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Thulium doped LUAG ceramics for passively
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Abstract: Passive mode-locking of a thulium doped Lu;AlsO;;, ceramic laser is demonstrated
at 2022 nm. By applying different near surface GaSb-based saturable absorber mirrors, stable
self-starting mode-locked operation with pulse durations between 2 and 4 picoseconds was
achieved at a repetition rate of 92 MHz. The SESAM mode-locked Tm:LuAG ceramic laser
exhibits an excellent stability with a fundamental beat note extinction ratio of 80 dB above
the noise level. Furthermore, spectroscopic properties of Tm:LuAG ceramics at room
temperature are presented.
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1. Introduction

Ultrashort pulse lasers around 2 um have been drawing great attention since they are applied
in various fields including physics, chemistry and biology [1]. Such ultrafast 2 um lasers are
in particular used as pump and seed sources in optical parametric amplifiers for the mid-IR
spectral range and for global wind and carbon dioxide active remote sensing [2—6]. The
thulium ion (Tm®") doped in different host materials including crystals and glasses, is an
attractive solution for building ultrashort pulse laser sources around 2 pm [7-9]. Due to the
cross relaxation process between the thulium ions in the host the quantum efficiency can be
doubled at higher doping levels. Such lasers can also benefit from the availability of long time
proved and commercially available 800 nm laser diodes as pump sources.

Among the corresponding host materials, laser grade transparent ceramics exhibit a
number of favorable properties such as the generally simpler manufacturing procedure
compared to the growth of single crystals, or the almost unlimited dimensions, as well as
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other aspects like higher doping concentrations, and simplified shaping and processing [10—
13]. Successful demonstrations of ceramic lasers have been restricted so far to isotropic
materials, such as garnets and the cubic sesquioxides (e.g. LUAG, YAG, Lu,0;, Sc,0;, Y,03).
With regard to Tm-doping, YAG ceramics is considered as the most promising host due to its
robust thermal performance as well as excellent optical properties. During the last several
years, the continuous-wave (CW) laser performance of Tm:YAG ceramics was significantly
improved, and output powers of several Watts were obtained with slope efficiencies up to
65% [14-18]. The Y and Lu ions have similar radii and masses. Hence, the incorporation of
Lu-ions instead of Y-ions in the garnet host should result in a similar laser performance with
Tm-doping. Moreover, theoretical and experiment studies indicated that LuAG is a more
suitable host for Tm®* compared to YAG [19, 20]. In addition, the free running emission
wavelength of Tm:LuAG is 2022 nm, e.g. ~10 nm red-shifted compared to Tm:YAG, which
fits much better one of the atmospheric optical transmission windows. This property attracted
the attention to Tm:LuAG for LIDAR applications [21]. Tm:LuAG single crystals have
already shown an exciting performance for both CW and pulsed laser operation, such as Q-
switching and mode locking. A CW output power of 4.9 W and maximum slope efficiency of
up to 49% were demonstrated [22, 23]. By applying GaAs-based semiconductor saturable
absorber mirrors (SESAMs), a Tm:LuAG crystal laser delivered 38 ps pulses with 1.2 W
output power [24]. From our experience with mode-locked Tm- and Ho-doped YAG ceramic
lasers, we believe there is still great potential for improving the performance in terms of pulse
duration of mode-locked Tm:LuAG oscillators employing laser ceramics [25, 26].

SESAMs are commonly employed as saturable absorbers for passive mode-locking of
various lasers [27], including a large number of Tm-, Tm,Ho- and Ho-based bulk lasers
emitting around 2 um [4-9]. However, despite the recent progress of SESAM technology
around 2 um, they have not reached the maturity level of those utilized in the spectral range
around 1 pm, yet. In the 2 um spectral range, GaSb-based quantum well (QW) structures have
proven their suitability as saturable absorbers for mode-locking of Tm- and Ho-doped laser
materials. Post-processing and near surface quantum well designs were investigated for such
types of SESAMs to accelerate the relaxation process [28, 29]. The nonlinear properties of
GaSb-based SESAMs exhibiting “classical” and near surface designs have been studied
revealing a surprisingly fast absorption recovery time of a few picoseconds which is rather
independent of growth temperature or strain in the QWs [28].

