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Ho:KY(WO,), thin-disk laser passively Q-
switched by a GaSb-based SESAM
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Abstract: A Holmium thin-disk laser based on a 3 at.% Ho:KY(WOQO,), / KY(WO,),
epitaxy and single-bounce pumping by a 1960 nm Tm-fiber laser is passively Q-switched
with a GaSb-based quantum-well semiconductor saturable absorber mirror. It generates
an average output power of 551 mW at 2056 nm with a slope efficiency of 44% (with
respect to the absorbed pump power). The best pulse characteristics (energy and duration)
are 4.1 uJ / 201 ns at a repetition rate of 135 kHz and the conversion efficiency with
respect to the continuous-wave regime is as high as 93%.
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1. Introduction

The thin-disk (also called active mirror) laser architecture [1] consists of a disk-shaped
active element. Its rear face is in thermal contact with a bulk heat-sink. The heat flow in
the disk in predominantly unidirectional (towards the cooling surface). The rear face of
the disk has a dielectric coating reflecting both the pump and laser radiations serving as a
cavity mirror. The laser radiation is propagating almost perpendicular to the disk surface.
The thin-disk laser (TDL) design is promising for power-scalable and efficient laser
sources operating in the continuous-wave (CW) and mode-locked (ML) regimes [2,3].
Typically, the thickness of the active element ¢ is significantly smaller than the pump spot
size (t < 2w,) which is matched to the laser mode. A large pump spot size is favoring
weak thermo-optic aberrations. Small thickness of the laser element (and, hence, low
losses and nonlinear effects) is advantageous for reaching high efficiency in the CW
regime [4] and stable ML operation [5].

High-power and highly-efficient TDLs at ~1 pum (based on Yb®" ion doping)
operating in the CW and ML regimes have reached a high level of maturity reflected in
many leading scientific results and commercial products [4,6-9]. In the ML regime,
semiconductor saturable absorber mirrors (SESAMs) are typically used [3,5]; these are
commercially available and show attractive properties, e.g. ultrafast recovery time, low
non-saturable losses, acceptable laser-induced damage threshold (LIDT) and versatility in
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tailoring these parameters [5]. On the other hand, at ~2 pm (for Tm*" and Ho®" doped
materials), the development stage is still in an early phase with sporadic reports on such
laser sources in the literature, e.g., mainly reporting on CW Ho TDLs [10,11]. Moreover,
the pulsed operation of ~2 um TDLs is complicated by the lack of reliable SESAMs.
However, pulsed (passively Q-switched (PQS) and ML) ~2 um lasers are of interest for a
wide range of applications in medicine, range-finding, environmental sensing and
spectroscopy. This is in particular true for the Ho>" ion emission above 2 pm related to
the °I; — °I transition [12].

Recently, GaSb-based SESAMs containing few InGaSb quantum wells (QWs) were
used as ultrafast saturable absorbers for bulk Tm and Ho lasers emitting above 2 um,
based on Tm:CALGO and Tm,Ho:KLuW crystals [13,14] and Tm:YAG, Tm:LuAG and
Ho:YAG ceramics [15-17], and covering a broad spectral range extending from 2010 to
2120 nm. In particular, the ML Tm:CALGO laser generated pulses as short as 650 fs at a
repetition rate of 100 MHz [13]. The effect of the growth temperature, QW location and
the dielectric coating on the recovery time of GaSb-based SESAMs was reported in
[18,19].

