Sub-50-fs pulse generation from a SESAM mode-
locked Tm,Ho-codoped calcium aluminate laser
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We report on sub-50-fs pulse generation from a passively
mode-locked Tm,Ho-codoped crystalline laser operating
in the 2 pm spectral region. A Tm,Ho:Ca(Gd,Lu)AlO4 laser
delivers pulses as short as 46fs at 2033 nm with an
average power of 121 mW at a pulse repetition rate of
~78 MHz employing a SESAM as a saturable absorber. To
the best of our knowledge, this result represents the
shortest pulses ever generated from a Tm and/or Ho
based solid-state laser. Polarization switching in the
anisotropic gain material is observed in the mode-locked
regime without any polarization selection elements which
is essential for the shortest pulses.
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During the last few years there has been a rapid progress in the
generation of sub-100-fs pulses in the 2-pum spectral region directly
from mode-locked (ML) lasers based on thulium (Tm3+*) and/or
holmium (Ho3**) doped active media [1]. Apart from direct
spectroscopic or diagnostic applications, such high-repetition rate
laser sources are important for seeding of ultrafast (chirped-pulse)
laser amplifiers and synchronous pumping of optical parametric
oscillators operating in the mid-IR spectral range based on non-
oxide nonlinear materials with high conversion efficiency [2]. By
entering the few optical cycle regime, they can also become a viable
alternative to complex and inefficient coherent sources based on
optical rectification for seeding of carrier-envelope phase (CEP)
stable systems [3]. Ho3*-doped laser materials feature the merits of

natural emission slightly above 2 pm to overcome the detrimental
structured water vapor absorption/dispersion effect below 2 pm,
and somewhat higher gain compared to their Tm-doped
counterparts. Nevertheless, their spectrally structured gain profiles
place limitations on the pulse duration achievable from singly Ho-
doped ML femtosecond lasers. This problem can be partially
resolved by co-doping with Tm?3*. The gain profiles of Ho3* and Tm3*
in co-doped materials are overlapping, which makes it possible to
combine their stimulated emissions and support ultrabroad spectra
in the ML regime [4]. Efforts toward exploiting the gain bandwidth
of Tm,Ho co-doped bulk gain media resulted in the first sub-100 fs
pulse operation in a ML 2-pum solid-state laser in 2018. Using a
SEmiconductor Saturable Absorber Mirror (SESAM) as a mode-
locker, pulses as short as 87 fs with an average power of 27 mW
were generated with Tm,Ho:CaYAlOs (Tm,Ho:CALYO) [5].
Subsequently, shorter pulses (70 and 67 fs) were obtained with a
Tm,Ho co-doped garnet crystal, i.e, Tm,Ho:CasLixNb1s«Gazs-2012
(Tm,Ho:CLNGG), and carbon nanostructures as saturable
absorbers (SAs) [6, 7]. Finally, a pulse duration of 52 fs at 2015 nm
was demonstrated using a Tm,Ho:CaGdAlO4 (Tm,Ho:CALGO)
crystal and a SESAM SA [8].

The above achievements profited from the inhomogeneous
spectral broadening of the gain profiles originating from the
structural disorder and the related ligand modifications of the host
crystals employed. Tetragonal rare-earth calcium aluminates
CaLnAlOs+ (Ln=Gd,Y) represent such an extraordinarily
disordered host family which is extremely favorable for
femtosecond pulse generation. Their structural disorder originates
from the second coordination sphere of the laser-active trivalent
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rare-earth (RE?, e.g, Yb%, Tm?** and Ho**) cations formed by Ca?
and Ln3*ions
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Fig. 1. Effective gain cross-section spectra at ~2pm for the
Tm,Ho:CALGLO crystal, = N(3F4)/Ntn is the inversion ratio for Tm3+
ions, the polarization is o (solid lines) and 1 (dashed lines).