In this paper the first laser operation of a Tm:LuAG ceramic laser is demonstrated.
Wavelength tuning in the CW regime is studied as well as passive mode-locking. Employing
near surface GaSb-based SESAMs, the Tm:LuAG ceramic laser delivered record short pulse
durations of a few picoseconds.

2. Tm:LUAG ceramics and semiconductor saturable absorber

A 4 at.% Tm-doped LuAG ceramic was obtained by the solid-state reactive sintering method
using high-purity powders of LuyOs, a-Al,O; and Tm,0O; as starting materials similar to the
procedure reported in [30]. A 3 mm long highly transparent active element with an aperture of
~5 x 5 mm” was prepared for lasing operation. No coating was applied for the optically
polished input and output faces. For cooling the ceramic was placed in a copper holder,
wrapped in Indium foil for good thermal contact with all the four lateral faces.

In the literature, spectroscopic data are only available for Tm:LuAG single crystals [20—
22]. Here we present the laser-relevant spectroscopic characterization of Tm:LuAG ceramics.
The largest absorption cross sections of the *H¢—>H, Tm®" transition amount to 4.27 x 107!
cm’ at 783 nm and 4.17 x 107! ¢cm? at 787 nm. We derived an emission cross section o, of the
’F,—*Hy, Tm®" transition from the absorption cross section g, according to the McCumber
theory. Both cross sections of the *F4;’H, transition are shown in Fig. 1(a) for the
wavelengths range 1800 to 2100 nm. In order to estimate the potential emission wavelengths
around 2 pm of the Tm:LuAG ceramics, the gain cross section, Ggun = fo.-(1-p)o,, is
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calculated for several values of the population inversion parameter f and presented in Fig.
1(b). f8 is the ratio of the number of excited Tm*-ions in the *F, manifold to the total Tm®-
ion density. For the *F,—°Hs Tm®" transition, the Tm:LuAG ceramics cross sections are very
similar to those of their single crystal counterpart [21]. The maximum emission cross section
of the ceramic for the laser transition from the *F, level to the ground state is 1.51 x 107" cm?
at 2023 nm and the linewidth is 30 nm (FWHM). The maximum g, is only slightly lower
compared to Tm:LuAG single crystals: o, = 1.66 x 107" cm? [21]. A relaxation time of the
*F, emission for the 4 at.% Tm:LuAG ceramics of 10 ms was obtained at room temperature
and is in good agreement with the lifetime reported for single crystals [21].

1.5
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0.0

Opin (107! €M)
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Fig. 1. Spectroscopic properties of Tm-doped LuAG ceramics in the 2-um region. (a)
Absorption o, and emission o, cross section of the *F4¢> H transition. (b) Gain cross section
Ogain for different inversion rates f.

The applied SESAMs were characterized with respect to their relaxation time 7, only
recently. We studied GaSb-based SESAMs with a low number of QWs [28, 29]. The absorber
region contains one or two InGaSb QWs, emitting at 2050 nm, embedded in GaSb. On top of
the <10 nm thin cap layer an antireflection coating is deposited resulting in an anti-resonant
SESAM design at the operating wavelength of 2 um. In this way acceleration of the carrier
recombination via surface recombination occurs, resulting in relaxation times <5 ps at 2 um
for the three SESAMs applied [28].

3. Experimental set-up

~
Lyot-filter
2 W Ti:Sa pump

Tm:LuAG

M, ceramic

M, L

Fig. 2. Scheme of the Tm:LuAG ceramic laser (L: lens; M;-M,: mirrors (total reflectors); P;-
P,: MgF, prisms; OC: output coupler).