In the present work, we demonstrate the first PQS Ho thin-disk laser based on
Ho:KY(WOy), (Ho:KYW) using a GaSb-based SESAM. The host crystal, KYW, belongs
to the family of monoclinic double tungstates (MDTs). These crystals are known to be
excellent hosts for rare-earth ions, e.g. Yb*", Tm*", Ho®* [20,21]. Ho:MDTs provide high
transition cross-sections for polarized light, broad spectral bands, relatively long lifetimes
of the upper laser level and the possibility to dope at high concentrations [21-23]. To
prepare Ho:KYW for a thin-disk fabrication, we used the liquid phase epitaxy (LPE)
method. For MDTs, LPE is capable of producing high-optical-quality laser-active films
with a thickness of few hundreds of pm on bulk undoped substrates, e.g., as demonstrated
before for Tm®" [24] and Ho®" ions [25]. The high absorption cross-sections and moderate
available doping levels of Ho’" ions in LPE-grown KYW films allowed us to simplify the
pump geometry to a single-bounce. In [25], the first Ho:KYW thin-disk laser generated
1.01 W at 2057 nm with a slope efficiency of 60% (for a single-bounce pumping).

2. Experimental

The scheme of the TDL set-up is shown in Fig. 1. The laser element consisted of a 3 at. %
Ho:KYW LPE grown active layer (thickness £ =250 £ 10 um, Ny, = 2.16 x 10*° cm™) on
an (010)-oriented 1 mm-thick undoped KYW substrate (with b-axis perpendicular to its
surface) [25]. Both faces of the Ho:KYW / KYW epitaxy were polished to laser-grade
quality. The substrate face was antireflection (AR) coated for 1800-2100 um. The face
with the Ho:KYW layer was coated for high reflection (HR) at 1800-2100 nm and then
soldered to a Cu heat-sink that was water-cooled to 12 °C.

Ho:KYW is very suitable for the design of TDLs due to the high absorption cross-
sections, Gaps(m) = 2.2 and o,ps(g) = 0.76 X 107° cm? at 1960 nm for light polarizations E
| N and N,, respectively (both accessible with a b-cut laser element). The long lifetime
of the upper laser level (L)), 5o = 4.8 ms [22], means long energy storage in PQS
operation. The high absorption cross-sections are normally associated with high emission
cross-sections, ogg(m) = 2.5 % 1072 ¢m? at 2056.5 nm for Ho:KYW which means easier
saturation of the laser medium. Hence, employing a fast saturable absorber with yet lower
saturation fluence as the present SESAM, PQS at repetition rates much higher than the
inverse lifetime can be only expected.

A Z-shaped laser cavity was constructed, consisting of a concave output coupler (OC)
having a transmission Toc = 3% at 1800-2100 nm and a radius of curvature RoC of 75
mm, the flat HR-coated face of the laser element serving as a folding mirror (beam angle
with the normal: 7°), and a concave HR mirror (RoC = 50 mm) to focus the laser beam on
the SESAM. For CW operation, the SESAM was replaced by a flat HR mirror. The
distances between the mirrors are indicated in Fig. 1, the physical cavity length L,
amounted to 175 mm. The sensitivity factors of the thermal lens (M = dD/dP,,, where D
is the optical power of the lens and P, is the absorbed pump power) for a 3 at.%
Ho:KYW / KYW epitaxy are measured to M, = —1.7 and M, = 0.7 m™'/W, so that the
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calculated diameter of the laser mode in the epitaxial layer is 2wy = 224 + 10 um and on
the SESAM it is 2w, = 144 + 10 um (within the studied range of P,). In this way, a kind
of dynamically stable cavity was designed.

CL Tm fiber laser
f=11mm  1.96um

Fig. 1. Scheme of the PQS Ho:KYW thin-disk laser: OC — output coupler, HR — highly-
reflective mirror, CL and FL — collimating and focusing lenses, respectively.

The pump source was a Tm-fiber laser (model IFL15, LISA Laser Products, OHG)
emitting up to 12.5 W at 1960 nm (linewidth: 1.5 nm, unpolarized emission, M* ~1)
corresponding to in-band pumping of Ho*', the °Iy — °I, transition. Its output was
collimated and focused into the laser element using a pair of AR-coated spherical CaF,
lenses (focal lengths: fc = 11 mm, f; = 75 mm) which resulted a pump spot size 2w, of
300 £ 10 um, i.e., 2w, > ¢ (the criterion for the thin-disk laser is satisfied). Pumping at
nearly normal incidence, the total absorption (single-bounce) was 14%.

