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Abstract: We introduce the first ultrafast Cr:ZnS amplifier in a 34-mm-long depressed-cladding
waveguide with a cross-section of up to 50 xm and an excellent output beam quality of M? ~ 1.2.
In a chirped pulse amplification scheme incorporating a Chirped Volume Bragg Grating
stretcher/compressor, the amplifier achieves an optical gain of 75 over 15 mm, corresponding to a
12 dB/cm gain coefficient. The amplifier delivers 2.35 W of average output power in a single pass,
with the amplified pulses being compressed to 235 fs. Furthermore, our numerical 3D model,
which accounts for the spatial profiles of both the pump and the seed beams, reveals and describes
experimental observation of what we believe to be a novel phenomenon: multimode relaxation to
the fundamental transverse mode in a large-mode-area (LMA) waveguide, occurring without
degradation of the effective mode volume or amplification efficiency. We also demonstrate
that without stretching, the waveguided propagation in a non-centrosymmetric Cr:ZnS medium
enables effective generation of multiple harmonics even for the relatively long 100-fs seed pulses,
making an integrated carrier-envelope phase stabilization using 2f-3f or 3f-4f schemes within
reach.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The mid-infrared (mid-IR) wavelength range, often referred to as the "molecular fingerprint"
region, and specifically the range between 2 and 5 um, is characterized by strong fundamental
and overtone rovibrational absorption bands of atmospheric constituents, vapors, and gases such
as carbon monoxide and dioxide, methane, ammonia, NOXx, and others. The key advantage
of ultrashort-pulsed solid-state lasers is their ability to spectrally cover this broad wavelength
range, either by generating an ultrashort pulse spectrum that simultaneously encompasses all
these absorption bands or through rapid laser tuning. This capability makes ultrabroadband
Cr**-doped I1-VI compound-based lasers [1-5] particularly attractive for various environmental
and climate-change-related sensing applications [6—8].

This class of lasers has matured and stands out with unparalleled performance, rivaled only by
Ti3*:Al,03 lasers. These lasers achieve the broadest bandwidth among all existing solid-state
lasers—up to 45% of the central wavelength—and can reach power levels in the tens of watts
in the continuous-wave regime, with a notable example being a 140 W Cr:ZnSe laser system
[9,10]. Additionally, they generate femtosecond pulses with terawatt-level peak powers [11] and
enable free-space frequency comb generation [4,12-14], including carrier-envelope phase (CEP)
stabilized Cr?*:ZnS lasers [15]. In bulk format, Cr’>*:ZnS supports high-power, broadly tunable,
and few-cycle ultrafast laser operation, including frequency comb generation [4,9,16,17], even
in the directly diode-pumped configurations [13,18]. These gain media enable the generation
of several-watt-level output powers in direct femtosecond amplification [19], and up to 27 W
from a spinning-ring Cr:ZnSe amplifier [20]. Advances in power scaling have enabled nonlinear
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frequency conversion to generate mid-IR radiation covering the entire "molecular fingerprint"
region from 3 to 18 um [9,13,21].

Naturally, there is currently a growing interest in the community toward integrating ultrashort-
pulse laser technology, in general, and this specific technology, in particular, with photonic
circuits. Such integration would enable scalability, stability, and robustness while also reducing
cost and size by at least three orders of magnitude. Moreover, given the critical importance of
this wavelength range above 2 um, it would profoundly impact industry and everyday life. Over
the past two decades, there has been a surge of research in silicon photonics, with fields such as
Si optical interconnects and other passive devices maturing to the point of industrial adoption,
including applications in mega-scale data centers operated by major research and technology
companies like Intel. However, light emitters remain a significant challenge, as silicon’s indirect
bandgap prevents the direct fabrication of lasers or LEDs, even through doping. As a result,
demonstrated silicon photonic systems still rely on external light sources, such as VCSELSs [22].

