laser wavelength below 2250 nm
resulted in distorted spectra and chirped pulses. We explain
this behavior by increase of GDD of high reflectors and of
the gain element. In our opinion, obtained tuning range was
mostly limited by insufficient selectivity of the MgF, birefrin-
gent tuner. Broadband tuning of fs laser may also require better
dispersion management of the resonator (e.g., the use of the
chirped dielectric mirrors).

In conclusion, our recent experiments have confirmed high
suitability of polycrystalline Cr?*:ZnSe and Cr?*:ZnS media
for generation of ultra-short laser pulses in mid-IR spectral
range. Optimization of the parameters of the polycrystalline
Cr?+:ZnS gain element and the use of optimized laser resonator
with dispersive dielectric mirrors has allowed us to obtain Kerr-
lens mode-locked laser oscillations with 2 W average output
power and sech? transform limited pulses with 67 fs pulse du-
ration at 94.5 MHz pulse repetition rate.

Multi-hour uninterrupted laser operation in Kerr-lens mode-
locked regime was observed in a standard lab environment.
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We found that KLM laser regime is not sensitive to the loca-
tion of the laser beam in the polycrystalline gain element. For
instance, KLM regime is easily initiated after translation of the
gain element across the resonator (i.e., in the direction perpen-
dicular to the plane of Fig. 18). This confirms high uniformity of
optical and laser properties of polycrystalline Cr?*:ZnS/ZnSe.
This feature of polycrystalline 11-V1 laser materials is of im-
portance for practical use as it greatly simplifies the fs laser
alignment.

We characterized a number of configurations of Kerr-lens
mode-locked polycrystalline Cr?*:ZnS laser:

1) Stable single-pulse fs laser oscillations were obtained in

a range of the pulse repetition rates (80-120 MHz).

2) Highest output power of fs laser (2 W) was reached using
the output coupler with 50% reflectivity.

3) Shortest pulse duration (about 46 fs) was reached at
0.6 W output power using the output coupler with 90%
reflectivity.

4) Continuous tuning of Kerr-lens mode-locked laser within
100 nm range at ~1 W output power was implemented
using a MgF, birefringent tuner and an output coupler
with 70% reflectivity.

5) We observed efficient conversion of the whole mid-IR
laser emission spectrum to the SH in the polycrystalline
Cr?+:ZnS gain element. We estimate the SHG power as
high as 160 mW inside the resonator, in one direction, at
96% reflectivity of the output coupler.

6) We demonstrated that the parameters of Kerr-lens mode-
locked polycrystalline Cr?*:ZnS laser (pulse duration,
spectral bandwidth, SHG output power) can be fine-tuned
by translation of the gain element along the waist of the
laser beam

Further research is required to understand the implications of
the surprisingly strong second order nonlinear effects in poly-
crystalline TM:11-VI laser gain media, in ultrafast laser regime.
Itis unclear whether the coupling between Kerr nonlinearity and
second order nonlinearity of the gain medium is strong enough
to affect the dynamics of the ultra-fast laser.

Apart from observed SHG and sum frequency generation,
one can also expect the effects of optical rectification and dif-
ference frequency generation (synchronous pumping of Cr*:
I1-V1 oscillator by fs 1.5 um fiber laser is very appealing in latter
case).

It is important to mention that post-grown doping technology
allows control (to some extent) of the TM:11-V1 laser gain media
microstructure (e.g., the average size of the grain). This allows
tailoring the parameters of the gain element in favor of a certain
type of three-wave mixing processes. Rigorous models of three-
wave mixing in the randomly patterned polycrystalline TM:I1-
VI media should be developed to facilitate the optimization and
fabrication of such tailored laser gain elements. Previous studies
of patterned nonlinear materials show that properties of the
material could be significantly altered due to the concentration
of defects and mechanical stress at the domain boundaries [70].

Important directions for further research include power scal-
ing of ultra-fast Cr?*:11-VI lasers and extension of ultra-fast
laser oscillations to 4-8 xm range.
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Our preliminary experiments on amplification of the high rep-
etition rate fs pulse train in cw pumped polycrystalline Cr>*:ZnS
laser amplifier [63] allow us to expect up to 5 W average output
power in fs laser MOPA consisting of KLM master oscillator
and robust cw pumped power amplifier.

Availability of reliable high power laser sources at 2-3 umisa
good starting point for the development ultra-fast 4-8 pm lasers.
Such systems can be based on synchronously pumped OPO
architecture [71], synchronously pumped Fe?*:11-VI lasers or
the Kerr-lens mode-locking of cw pumped Fe?* :11-V1 lasers.