Research Article Vol. 25, No. 6 | 20 Mar 2017 | OPTICS EXPRESS 7088

Optics EXPRESS

A classical X-shaped cavity was employed for the laser experiments as shown in Fig. 2. The
Tm:LuAG ceramic sample was placed at Brewster angle between two dichroic folding
mirrors M; and M, (radius of curvature, RoC: —100 mm) with a separation of ~104 mm. For
CW operation, the cavity was completed by a plane high reflecting end mirror M, and a
wedged output coupler (OC). Additionally, wavelength tuning was performed by placing a
birefringence filter at Brewster angel close to the OC.

For mode-locked operation, M; (RoC: —150 mm) was employed as a folding mirror to
create a second intracavity beam waist with radius of ~100 pm at the position of the SESAM.
In the other arm of the cavity, two MgF, prisms P, and P, were inserted for dispersion
management. The total cavity length including the prism path amounted to about 1.62 m.

A CW titanium-sapphire laser was used as pump source delivering up to 2.1 W output
power. The wavelength was tuned to the absorption maximum at 787 nm of the Tm-doped
ceramics. The pump focus achieved by a 70 mm lens ensured a good overlap with the
designed cavity laser mode with a radius of 36 pm.

4. Results and discussion

Initially the CW laser regime was investigated using the 4-mirror cavity scheme described
above. The single-pass pumped Tm:LuAG ceramic has an average absorption of 71 + 2% in
the lasing state. No roll-off in the input-output dependence was observed during laser
operation which is an indication of the high quality of the ceramic. By applying different
output coupler (OC) transmissions, the slope efficiencies varied from 42% (1.5% OC) to 61%
(5.0% OC) as shown in Fig. 3(a). The maximum output power amounted to 830 mW (5.0%
OC) and the emission wavelength for all OCs was 2022 nm. Introducing the birefringence
filter, a 3 mm thick quartz plate with the optical axis 60° to the surface, wavelength tuning of
the Tm:LuAG ceramic was achieved as depicted in Fig. 3(b). The Tm:LuAG laser covers a
wavelength tuning range of 280 nm (at 0-level) from 1808 to 2088 nm using the 1.5% OC and
15 nm narrower with the 3.0% OC, from 1808 to 2073 nm.

800 |-(a)® 5.0% OC n=61% F(b) 3.0% OC
g | @ 3.0% OCn=52% £ 600} a—1.5% OC
S A 1.5% OC n=42% £
= 600 L Tt
o ]
% i 2 400
2 400 g |
R z
g 200k g 200 -

[1]7" I BN N 0""""'
200 600 1000 1400 1800 1850 1900 1950 2000 2050 2100
Absorbed pump power (mW) Wavelength (nm)

Fig. 3. Performance of the CW Tm:LuAG ceramic laser: (a) Output power versus absorbed
pump power for different OCs. (b) Wavelength tuning at maximum pump power.

For mode-locking, three SESAMs with different number of quantum wells and thickness
of the cap layer were tested. The SESAM parameters are listed in Table 1. The cavity was
modified to the configuration for mode-locking, implementing the SESAM. The transmission
of the OC had to be chosen >2.0% because otherwise a strong tendency of SESAM damage
was observed even before mode-locking started. Increasing the mode size on the SESAM to
potentially prevent its damage for OC transmissions <2.0% was not possible because of the
available folding resonator mirrors. With the largest RoC of =150 mm, a maximum waist size
at the SESAM position of ~110 pm could be realized. Thus 3.0% OC was applied to reduce
the intracavity power and self-starting CW mode-locked laser operation was achieved easily
without damage of the SESAMs. Depending on the SESAM parameters the mode-locked
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laser undergoes different operation regimes in the applied pump power range (CW, Q-
switched ML, CW-ML), as shown in Fig. 4(a). The corresponding parameters for the CW-
ML regime are also included in Table 1.