Interestingly, Cr>*-doped ZnS lasers [18,23] offer a promising route for direct integration
with silicon photonics, as ZnS is one of the few semiconductors that are lattice-matched to
Si, enabling seamless integration. Being lattice matched to Si, ZnS is one of the prospective
materials recently identified for the future Si-photonics-based quantum technology platform [24].
Recently, using molecular beam epitaxy (MBE), we have demonstrated the first lithographically
fabricated thin-film Cr?*:ZnS waveguide [25,26]. Furthermore, the operating wavelength range
of Cr’*:ZnS (2-3.1 um) [3,27] falls within the transparency window of Si, making it particularly
well-suited for ultrashort-pulse silicon photonics. An additional advantage is that the Cr**:ZnS
emission range (2-3 um) lies beyond the two-photon absorption threshold of Si (below 2.1 um),
reducing nonlinear losses and further enhancing its compatibility with silicon-based photonic
systems.

The laser writing technique serves as an alternative to lithography for the fabrication of
waveguides. In 2004, two research groups independently reported the inscription of depressed
cladding waveguides for future laser applications—first in lithium fluoride (LiF) with F,-color
centers [28] and then in Ti**:Al, O3 crystal [29]. Following these conceptual studies, A.
Okhrimchuk et al. demonstrated the first depressed cladding waveguide laser in a Nd**-doped
YAG crystal [30]. A decade later, J.R. Macdonald et al. developed waveguide structures in
polycrystalline Cr:ZnS [31]. The first polycrystalline channel waveguide laser was realized by
Ya-Pei Peng et al. [32], using femtosecond laser helical writing in a 2 mm thick Cr>*:ZnS sample.
The tendency of scattering losses to decrease with wavelength as 1/1* makes waveguide laser
writing particularly attractive for mid-IR active media such as Cr>*:ZnS [31,33,34], Cr**:ZnSe
[35-38], Fe?*:ZnSe [37,39], as well as Tm**:ZBLAN [40] and Ho®*:YAG [41,42]. Further
optimization of waveguide parameters led to power scaling in various systems, reaching 5.6 W
output power in Yb>*:YAG [43] and 5.1 W in Cr?*:ZnSe, albeit in a multimode regime, with an
impressive slope efficiency of 41% [37]. A significant milestone was achieved when N. Tolstik et
al. reported the first single-crystal single-mode Cr**:ZnS depressed cladding buried waveguide
laser, fabricated by femtosecond laser writing. This laser delivered 150 mW of average power
at 2272 nm with an 11% slope efficiency [33]. The most recent milestone in the development
of a new class of miniature, ultra-broadband lasers and sensors was the demonstration of the
first all-laser-microprocessed Cr’*:ZnS waveguide laser [34], in which both the waveguide and
antireflection coatings were fabricated via laser writing. However, all these achievements were
made in relatively short waveguides (typically within 1 cm in length). The first attempt to achieve
amplification in a 7 mm-long, 90 ym wide Cr:ZnSe waveguide resulted in an internal gain factor
of 5.375, with 430 mW of average output power and a 3.4% power-added optical efficiency [44].
The latest step toward integrated photonics was the demonstration of a Ti**:Al,03-on-insulator
waveguide amplifier [45]. However, even in this case, the waveguide amplifier length was limited



Research Article Vol. 33, No. 14/14 Jul 2025/ Optics Express 28937 |

Optics EXPRESS i N

to 8 mm, which remains a typical constraint for all waveguide lasers and amplifiers reported so
far.

In this work, we present a proof-of-principle demonstration of what is, to the best of our
knowledge, the first chirped-pulse amplification (CPA) [46] in a relatively long (34 mm) depressed
cladding Cr’*:ZnS waveguide, substantially exceeding the typical few-millimeter propagation
lengths. This result provides clear evidence of true waveguiding behavior, achieving a high gain
of up to 75, an average output power of 2.35 W, and the generation of ultrashort pulses with
near-single-mode beam quality. We obtained nearly transform-limited 235 fs pulses at 2.35 um
wavelength in a compact CPA configuration featuring an ’all-in-one’ stretcher/compressor based
on a single-volume Bragg grating. Finally, we demonstrate the possibility of simultaneous pulse
generation at harmonic wavelengths within our waveguide, analogous to the phenomenon first
reported in Ref. [47]. This advancement paves the way toward a compact waveguide source with
carrier-envelope phase stabilization.