IV. FE:ZNSE/S LASERS
A. CWFeZnSe/SLasers

One of the major obstacles in developing CW Fe:ZnSe laser
systems was a lack of available high power CW pump sources
operating over 2.6-3.1 um spectral range. 200 mW of output
power from Fe:ZnSe single crystal laser was demonstrated in
[49] at 77 K under 0.6 W 2.97 pum Cr:CdSe laser pumping. The
output power of polycrystalline Fe:ZnSe was further scaled up
to 840 mW in [72] at 77 K under 2.94 um excitation with the
radiation of two Sheaumann Laser MIR-PAC microchip lasers
with a total pump power of 3 W. Recent progress in high power
CW Cr:ZnSe lasers enabled utilization of these lasers as effec-
tive pump sources for Fe:ZnSe lasers. The detailed description
of tunable CW Cr:ZnSe laser is given in Section Il1 of this pa-
per. The pump laser for the CW Fe:ZnSe laser presented below
was a Cr:ZnSe laser tunable over 2.6-2.9 pm spectral range
with 5.5 W output power. A schematic diagram of tunable CW
Fe:ZnSe laser is depicted in Fig. 25. The laser cavity consists of a
simple linear optical resonator formed by a plane high reflector,
two lenses and diffraction grating operating in auto-collimation
regime (Littrow mounting). The Fe:ZnSe crystal was placed at
Brewster angle in liquid nitrogen cryostat with a temperature
control.

We have found that varying the Fe:ZnSe gain element tem-
perature over 77-170 °K allows tunability over 3700-4950 nm
spectral range, as shown in Fig. 26. We also found that the opti-
mal temperature of the gain element for the largest tuning range
and output power is about 140 °K.

Fig. 27 shows a typical tuning curve of narrowline (<0.8 nm)
Fe:ZnSe laser operating at 140 °K with additional intra-cavity
aperture enabling TEM,, mode with M? <1.1.

Awide dip over 4.2-4.4 ym spectral range is due to intracavity
absorption by atmospheric CO, and can be mitigated by cavity
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Fig. 27.  Tuning curves of CW Fe:ZnSe laser at 140 °K (i) in ambient atmo-
sphere, (ii) after 1 h purging with Ar.

purging with Ar or Ny. The tuning upper limit of 4.8 um was
due to mechanical limitations of the tuning mechanism. It is
noteworthy that by replacing the diffraction grating with 70%
output coupler we obtained, 1.6 W of output power at 4.1 zm in
a non-selective cavity. The efficiency of lasing with regards to
the pump power was 30%. There was no indication of thermal
rollover and Fe:ZnSe output power was limited by the power of
available pump source. To the best of our knowledge, it is the
highest output power reported for cw Fe:ZnSe lasers.

B. Gain-Switched Fe:ZnSand Fe:ZnSe Lasers

Direct quasi-resonant pumping of Q-switched Ho: YAG lasers
by Tm-fiber 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. The Ho: YAG lasers
find numerous potential applications as laser processing tools
in material processing fields where nanosecond pulsed laser
radiation is required for efficient ablation processes of tough
materials. Another very important application of fiber-pumped
Q-switched Ho:YAG lasers is pumping of Cr:ZnSe gain crys-
tals in gain-switched laser configuration. This approach allows
for obtaining 2-5 ns pulses in the spectral range of 2-3 um.
The latter system can be used as standalone laser processing
tool for variety of applications in material processing and as
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able laser, which is used as a pulsed nanosecond source to pump the Fe2*:ZnS
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an efficient pump source for Fe:ZnS and Fe:ZnSe mid-IR gain
media to obtain short nanosecond pulses in the spectral range
of 3-5 um, which is of high interest for scientific, medical,
industrial, environmental, and defense related applications.

The most general optical scheme of our gain switched
Fe’*:ZnS and Fe?*:ZnSe laser is shown in Fig. 28.

The Ho:YAG MOPA is resonantly pumped by high-power
Tm fiber laser and is actively Q-switch by an AOM and
serves as the pump source for tunable Cr?*:ZnSe module. The
output wavelength of the gain-switched Cr?*+ :ZnSe laser is tuned
close to the absorption peak of Fe?* :ZnS or Fe>* :ZnSe gain me-
dia (within 2.7-2.9 im spectral range). The Fe?*:ZnS/ZnSe is
based on a simple stable resonator for advanced control of the
output beam quality and is pumped through a dichroic output
coupler. The input-output characteristics of this mid-IR laser
cascade operating near 1 kHz pulse rate are shown in Fig. 29.
The output spectra of gain-switched Fe?*:ZnS and Fe’*:ZnSe
lasers are shown in Fig. 30. All the results of gain-switched
operation of Fe:ZnS/ZnSe lasers were demonstrated at RT. RT
lasing is possible when the pump pulse duration is shorter or of
the order of magnitude of the Fe:ZnS/ZnSe RT lifetime (several
hundred nanoseconds).