Stable CW-ML operation was achieved with all three SESAMs. Using SESAM no. 1, a
maximum average output power of 119 mW was reached. The CW-ML regime started from
an absorbed power ~600 mW, with a slope efficiency of 14%. The corresponding non-
collinear autocorrelation function (ACF) and optical spectrum are presented in Fig. 4(b). A
pulse duration of 7 = 3.8 ps at full width at half maximum (FWHM) is derived from the
measured ACF under the assumption of a sech’-pulse shape. The measured optical spectrum
exhibited a FWHM of 2.3 nm at 2022 nm corresponding to a time bandwidth product (TBP)
of 0.64. The ultimate stability was achieved by adding negative dispersion by introducing the
prisms producing an intracavity round trip group delay dispersion (GDD) of —2021 fs? (prism
separation: 21 cm). However, the prisms had no pulse shortening effect. In addition, a satellite
was observed at 16 ps separation with an amplitude of only 2% of the main pulse.

Table 1. SESAM parameters and CW mode-locking results of the Tm:LuAG ceramic
laser (3.0% OC).

SESAM  No.of QWs  Cap thickness (nm) 7, (ps) z(ps) TBP Fy (W/em?®) P, (mW)

no. 1 1 10 1.7 3.8 0.64 138 119
no. 2 1 5 1.7 29 0.55 503 270
no. 3 2 5 4.1 2.7 040 235 232

7, — recovery time SESAM, slow component, 7 — laser pulse duration, TBP — time bandwidth product,
Fu — average fluence on the SESAM at the ML threshold, P, — maximum average output power in
the CW-ML regime.

300
® SESAM1n=14% 1.0 SESAM1 e Measured
s | A SESAM 21 =28% 3.8 ps sech’
SESAM 3 1 =16% - _ —
% 200l AA CWIIL 3 A 3 [ FWHM = 2.3 nm
] amy = |1 & st
H > >
° - | A £ 45 =
Q A ] ~ [
- A < st
5- T : /’. E £ 20I17 20I22 20I27
8 L A A [ ] cwmL [ wavelength (nm)
o ! (a) (b)
0 | a4 a*%am, . ! . I 0.0
200 600 1000 1400 10 -5 0 5 10 15 20 25
Absorbed pump power (mW) Delay (ps)
1.0} SEsAM2 ¢ Measured 1.0} SEsAm3 e Measured
2.9 ps sech? 2.7 ps sech’
3 1 5 [[FWHM =26 nm 35 | 5 [FWAM=2.0nm
s sl s s
2 > 2 2
2 0.5 2 | g 0.5 g
) 2 [ 2
- el LA | = e
= L 2017 2022 2027 = L 2017 2022 2027
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10 -5 0 5 10 15 20 25 T 10 -5 0 5 10 15 20 25
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Fig. 4. Mode-locked Tm:LuAG ceramic laser. (a) Output power versus absorbed pump power
for the different GaSb-based SESAMs (3% OC). (b)-(c) Autocorrelation functions and optical
spectra (insets) of the shortest generated pulse at maximum average output power for the three
different SESAMs.
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Best performance with respect to average output power (270 mW) and slope efficiency
(28%) was obtained with SESAM no. 2. However compared to SESAM no. 1 the CW-ML
operation started at a rather high intracavity average fluence on the SESAM of F, = 503
wJ/em? and the stability range was narrower in terms of absorbed pump power [Fig. 4(a)]. The
pulses were shorter, 7 = 2.9 ps, compared to SESAM no. 1 but the amplitude of the satellite
increased to about 7% of the main pulse at the same separation [Fig. 4(c)]. This led to
observable modulation in the spectrum. The corresponding TBP of 0.55 is slightly closer to
the TBP limit compared to SESAM no. 1.