The GaSb-based SESAM was grown by conventional solid source molecular beam
epitaxy (MBE) using elemental In, Ga and Al and Sb, and As,, see [18,19]. First, a GaSb
buffer was grown on a (100) n-GaSb substrate followed by 18.5 pairs of a lattice-matched
AlAs,Sby_, / GaSb Distributed Bragg Reflector (DBR). The optical structure
corresponded to an anti-resonant design at the operating wavelength. The structure
consisted of two In,Ga,_ As,Sb,_, QWs with a 10 nm barrier placed 50 nm below the
surface. The two-layer (Ti0,/Si0,) dielectric AR coating applied for 1900-2100 nm was
meant to increase the modulation depth and reduce the recovery lifetime [19].
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= c
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Fig. 2. Linear spectroscopy of the SESAM: (a) reflectivity spectrum (AR-coated sample);
(b) photoluminescence (PL) spectra for uncoated and AR-coated samples, Aexe = 690 nm,
the arrow in (a,b) indicates the laser wavelength.
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Fig. 3. Pump-probe trace for the uncoated SESAM measured at 2040 nm: symbols —
experimental data, curve — their bi-exponential fit to determine the recovery times, 7). R
and AR: reflectivity and its change, respectively.

The reflectivity spectrum of the AR-coated SESAM is shown in Fig. 2(a). A weak
absorption band spanning from 2020 to 2080 nm is observed. The measured reflectivity at
the laser wavelength (4, = 2056 nm) is 94.3% and the small-signal resonant absorption
loss (for a single-bounce) is about 3.0%, as estimated from Fig. 2(a). The SESAM was
also studied by luminescence spectroscopy, Fig. 2(b), showing a broad emission band
centered at 2054 nm whose intensity was suppressed by the AR coating.



Vol. 26, No. 7 | 2 Apr 2018 | OPTICS EXPRESS 9015

Optics EXPRESS

The recovery of the initial absorption of the SESAM was studied by the pump-probe
method, Fig. 3. The source was the idler emission from a Spectra Physics Opal OPO
tuned to 2040 nm (pulse duration: 150 fs, pulse energy: 2 nJ, the estimated pulse fluence:
< 50 pJ/cm?). The measured curve is fitted using a bi-exponential dependence with the
characteristic “fast” and “slow” times 7; = 288 fs and 7, = 20.9 ps related to the intraband
and interband relaxations, respectively.

3. Results and discussion

At first, the CW performance of the Ho:KYW TDL was studied by replacing the SESAM
by the flat HR-mirror, Fig. 4(a). This laser generated a maximum output power of 592
mW at 2056-2059 nm (multi-peak emission, see Fig. 4(b)) with a slope efficiency # =
47% (with respect to Pys). The laser threshold was at Py, = 0.15 W. These results are
slightly inferior with respect to the CW Ho:KYW thin-disk laser reported in [24] and
based on a simple linear plano-concave cavity. The reason for this is less efficient mode-
matching which can be optimized in further designs.

Implementing the SESAM, very stable Q-switching was observed. The maximum
average output power reached 551 mW at 2056.3 nm (a single-peak spectrum, Fig. 4(b))
corresponding to a # of 44% and a Q-switching conversion efficiency with respect to the
CW regime as high as 93%. In both CW and PQS regimes, the laser output was linearly
polarized (E || N), the polarization was naturally-selected by the anisotropy of the gain.

The output beam of the PQS laser was elliptic, see inset in Fig. 4(a), with measured
sz(y) factors of 3.0 and 1.8, respectively (at Py,s = 1.40 W). The distortion of the laser
beam is due to the strongly anisotropic thermal lens in the b-cut Ho:KYW (the
astigmatism degree, S/M = |My — M,|/|M,| = 85%). The input-output dependences of both
the CW and PQS lasers were linear indicating no detrimental influence of the thermal

effects.
o6fa 10fp ' %’ge " Toc=3%]
[3at.%Ho:KYW 1~ PQS -

R oW Sosf 2086.3nm | 2059nm EilNy, |
5 041 n=47% Sosl
gos z
502 5§94
501 1 £02¢

0.0 0,0 .