2. Experimental implementation

The schematic of the experimental setup is shown in Fig. 1. As a seed pulse source, we used
a Kerr-lens mode-locked Cr?*:ZnS laser, similar to the 70 MHz laser described in [48,49].
The laser was pumped through dichroic mirrors (DM) by a low-noise 1610 nm Er:fiber laser.
Intracavity dispersion compensation was achieved using broadband chirped mirrors (CM). The
seed laser exhibited a FWHM spectral width of 106 nm at a central wavelength of 2336 nm,
corresponding to a pulse duration of approximately 85 fs (see Supplement 1, Fig. S1). These
spectral characteristics enabled optimal filling of the chirped volume Bragg grating (CVBG)
reflection band. A Faraday isolator (FI) was placed after the seed laser to prevent feedback from
the amplifier section due to the uncoated Cr:ZnS facets.

Fig. 1. Experimental setup: CM-chirped mirror, OC-output coupler, FI-Faraday isolator,
L/4-quarter wave plate, CVBG-chirped volume Bragg grating, YAG-wedges for dispersion
adjustment, HR-highly reflective mirror, DM-dichroic mirror, WG- Cr2*:ZnS polycrystalline
active element with inscribed waveguides.

In this experiment, we primarily focused on investigating the power/energy gain performance
of the waveguides. The chirped seed pulses had a duration of approximately 500 ps, with a 100
nm spectral width centered at 2.35 um, provided by the specially designed chirped volume Bragg
grating (CVBG) from OptiGrate. The reflection coefficient of the CVBG was about 60% (the
CVBG reflectance spectrum is shown in Supplement 1, Fig. S2). This type of CVBG can be
effectively used as a stretcher unit, and the relatively long pulse duration helps to eliminate most
nonlinear effects that could arise during amplification. Next, the laser beams from the seed, pump,
and red guide laser were focused onto the input face of the active element. The average power
of the seed laser pulses incident on the waveguide was approximately 100 mW. For waveguide
pumping, we used an Er:fiber laser (15 W at 1550 nm, IPG Photonics). Compression of the
amplified pulses was achieved through reflection from the back side of the same CVBG and,
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for comparison, using a diffraction grating compressor with 600 grooves/mm. Using the same
CVBG for both stretching and compressing the amplified pulses makes the system more compact.

To characterize the amplified radiation parameters, we used an Ophir 30 (150) A-BB-18 power
meter, Ocean Optics SD2000 spectrometer (490-1150 nm), APE Berlin waveScan spectrometer
(800-2600 nm), and a Thorlabs BP109-IR2 slit-scanning beam profiler (1000-2700 nm).

For the direct laser writing of waveguides, we used a picosecond Ho: YAG MOPA laser system
(ATLA Lasers AS) operating at a central wavelength of 2090 nm. We fabricated 31 circular
waveguides with diameters ranging from 20 to 50 um, inscribed in a 34-mm-long polycrystalline
Cr**:ZnS sample (Cr>* concentration: 2.9 - 10'® cm™3) using an objective with NA = 0.85. The
inscription was performed in single-pulse modification mode, where a single laser pulse formed
each defect without overlap. The spacing between consecutive defects along the optical axis of
the inscribing beam was 3 and 4 um [50]. This approach is equivalent to free-form 3D printing,
providing a high degree of flexibility in waveguide design.

3. Results and analysis
3.1. Femtosecond chirped pulse waveguide amplifier

During the experiment, we measured the dependence of the average power of the amplified pulses
on the incident pump power for each waveguide. To eliminate the influence of the uncoated facets
of the active element and variations in coupling conditions, the gain factor was estimated by
comparing the average power of the seed pulses measured at the same position at the waveguide
output after the dichroic mirrors with and without applied pump power (the I'-coefficient).

The experimental results are categorized into four groups based on the corresponding waveguide
diameter (see Table 1). The highest average output power, gain factor, and beam quality were
achieved with 50 um waveguides (for a detailed description, see Supplement 1, Experiment).

Table 1. Output characteristics of waveguide

amplifiers
Waveguide  Gain factor ~ Maxumum Optical
diameter power efficiency
50 um 75 235W 16.2%
50 pm ¢ 29 2.05W 14.3%
40 ym 68 2.04 W 14.0%
30 um 6.5 0.3 W 1.8%
20 um 5.01 023 W 1.26%

“Waveguide amplifier of sub-ps pulses.