(due to the charge difference of these ions and the different cation-
cation distances) [9]. Despite the disordered structure, CaLnAlO4
still exhibit relatively high thermal conductivity with moderate
dependence on the RE3* doping concentration [10]. In comparison
to the disordered garnets, the polarized absorption and emission of
the tetragonal calcium aluminates offer more flexibility in pumping
and spectral bandwidth exploitation. Moreover, the structural
disorder of the CaLnAlO4 compounds can be complemented by
compositional disorder leading to additional inhomogeneous
spectral broadening, smoothing and flattening of the gain profiles of
the optically active RE3* ions [11]. The latter is achievable by mixing
CALGO and CALYO or by Lu-doping of one of them. Such
compositional disorder with partial substitution of Gd3* by Lu®* (a
maximum Lu3* content of 5.5 at.%) was firstly utilized for Yb%*-
doped Ga(Gd,Lu)AlO4 (Yb:CALGLO) and laser operation both in the
continuous-wave (CW) and femtosecond ML regimes was
demonstrated [12]. Very recently, we reported on Tm3*-doping of
this novel mixed host crystal, Tm:CALGLO, its growth, spectroscopy,
and CW laser operation [13].

Recently, such TmMHo co-doping structurally and
compositionally ~ disordered  “mixed” co-doped crystal,
Tm,Ho:CALGLO, were grown with high optical quality by its growth
using the Czochralski method [14]. The measured doping levels
were 448at% Tm3*, 0.54at% Ho3* and 5.51at% Lu3,
corresponding to a stoichiometric chemical formula of
CaGdogoa7Luooss1 TmoossHoooos4AlO 4. The tetragonal
Tm,Ho:CALGLO is an optically uniaxial crystal with two principal
polarizations, i.e. E||c (m-polarization) and E||a (o-polarization) with
the corresponding refractive indices ne and n,. The calculated gain
cross-sections of Tm,Ho:CALGLO for both polarizations with
different Tm inversion levels § are shown in Fig. 1. The crystal
features an extremely broad and smooth spectral gain profile
supporting sub-50-fs pulses. The excellent spectroscopic and
thermo-mechanical properties of Tm,Ho:CALGLO are attractive for
passively ML operation in the 2-um spectral region. Implementing
a GaSb-based SESAM for mode locking, and broadband dispersive
mirrors (DMs) for intracavity group delay dispersion (GDD)
management, we reporthere on the generation of pulses as shortas
46 fs, the shortest to date, to the best of our knowledge, for any Tm
and/or Ho based solid-state mode-locked laser.

Laser operation was investigated in a X-folded standing-wave
cavity without any polarization selecting elements, as shown in
Fig. 2. The Tm,Ho:CALGLO crystal was an a-cut cube with an edge
of 3 mm which was anti-reflection coated for normal incidence for
both the pump and laser wavelengths. It was mounted in a copper

holder water-cooled at 12°C, and placed between two dichroic
folding mirrors M1 and M2 with a Radius of Curvature (RoC) of -
100 mm. A third folding mirror (DM1, RoC =-100 mm) provided a
second cavity beam waist in one of the cavity arms where the
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Fig. 2. Experimental scheme of the SESAM ML Tm,Ho:CALGLO laser,
Lens: focusing lens; M1-M2: concave mirrors; DM1-DMy, dispersive
mirrors; OC: output coupler; Ms: plane mirror for CW operation.

SESAM was implemented. The output coupler (OC) terminated the
other cavity arm. The radius of the cavity mode in the crystal was
estimated to be 30 um by the ABCD formalism. The Tm,Ho:CALGLO
crystal was pumped by a narrow-linewidth CW Ti:sapphire laser
tuned to 801.3 nm with its polarization corresponding to  in the
crystal to utilize the much higher absorption cross-section [12]. A
spherical lens with a focal length of 70 mm focused the pump beam
into the crystal yielding a waist radius of 30 um. The measured
single-pass absorption was ~97% under lasing conditions. A
maximum CW power of 778 mW was extracted for an absorbed
power of 3.09 W using the 3% OC and the SESAM substituted by a
plane retroreflector, cf. Fig. 2. The corresponding slope efficiency
was ~35.8%. The laser output was m-polarized.