00 03 06 09 12 15 2020 2040 2060 2080 2100
Absorbed pump power (W) Wavelength (nm)

Fig. 4. CW and PQS Ho:KYW TDLs: (a) input-output dependences, 7 — slope efficiency,
inset: spatial profile of the output beam for the PQS laser, Py, = 1.40 W, (b) typical laser
emission spectra measured at Pyp,s = 1.40 W, Toc = 3%.

The pulse duration, Az, determined as FWHM, and the pulse repetition frequency
(PRF), were measured directly. The pulse energy E,, was calculated as P,,/PRF and the
peak power Ppeu — as Eq./Art, see Fig. 5. The pulse energy increased with Py, from 1.2 to
4.1 pJ and the duration shortened from 342 to 201 ns. This shortening was accompanied
by an increase of the PRF in the range of 52-135 kHz. The maximum Py reached 20 W.

The dependence of the pulse characteristics on the pump power is typical for “fast”
saturable absorbers [26] (as the recovery time of the GaSb-based SESAM is much shorter
than the time of the pulse formation in the PQS laser) and related to a dynamic bleaching
of the SA. No damage of the SESAM was observed. The calculated peak on-axis
intracavity laser intensity on the SESAM, [, = X*ZEOU‘/(nszdr*), where X = (2-Toc)/ Toc
and At* ~1.0647 for Gaussian pulse assumption reached 6.4 MW/cm®.

Typical oscilloscope traces of the pulsed output from the PQS laser are shown in Fig.
6. The single Q-switched pulses had a nearly Gaussian temporal shape, Fig. 6(a). The
pulse train, see Fig. 6(b), exhibited low intensity instabilities (<10%) and rms pulse-to-
pulse timing jitter (<7%). The long-term (>1 h) stability was also excellent.
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Fig. 5. PQS Ho:KYW TDL: pulse duration (FWHM) and pulse energy (a), pulse
repetition frequency (PRF) and peak power (b).
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Fig. 6. Oscilloscope traces of the single Q-switched pulses captured at various Py (a) and
the corresponding pulse train at Py,s = 1.40 W (b) for the PQS Ho:KYW TDL.

Further power scaling of the Ho:KYW PQS TDL is expected by the optimization of
the Ho™" doping level (1-5 at.%), thickness of the active layer, and an increase of the laser
and pump spot size. The latter will help to improve the beam quality as the sensitivity
factor of the thermal lens M ~1/wp2. As for the PQS output, shortening of the Q-switched
pulses is feasible with a reduction of the cavity length and, thus, the cavity roundtrip time.
The variation of the modulation depth of the SESAM (e.g., by varying the number of
QWs) might lead to the increase of the pulse energy.

4. Conclusion

In conclusion, we report on the first Ho:MDT PQS TDL employing a 250 pum-thick 3
at.% Ho:KYW/KYW epitaxy as a laser element and a specially designed GaSb-based
SESAM as Q-switch element. Relying on the ultimate simplicity of a single-bounce
pump geometry, this laser generated more than 0.5 W of PQS output corresponding to
very stable 4.1 uJ / 201 ns pulses at high repetition rate, 135 kHz. The successful
application of GaSb-based SESAMs for stable Q-switching of such lasers is promising
for the realization of compact few-ns PQS micro-lasers operating at high repetition rates
as well as ML or Q-switched ML TDLs. For a small Toc of 1.5%, we observed
modulation of the Q-switched envelope with the cavity mode spacing of 0.86 GHz, i.e.
longitudinal mode-beating. We believe that CW ML regime of the Ho:KYW TDL will be
possible with an optimized cavity design.
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