As evident from the experimental data, the gain factors achieved with large cross-section
waveguide amplifiers can significantly exceed those of comparable Cr:ZnS amplifiers based on
bulk crystals [51-53]. The difference is even more striking is one considers the fact that the
observed input-output gain is reduced by 15% Fresnel losses on each uncoated surface, plus
coupling and propagation losses in the yet non-optimized system, which we estimate to amount
to about 57%. For instance, in a 50 um waveguide, the total gain factor of 23.5 (2.35 W/ 100
mW) corresponded to 75x optical gain. This gain was achieved in the first 15 mm of the crystal
(2.514p5), where over 90% of pump radiation was absorbed (see also Fig. 6(e)), corresponding to
over 12 dB/cm gain coefficient. This is possible due to the extended interaction length with the
high-intensity pump radiation in the waveguide. Without a waveguide, the same beam size would
have had only 2 mm Raleigh range in the crystal. We thus conclude that waveguide amplifiers
enable significantly higher gain factors than bulk amplifiers of the same class.
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The measured output beam quality parameter M? factor of 1.13x1.25 (in vertical and horizontal
planes, respectively) and 2D beam profile are shown in Fig. 2.

Fig. 2. M2 factor measurement results and 2D output beam profile.

Figure 3(a) shows spectra of the seed, amplified pulse, and amplified spontaneous emission
(ASE) in the waveguide amplifier. Following our proposed concept, we used the same chirped
volume Bragg grating (CVBG) for both pulse stretching and compression by reflecting the pulse
from the opposite side of the CVBG. The interferometric autocorrelation obtained in this case is
shown in Fig. 3(b), illustrating a compressed pulse duration of approximately 235 fs, assuming a
sinc? temporal pulse shape, which corresponds to the nearly rectangular pulse spectrum after
passing through the CVBG. For comparison, we also implemented temporal pulse compression
using a diffraction grating (DG) compressor. Figure 3(c) shows the intensity autocorrelation (AC)
traces obtained from the measured interferometric ACs for both the CVBG and DG compressors,
along with the AC of transform-limited pulses calculated from the pulse spectrum. The AC
trace width of the CVBG-compressed pulses (314 fs) is comparable to the AC width of the
transform-limited pulses (250 fs) and is significantly narrower than that of the grating-compressed
pulses (1560 fs). We attribute this difference to the presence of significant third- and higher-order
dispersion in the grating compressor compared to the CVBG stretcher.

(a) (®) (©

Fig. 3. Chirped pulse waveguide amplifier: seed, ASE and amplified pulse spectra (a),
interferometric autocorrelation trace (AC) of CVBG compressed pulses (b), intensity
autocorrelation traces of compressed pulses: CVBG compressor (blue), diffraction grating
compressor (green) and calculated AC for transform-limited pulses (red) (c).
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3.2.  Nonlinear harmonic generation in a femtosecond pulse waveguide amplifier

Chirped-pulse amplification with reduced nonlinear effects is not the only possible use for
an ultrashort pulse amplifier. The enhanced nonlinearity in a waveguide, resulting from
precise and strong mode control, enables numerous applications. For instance, it facilitates the
generation of an ultra-broadband supercontinuum directly from the fiber amplifier [12] or the
generation of phase-synchronized frequency combs at fundamental and harmonic wavelengths.
This topic has garnered considerable attention in the ultrafast optics community and has been
extensively explored both theoretically and experimentally in polycrystalline bulk amplifiers
[54], laying the groundwork for the development of carrier-envelope phase (CEP)-controlled [55]
multi-octave-spanning spectra.

In our study, we experimentally investigated the simultaneous generation of optical harmonics
and femtosecond pulse amplification in a waveguide amplifier. For this purpose, the CVBG was
removed from the signal beam path. Table 1 presents the results (50 um ?), corresponding to the
experiment with non-stretched pulses.

It should be noted that the results for the amplification of chirped and femtosecond pulses (50
um and 50 um ? in Table 1) were obtained using different waveguides, #1 and #28, respectively. In
the chirped-pulse mode, the average power of waveguide #28 reached 2.11 W, with an optical gain
factor of 57 and a power-added optical efficiency of 16.1% (for more details, see Supplement 1,
Fig. S3).