A GaSb-based InGaAsSb quantum wells (QWs) SESAM was
applied as a mode-locker. Such a near-surface QW design SESAM
has been already successfully applied for the generation of sub-
100 fs pulses at ~2 um [15, 16] and the characteristic parameters
can be found elsewhere [17]. It was placed at the second beam waist
for efficient bleaching of the SA. The estimated radius of this beam
waist was ~120 pm. The intracavity GDD was managed by the DMs,
one curved (DM1) and several flat (DM2-DM?7). All DMs exhibited a
GDD of -125 fs? per bounce. The total negative GDD introduced was
varied by the number of bounces on the flat DMs to balance the
intracavity material dispersion as well as the positive frequency
chirp induced by self-phase modulation (SPM) in ML operation.
Three different OCs (3%, 1.5% and 0.5%) were applied. A 3-mm
thick ZnS ceramic plate (GDD = 465 fs) was used for external linear
chirp compensation of the extra GDD introduced by the OC
substrate (6.35-mm thick infrasil, GDD = -684 fs?).

Initially, ML operation was investigated by applying five bounces
(single pass) on the flat DMs (DM1-DM3) giving a total round-trip
GDD of -1250 fs2 Using the 3% OC, stable soliton ML operation was
initiated and stabilized by the SESAM for a nominal pump level of
3 W. The laser generated an output power of 320 mW at 2081 nm
in m-polarization. The 306-fs pulses, assuming a sech?-shape
temporal profile, had a sech?fitted spectral FWHM of 15nm.
Optimizing the cavity alignment for shorter pulse durations, we
observed substantial broadening of the ML spectrum as well as a



blue shift of the central wavelength accompanied by switching to
linear o-polarization. A maximum average power of 332 mW was
obtained at optimum alignment for an absorbed pump power of
3.53W. The measured ML spectrum and the corresponding
interferometric autocorrelation trace at this output level are shown
in Fig. 3. Almost bandwidth-limited pulses with a duration of 69 fs
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Fig. 3. (a) Optical spectrum and (b) interferometric autocorrelation
trace of the SESAM ML Tm,Ho:CALGLO laser for Toc = 3%.

were achieved while the spectral FWHM was 63 nm. The peak
power amounted to 53 kW for a pulse repetition rate of 82.9 MHz.
The laser was always self-starting.

Such polarization switching has been reported in a diode-
pumped high-power Yb:CALGO laser in the CW regime, where the
gain cross-sections for the two polarizations are similar in
magnitude and hence compete at different inversion rates if the
cavity loss is changing owing to the different thermo-optical
properties of the laser crystal for = and o- polarizations [18]. ML
lasers are even more for sensitive to cavity losses which supports a
similar explanation for the present Tm,Ho:CALGLO laser. We are
not aware of any similar observations in a ML solid-state laser.

15
> a
5 10 deasured .- A=20332nm
& o5 Sech’fit “F¥ HM = 75.4 nm
k= ,

0.0 -

1860 1900-2000 210(5 2200 2300
Wavelength [nm]

| ¥
20 il

Intensity

o
03 02 01 00 01 02 03
Time delay [ps]

Fig. 4. (a) Optical spectrum and (b) interferometric autocorrelation
trace of the SESAM ML Tm,Ho:CALGLO laser for Toc = 1.5%.

3.23 W. In this configuration the estimated pulse duration from the
interferometric autocorrelation trace was 45% above the Fourier
limit, which means that the intracavity DMs were unable to ensure
effective soliton compression, i.e., more negative GDD was required
for further shortening of the pulse duration.