The output energy of Fe?* :ZnS/Se lasers in these experiments
was limited mainly by optical damage thresholds of the gain
crystals. We are currently working on further improvements of
the laser design to obtain multi-mJ output energies in the 3-5 um
spectral range. Table Il summarizes the output parameters of
the gain-switched Fe?* :ZnS/ZnSe laser systems.

Recently the output energy of the gain switched Fe:ZnSe laser
was scaled up to 30 mJ at 125 ns pulses at RT [40] with the use
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Fig. 30. Output spectra of gain-switched Fe?t:ZnS and Fe?* :ZnSe lasers.
The laser mirrors have broadband reflectivity profile and no spectral control is
performed, resulting in broad linewidth located near the maximum gain.

TABLE IlI
SUMMARY OF THE OUTPUT CHARTERISTICS OF THE GAIN-SWITCHED
FE2+ :ZNS/ZNSE LASER SYSTEMS

Gain medium R, KHz Eoue, m) A, pm 7,Ns
Fe:ZnS 0.9 0.6 3.98 7
Fe:ZnSe 0.7 0.53 4.36 12
Fe:ZnSe 1.0 0.33 4.36 12
R-pulse repetition rate, E,,.,+ —output energy, A - output wavelength, 7 pulse duration.

of non-chain electric discharge HF laser and further increase of
the output energy was demonstrated to be feasible.

C. Free Running Fe:ZnSe Lasers

The flash-lamp pumped, free-running Er:YAG (Er:YSGQG)
lasers operating at 2.94 pm (2.78 um) are excellent pump
sources for applications which require high energy pulses rather
than high repetition rate. The authors of [73] reported utilization
of a flashlamp pumped Er:YAG laser (oscillation wavelength
2.94 ym and 250 s pulse duration) for development of a high
energy Fe:ZnSe laser. The maximum used repetition rate of the
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TABLE IV
STATE-OF-THE-ART IN CR:ZNSE/S AND FE:ZNSE/S LASERS

Gain WAVELENGTH, LINE W, Av. W, Peak Rep Rate Pulse Tp Eff.,% Type T Pump Ref.
element M WIDTH Energy
Cr:ZnS/ ZnSe lasers
Cr:ZnS 2.3 1nm 0.5W 40% Ccw RT Diode [50]
Cr:ZnSe 2.4 <0.5nm 3 7TW 12% Ccw RT Diode@1.7 zm [74]
Cr:ZnSe 24 1nm 30w 50% CwW RT Tm-fiber@1.9 pm "1
Cr:ZnSe 2.3 <0.7 kHz 55W CW RT Tm-fiber@1.9 um [*]
Cr:ZnSe 2.3 100 kHz 160 12% Ccw RT Diode/Er-fiber @1.56 um  [14]
mw
Cr:ZnSe 2.94 1nm 10w 25% Ccw RT Tm-fiber@1.9 um [*]
Cr:ZnS 2.3 82 nm 2w 275 kW 94.5 MHz 21nd 67 fs 20% ML RT Er-fiber@1.56 um [*]
Cr:ZnS 2.3 120 nm 0.6 W 140 kW 94.5 MHz 7nj <46 fs 12% ML RT Er-fiber@1.56 pm [*]
Cr:ZnSe 2.475 37 nm 0.35W 1GW 1kHz 0.35mJ 346 fs ML™ RT Tm-fiber@1.9 pm [26]
Cr:ZnSe 2.45 185W 26 kW 7 kHz 2.64mJ 125 ns 56% GS RT Tm:YAP@1.94 nm [75]
Cr:ZnSe 2.35 2GHz 55W 8.8 kW 5 kHz 1.1md 125 ns GS™ RT Tm:YAP@1.94 um [75]
Cr:ZnSe 2.4 150 nm 200 2 MW 10 Hz 20mJ 10 ns 30% GS RT Raman Laser @1.9um [58]
mwW
Cr:ZnSe 243 500 0.33 10 Hz 50 mJ 150 ns 4.5% GS™ RT Tm-fiber@1.9 um [59]
mw MW
Cr:ZnSe 2.65 50 nm 110 160 W 0.1 Hz 1.1 7ms 15% FR RT Er:Glass@1.54 yum [60]
mw
Fe:ZnS/ZnSe lasers
Fe:ZnSe 4.1 50 nm 16W 30% CwW 77K Cr:ZnSe@2.7um [*]
Fe:ZnSe 4.065 40 nm 515 8.3W 850 kHz 0.6p0d 64 ns 22% QS 77K ErYAG@2.9 um [76]
mw
Fe:ZnSe 4.0 20 nm 1w 0.2 MW 1kHz 1 5ns 30% GS RT Cr:ZnSe@2.7um [*]
Fe:ZnS 3.95 300 nm 05W 0.15 0.7 kHz 0.7mJ 5ns 25% GS RT Cr:ZnSe@2.7um [*]
MwW
Fe:ZnS 3.85 200 nm 68 kW 3.4m) 50 ns 32% GS RT ErYAG@2.9um [77]
Fe:ZnSe 4.1 30 nm 0.25 5Hz 5mJ 20 ns 19% GS RT Er'YSGG@2.8 um [39]
MW
Fe:ZnSe 4.1 0.6 W 0.24 20 Hz 30mJ 125 ns 3-5% GS RT HF@3 um [40]
MW
Fe:ZnSe 41 20 nm 25W 1.6 kW 5Hz 0.4 250 ps 32% FR 77K ErYAG@2.9um [43]
Fe:ZnSe 4.1 2.8 kw 213 750 us 25% FR 77K ErYAG@2.9um [44]
Fe:ZnSe 41 42 m) 750 us 1% FR RT ErYAG@2.9um [44]