The femtosecond seed pulse acquired a negative chirp in the isolator and polarizing optics,
entering the gain medium with ~150 fs duration. After 20-25 mm propagation, the chirp is
compensated by the 130 fs?/mm positive dispersion in the gain medium, then the pulse is stretched
again to about 100 fs duration. In a non-centrosymmetric ZnS crystal, the high second-order
nonlinearity [3] causes generation of the second [47] and, with short and energetic pulses, also
higher-order harmonics [15], enhanced by the random quasi-phase matching [56] in the ceramic
samples. We have been able to observe the generation of the 2nd, 3rd, and 4th harmonics Fig. 4,
which were co-propagating in the waveguide (Fig. 5). With shorter seed and optimized dispersion
pre-compensation we expect to observe also pulse spectral broadening [15], and much broader
harmonic spectra, eventually opening the path to integrated carrier-envelope phase control using
2f-3f or 3f-4f schemes [15].

() (b) © @

Fig. 4. Waveguide amplifier in sub-ps regime: seed, amplified pulse spectra (a) and
harmonics spectra: 2nd harmonic (b), 3rd harmonic (c), 4th harmonic (d).

3.3. Theoretical analysis

Our experimental findings demonstrate highly effective amplification in a multimode waveguide
with an output beam spatial quality close to that of a single-mode one. This implies optimizing
the mode spectrum, overlap, and mode crosstalk to maintain M 2 ~ 1 while maximizing the gain
coefficient. This objective is analogous to mode control in large-mode-area fibers, which enables
energy scaling in fiber lasers and oscillators [57,58]. To investigate the waveguiding properties
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Fig. 5. A photo of the 4th harmonic generation in waveguide.

of the amplifier, we relied on the three-dimensional model of multimode laser amplification
outlined in [59] (for a detailed description, see Supplement 1, Theory).

We note that the waveguides used in this experiment are, in fact, large-mode-area photonic
crystal waveguides [60,61], schematically illustrated in Fig. 6(a—c). Consequently, their mode
structure is influenced by both the large-scale (b, ¢) and small-scale (a) geometries. However,
there is a distinction between low-NA large-mode-area single-mode fibers and the waveguides
examined in this study. In our case, the numerical aperture (NA) varies within the range of
approximately 0.1 — 0.3. While these waveguides are multimodal, they still allow for reasonable
control of mode quality. Moreover, crystalline waveguides exhibit a more robust structure and are
less sensitive to bending and imperfections compared to photonic crystal fibers. Additionally, a
significant advantage of both solid-state and fiber waveguides, as power- and nonlinearity-scalable
devices for various applications, is their substantial reduction of thermal effects due to the larger
surface-to-volume ratio of the mode compared to bulk materials. Approximate calculations
indicate that the thermal properties of Cr’*:ZnS, in combination with waveguide technology
[27,32], enhance the robustness of the modal structure against thermal lensing (see Supplement 1,
Theory).

For modeling, we assume a cylindrical symmetry for the waveguide and a (super-)Gaussian
dependence of the refractive index on the radial coordinate, R (m = 1,2,3) (see Supplement,
Theory). Thus, the parameter m defines the “sharpness” of the waveguide confining potential
and can be expected to increase with wy (Fig. 6(b,c)). The parameter on represents the difference
between the refractive index at the waveguide axis, ny, and at its edge, ng (see Fig. 6). The value
of dn varies with the waveguide size wq such that n; approaches the bulk refractive index, n¢ore,
as wy increases (Fig. 6(b,c)).

Such a design offers a wide range of tools for mode manipulation, including power scaling by
mode area and mode synthesis. In our case, one can consider the transition from a thin waveguide
(c) to a thick one (b) in parallel with the increase of 6n = n; — ng and m.

Analyzing the output beam profiles for waveguides with different wg (Table 1), along with the
measured M? factors (Fig. 2), we observe that the unique spatial mode spectrum of each specific
waveguide dictates the spatial profile formation of the amplified pulse beam. However, unlike
fiber lasers, waveguides feature a well-defined and rigid geometry, as well as a short length.
Consequently, the primary factor influencing the quality of the output beam is the coupling
conditions of the incident radiation in conjunction with the waveguide’s eigenmode spectrum.