The latter was realized using seven instead of five bounces (single
pass) on DMs (cf. Fig. 2) resulting in a total round-trip GDD of
1750 fs2 The shortest single pulse operation with ultimate stability
in this case was achieved using the 0.5% OC, again in o-polarization.
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Fig. 5. SHG-FROG characterization of the shortest pulses from the
SESAM ML Tm,Ho:CALGLO laser for Toc=0.5%. Measured (a) and
retrieved (b) SHG-FROG traces; measured and retrieved optical
spectrum and its spectral phase (c); Fourier-transform limited (FTL)
and retrieved temporal pulse profile and phase (d); measured
interferometric autocorrelation trace (e).

The pulse duration was further reduced to 58 fs by applying the
1.5% OC. As can be expected for a three-level system, the
wavelength experienced a slight red-shift, in our case to 2033.2 nm,
see Fig.4, maintaining the o-polarization. The average power
amounted to 191 mW at 82.9 MHz for an absorbed pump power of

A maximum average power of 121 mW at 78.2 MHz was generated
for an absorbed power of 3.78W. The shortest pulses were
characterized using a second-harmonic generation (SHG)
frequency-resolved optical gating (FROG) apparatus. The measured
and retrieved SHG-FROG traces using a grid size of 512 x 512 points
together with the reconstructed spectral and temporal profiles are
shown in Figs. 5 (a) and (b). The directly measured spectrum was
centered at 2033nm spanning from 1878 to 2241nm, in
reasonably good agreement with the reconstructed spectrum from
the SHG-FROG trace, cf. Fig.5(c). After external linear chirp
compensation with the 3-mm thick ZnS ceramic plate, the retrieved



pulse had a FWHM of 47 fs (~7 optical cycles), still ~38% above the
Fourier-limit, cf. Fig.5(d). The retrieved pulse duration was
confirmed by an independent measurement of the autocorrelation
trace, giving a FWHM of 46 fs, see Fig. 5(e).

The far-field beam profiles for CW and ML operation were
recorded with a pyroelectric camera placed at 1.6 m from the OC,
see Fig. 6. Almost no changes were observed when switching from
the CW to ML operation, easily achievable by slight misalignment.
This observation indicates that Kerr-lensing is not the dominant
mechanism for mode-locking which is mainly governed by soliton
pulse shaping, stabilized by the SESAM.
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Fig. 6. ML Tm,Ho:CALGLO laser: far-field beam profiles in (a) CW and
(b) SESAM ML regimes.

The steady-state pulse train was characterized by a radio-
frequency analyzer. Figures 7(a) and (b) show the first beat-note at
~78.2 MHz with a signal-to-noise ratio above 70 dBc and a 1-GHz
span, both indicating stable ML operation without any spurious
modulations.
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Fig. 7. Radio-frequency spectra of the SESAM ML Tm,Ho:CALGLO laser:
(a) fundamental beat note at 78.2 MHz measured with a resolution
bandwidth (RBW) of 180 Hz, and (b) harmonics on a 1-GHz span,
measured witha RBW of 110 kHz.

In conclusion, we achieved sub-50 fs pulses in the 2-pum spectral
region from a ML laser by exploring Tm,Ho co-doping of the mixed
CALGLO crystal. Using a GaSb-based SESAM as a SA pulses as short
as 46 fs were recorded, the shortest ever reported for any Tm
and/or Ho based solid-state laser. Without any intracavity
polarization selective elements, we observed polarization switching
related to the anisotropy of the gain medium and triggered by
changing the cavity losses (note that the polarization was always
linear). Switching from 7 to o—polarization was associated with
spectral broadening and hence the generation of the shortest
pulses. This switching was accompanied by a blue shift of the
central wavelength. This regime was readily achievable by
minimizing the cavity losses and by careful cavity alignment
independent of the OC transmission or the pump level. Note that

imposing the o-polarization simply by the Brewster angle condition
for the active medium or taking a c-cut crystal is not practical for the
present laser because pumping in m-polarization is much more
effective.
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