Wavelength is central oscillation wavelength for tunable lasers; Lasers regimes of oscillation: CW-continues wave; ML- mode-locked; QS- Q-switched; GS-gain-switched; FR- long

pulse (free running); superscript “m”- MOPA configuration; [*] -current paper).

pump laser was 11 Hz. The maximum pump energy of non-
polarized radiation was 1.5 J. Typical pulse duration of the Er
free-running lasers is usually within 200-300 s pulse dura-
tion. It is significantly longer than Fe-ion upper-level life-time
at RT (~300 ns). Therefore, an efficient operation of Fe:ZnSe
lasers under free-running excitation requires cooling of the gain

elements. The Fe:ZnSe gain element was mounted at Brewster
angle to the cavity axis in the liquid nitrogen cryostat. The best
results were obtained in the flat-flat cavity with a 70% output
coupler reflectivity. The laser output—input dependence with re-
spect to the pump energy at 77 K is depicted in Fig. 31(a).
The laser slope efficiency of 44% was realized for pump energy
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below 0.5 J. The output-input characteristics of the Fe:ZnSe
laser were studied at different temperatures ranging from 77 K
to 250 K. Fe:ZnSe output energy up to 0.5 J has been demon-
strated with a real optical efficiency of 32% with respect to
pump energy. The temperature dependence of the output energy
is shown in Fig. 31(b). The laser oscillation was demonstrated
for temperatures below 250 K. For the compact systems, this
temperature could be achieved by using thermo-electric cool-
ers. The laser linewidth in the nonselective laser cavity was
measured to be 60 nm at 77 K. The laser oscillation was tuned
with temperature from 4.16 to 4.65 um for 77 K-250 K tem-
perature range. The laser cavity with CaF, prism allowed us
to obtain tunable oscillation between 3.9 and 5.1 pm spectral
range with oscillation linewidth <3 nm.

In a recent publication [41] the output energy of free-running
Fe:ZnSe laser was further scaled up to 2.1 J at 85 K under 8
J pump radiation of a long pulse (750 us) Er:YAG laser. By
operating at 245 K (temperature reachable by thermo-electric
coolers) a 1.3 J of output energy was achieved at 23% optical-
to-optical efficiency. For the first time room temperature oper-
ation was achieved for free-running regime of Fe:ZnSe lasing.
The maximum energy reached 42 mJ at RT with efficiency
of ~1%.

The output characteristics of free-running Fe:ZnSe laser sys-
tems show the possibility of developing effective multi-joule
sources in 3.5-5 um spectral range.

V. SUMMARY AND OUTLOOK

Chromium and iron doped ZnSe and ZnS lasers have come of
age, and, arguably, represent nowadays the most effective route
for lasing over 1.9-5 um spectral range with multi-watt average
power, peak power up to 1 GW, multi-Joule energy and pulse
durations as short as 40 fs. A summary of the state-of-the-art Cr
and Fe doped ZnSe and ZnS lasers is provided in Table IV.

Future progress of Cr- and Fe-doped II-V1 lasers in terms of
extending spectral coverage over 3—4 um and 5-6 pm depends
on a search of new, low-phonon-cutoff Cr- and Fe-doped bi-
nary and ternary 11-VI semiconductors bulk materials. Future
improvements in output power will depend on new schemes of
thermal management of gain elements including utilization of
fiber, waveguide and disk geometry. Future improvements in
technology of hot-pressed ceramic I1-VI compounds can stim-
ulate design flexibility of the laser elements with high optical
quality (undoped ends, gradient of dopant concentration, etc)
important for development of efficient, high performance lasers
with output power and energy scaled-up to hundreds of Watts
and several Joules.
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