The performance of SESAM no. 3 was superior in terms of the CW-ML operation range,
extending from 700 mW up to the maximum pump power applied [Fig. 4(a)]. The pulses
were as short as 2.7 ps (average output power: 232 mW) while the satellite amplitude was
about 3% of the main pulse. This is illustrated in Fig. 4(d) together with the spectral
modulation (inset). Here the corresponding TBP is the best and amounts to 0.40.

For SESAM no. 1 and no. 2 the fundamental mode-locking turns in a multi-pulsing
regime for an absorbed pump power of >1 W which is connected with damaging [Fig. 4(a)].
In all cases, the satellite separation from the main pulse was exactly 16 ps, which closely
matches with the roundtrip time in the SESAM’s GaSb substrate. In other words, a part of the
pulse energy, incident upon the SESAM, is transmitted through the DBR and reflected back
from the back surface of the GaSb substrate, leading to formation of the satellite pulse. This
spurious Fabry—Pérot (FP) effect is also confirmed by the modulation of the emission spectra
in Fig. 4 (AApeq = 0.8 nm), which correlates with the free-spectral range of the ~520 pm thick
GaSb substrate. We are convinced that the detected FP in the SESAM structure has no
bandwidth-limiting effects for the mode-locked operation of the Tm:LuAG oscillator. We
achieved sub-ps pulses with >9 nm bandwidth (FWHM) at 2020 nm with Tm:CALGO as
active medium using a similar SESAM (same FP “sub-structure”) [31]. It should be noticed
that, the FP effect, can be easily suppressed by adding a few more layer pairs to the DBR
and/or by further roughening the SESAMs back surface.

£2F (a) RBW =30 kHz| = 20 (b) — | RBW=100Hz
o S o B
= T 40
>-40F 2> s
‘w | @ ol
5 S 80 dBc
-] 60} -
) s -80|-
S - S i
g g
'E 80| &—1 00
0.0 0.2 0.4 0.6 0.8 1.0 92.50 92.55 92.60 92.65 92.70 92.75
Frequency (GHz) Frequency (MHz)

Fig. 5. Radio frequency spectra of the mode-locked Tm:LuAG ceramic laser using SESAM no.
3: (a) 1.0 GHz wide-span, (b) fundamental beat note (RBW: resolution bandwidth).

The stability of the mode-locked Tm:LuAG ceramic laser was characterized by the
measurement of the radio frequency (RF) spectra and the results for SESAM no. 3 are shown
in Fig. 5. The narrow band fundamental beat note was centered near 92.7 MHz with a high
extinction ratio of 80 dB above noise level [Fig. 5(b)]. The RF spectra indicate a stable and
clean CW mode-locking without Q-switching instabilities. This holds also when operating the
laser in the CW-ML mode using SESAMs no. 1 and no. 2, with similar extinction ratios
around 80 dB above noise level.
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5. Conclusion

Thulium doped LuAG ceramics has been studied in CW and passively mode-locked lasers.
The CW laser was characterized by a high slope efficiency of up to 61% and a total
wavelength tuning range of 280 nm. Using GaSb-based SESAMs, the Tm:LuAG ceramic
laser delivered pulses as short as 2.7 ps with an excellent stability. The stable self-starting
mode-locked performance is evidenced by the extinction ratio of 80 dB above carrier of the
first beat note in the RF spectrum. It crucially depends on the applied anti-resonant GaSb-
based SESAMs exhibiting recovery times <5 ps. Compared to the so far only report on
Tm:LuAG crystal laser mode-locked by a SESAM, one order of magnitude shorter pulses and
two orders of magnitude better pulse contrast are achieved [25]. With respect to the
previously reported performance of a mode-locked Tm:YAG ceramic laser, higher efficiency
and output power are demonstrated at comparable pulse characteristics [26]. The exploitation
of the great potential of Tm:LuAG ceramics for ultrashort pulse generation in the 2 pm
spectral range will be the focus of further studies.
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