Ultimately, this enables the achievement of high spatial beam quality even in large-diameter
waveguides, which are inherently multimode in nature (Figs. 2 and 6(d)). The underlying
mechanism of power transfer from higher-order modes to the fundamental mode is driven by
random mode coupling, similar to the phenomenon reported in [63] under conditions of negligible
modal dissipation. In our case, this effect is further enhanced by the presence of a transversely
profiled gain, which acts as a soft aperture [64,65].

Nevertheless, intermodal beatings, enhanced by pump-signal coupling, play a significant
role in the fine structuring of the effective gain within the initial section of the waveguide, as
illustrated in Fig. 6(e). This figure shows the evolution of the calculated effective gain I" along
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Fig. 6. (a): The holes (shown by the white circles) are manufactured by laser processing
inside a bulk ZnS-sample with the refractive index noe; the modified refractive index inside
the holes is ng and rises to n; at the waveguide axis. Since the length of refractive index
relaxation is about 10 um [62], the effective dn and m would be lower for a thin waveguide
(c) and larger for a thick one (b). (d): The output mode profile for the red curve parameters

of (e) (the dimension is of 100 x 100 wr, where wy = *"*Y/w2" /kZnoén is a normalized
transverse coordinate and kg is a wavenumber). (e): The amplification gain I" vs. the
geometrical distance z of waveguide propagation for m=1 (black curve) and 2 (red), the input
pump power is of 12 W (black) and 22 W (red), and the waveguide size w( equals 20 (black)
and 50 (red) um; 6n =0.003 (black) and 0.021 (red); the blue curve shows the normalized
pump power vs. z for the input pump power of 22 W, m = 2, wy=50 um, and 6n=0.003. (f)
and (g): are the accumulated transverse (R) intensity (|E(z, R)|2) profiles for the red and
black curves of (e), respectively. The colored lines show the accumulated contribution of the
higher-order modes to the output beam profile.

the waveguide axis (z) for two waveguides with wy = 20um (black curve) and wy = 50 um (red)
under the experimental conditions described above. The effective gain of the amplified power is
defined as

/anax Ymax |E (Z, X,y P(Z, X, y))|2 dxdy

= —Xmin Y ~Ymin , (1)
e 2 |E Zouss %, 3 P(zx,y) = O dxdy

where E (z,x,y; P(z,x,y)) in the numerator represents the amplifying field evolving alongside
the pump beam P(z, x,y). The transverse coordinates are denoted as x and y, with cylindrical
symmetry assumed, where R = /x? + y2 is the radial coordinate. The power of the amplifying
field in the numerator corresponds to the field at the waveguide output (z,,,=3.4 cm) after
propagation in the absence of a pump. Both the seed and pump beams are Gaussian at the input,
with equal beam sizes of 16 um. We consider an input stretched seed pulse with a peak power of
2.94 W. The integration limits in Eq. (1) are chosen to be sufficiently large to encompass the
entire beam. The blue curve illustrates an example of the evolution of the normalized pump
power, given by f/ |P(z, x,y))? dxdy/ff |P(0, x, y)|? dxdy.

Qualitatively, the simulations are in good agreement with the experimental results. However,
the following factors can be attributed to some quantitative discrepancies in the I' value for
wo = 50um. The model assumes perfect cylindrical symmetry, which may result in larger mode
volumes and increased mode overlap compared to the experimental waveguides, where slight
deviations from circular symmetry are present (see Fig. 2). This deviation could enhance mode
crosstalk and lead to earlier gain depletion.

It is important to note that the perfect pump depletion observed in the waveguide (blue curve
in Fig. 6(e)) is consistent with experimental results. This observation paves the way for gain
scaling through two-sided (counter-propagating) waveguide pumping. Furthermore, waveguided
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field propagation beyond the effective gain region ("passive propagation") leads to accumulated
nonlinearity, creating favorable conditions for higher-harmonic generation, as illustrated in Fig. 5.
Additionally, our simulations indicate that a stable mode, as shown in Fig. 6(f), is established
early in the amplification process (within <2 cm for the given parameters). Consequently, further
propagation does not hinder two-sided amplification or the accumulation of nonlinearity in the
waveguide amplifier.

The simulations show that increasing the "steepness" index m while simultaneously increasing
on in a "thick" waveguide (Fig. 6(b)) enhances both the gain coefficient and mode quality
(Figs. 6(d), (e), and (f)) (red curve) compared to Figs. 6(e) and (g) (black)). It can be conjectured
that increasing the waveguide size reduces mode overlap as the m-index and dn increase [66]. As
a result, inter-mode crosstalk is reduced, leading to improved output mode quality. At the same
time, the increase in the total mode volume, which is approximately proportional to the number
of modes ~ (2rwo/A)*(n? — nd) [67], contributes to the I-increase.

4. Conclusion and outlook

In this work, we propose and implement the concept of an ultrafast laser system based on a
waveguide amplifier fabricated using the laser writing method. Laser writing of waveguides
provides a level of design flexibility that is difficult to achieve with other techniques, such
as adjusting the diameter or even the numerical aperture (NA) of the waveguide along the
propagation direction. The enhanced flexibility of laser-written waveguides enables power and
energy scaling through large waveguide cross-sections while maintaining excellent spatial beam
quality and good overlap between the pump and amplified pulse beams along the active medium.
By fabricating a long waveguide, we can integrate both the gain and nonlinear-optical conversion
stages for subsequent comb stabilization into a single element. The long, truly waveguide
propagation allows for harmonic generation at lower power than bulk systems, thereby enabling
all-in-one generation, amplification, and nonlinear optical conversion of ultrashort pulses. The
novel results obtained in this work are as follows:

* For the first time, to the best of our knowledge, we have employed the concept of chirped
pulse amplification in conjunction with a waveguide active medium and an all-in-one,
single chirped volume Bragg grating-based stretcher/compressor. This approach provides
a high gain of 12 dB/cm and 1.4 W of average output power (2.35 W of uncompressed
output power), with the duration of the amplified pulse compressed to 235 fs.

* We experimentally validated the energy/power scaling concept by increasing the waveguide
mode area while maintaining the excellent spatial quality of the output beam (similar
to large-mode-area (LMA) fibers). By using a large cross-section multimode Cr>*:ZnS
waveguide, we achieved gain factors up to 75 in a single pass, with an average output power
of 2.35 W (directly from the waveguide) and excellent output beam quality (M?=1.13x1.25).
To the best of our knowledge, this is the first demonstration of a waveguide amplifier in
a crystalline active medium operating with such high spatial quality of the output beam,
comparable to a single Gaussian transverse mode.

* For the first time, to the best of our knowledge, we developed a comparatively long (34
mm) laser-written waveguide in a Cr>*:ZnS gain element, exhibiting true waveguiding
properties. These properties offer additional degrees of freedom for experiments with
longitudinally graded gain, which can be further exploited when pumping from both sides
of the waveguide.

* We developed a 3D waveguide amplifier model that accounts for waveguide effects on
both the pump and amplifying spatially profiled beams. The model demonstrates that the
interplay between the non-dissipative (transversely graded refractive index) and dissipative
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(transversely graded gain) confining potentials results in the integration of higher-order
modes into lower-order ones (spatial mode synthesis or "mode condensation" [68]). This
enables more efficient use of the entire gain volume and energy harvesting in multimode
waveguides while maintaining good output beam quality.

* For the first time, to the best of our knowledge, we demonstrate optical harmonic generation
up to the 4th harmonic, enabled by enhanced nonlinear effects in the amplifying active
medium owing to its waveguide nature. By using a comparatively long waveguide,
it was possible to organize the amplification of seed pulses in the input section and
achieve nonlinear optical conversion with harmonic generation in the output section of the
waveguide.

The latter result is of particular interest to the ultrafast laser community. Indeed, the combination
of well-developed waveguiding properties with the high nonlinearity characteristic of a non-
centrosymmetric active medium like Cr:ZnS [3] provides broad flexibility in the development
of ultrafast laser systems. This was demonstrated in our work, both through experiments
amplifying strongly chirped pulses (with a duration of about 500 ps) and experiments involving
harmonic generation while amplifying weakly chirped pulses with a duration of about 100
fs. Looking into the future, extending this result to even shorter pulses holds the potential to
generate octave-spanning, overlapping spectra at the fundamental and harmonic wavelengths,
offering a straightforward path to CEP stabilization via the f—2f, 2f-3f or 3f-4f techniques. Such
phase-stabilized integrated mid-infrared frequency combs will open up a wide avenue towards
quantum shot noise-limited, ultra-sensitive detection directly in the mid-IR.
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