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We report on the first demonstration of a diode-pumped
Tm:LuScO3 laser. Efficient and broadly tunable continu-
ous wave operation in the 1973 - 2141 nm region and
femtosecond mode-locking through the use of an ion-
implanted InGaAsSb quantum-well-based SESAM are
realized. When mode-locked, near transform limited
pulses as short as 170 fs were generated at 2093 nm with
an average output power of 113 mW and a pulse repeti-
tion frequency of 115.2 MHz. Tunable picosecond pulse
generation was demonstrated in the 2074 - 2104 nm
spectral range.

OCIS codes: (140.7090) Ultrafast lasers; (140.4050) Mode-locked lasers;
(140.5680) Rare earth and transition metal solid-state lasers (140.3070)
Infrared and far-infrared lasers.
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The development of efficient, low-cost and robust ultrashort
pulse lasers in the ~ 2 - 2.1 um spectral region is required for
many application areas in the mid-infrared (mid-IR) photonics
sector [1]. In particular, such high peak power lasers can be used to
efficiently access the deeper mid-IR region through optical para-
metric frequency conversion techniques, utilizing nonlinear crys-
tals such as ZGP [2] and OP-GaAs [3], or supercontinuum gener-
ation in highly nonlinear fibers [4]. Such mid-IR frequency comb
systems [5] are of particular interest for high precision spectros-
copy [6], environmental monitoring[7], and medical diagnos-
tics [8]. Compact and efficient ultrafast 2 pm lasers can also be
used as seed sources for developing high energy amplifier systems
operating in the ~ 2 - 7 um region [9] which will benefit many
applications from the areas of pulsed laser deposition [10] and
strong-field physics [11], as well as the development of tabletop X-
ray coherent sources [12] and minimally invasive surgery [13].

Tm?3*-doped and Tm3*, Ho%*-codoped gain media are excellent
candidates for the development of high-power, broadly tunable
and compact lasers in the 1.9 - 2.1 um region due to their ability to
be diode-pumped at around 800 nm while the presence of efficient
cross relaxation energy transfer processes increase laser quantum
efficiency.

Tm3+-doped cubic sesquioxides RE:0s (RE=Lu, Sc, Y, or any
LusScyY: composition, where a + b + ¢ = 1) occupy a prominent
position amongst other Tm3**-doped gain media. They possess
advantageous thermo-mechanical properties and spectroscopic
features that make them ideal for high power lasers development
in the 2 - 2.1 pm region [14]. In contrast to most Tm3*-doped
crystalline and amorphous gain media, their broadband emission
spectra extend well beyond 2 pm allowing efficient femtosecond
pulse operation close to 2.1 pm. Previously, Tm3*-doped Luz03 in
the form of crystals and ceramics have generated sub-200 fs pulses
near 2070 nm through the use of a single-walled carbon nanotube
saturable absorber[15] and an InGaAsSb quantum-well-based
semiconductor saturable absorber mirror (SESAM) [16]. Pulses as
short as 218 fs and 166 fs at around 2100 nm were produced with
Tm:Sc203 crystals employing SESAM or Kerr-lens mode-locking
techniques, respectively [17,18]. Further reduction of pulse dura-
tion was realized using Tm3-doped mixed sesquioxide host
LuScO3 which combines the optical properties of Tm:Luz203 and
Tm:Sc203 resulting in a broad, smooth and relatively flat gain spec-
trum extending from 1.95 pm to 2.15 pm [19]. While the lower
thermal conductivity of LuScOs (3.9 W/(m-K) [19]), compared to
other sesquioxides, could limit its use for high power operation,
the benefits the host brings in terms of its spectroscopic properties
for ultrashort pulse generation are indispensable. Indeed, a mode-
locked (ML) Tm:LuScOs crystalline laser [20] has demonstrated a
105 fs pulse duration and, more recently, pulses as short as 63 fs
were generated with an output power of 34 mW from a
Tm:LuScOs mixed ceramic laser [21]. However, it should be high-
lighted that all the above achievements were realized using high



beam quality Ti:sapphire lasers or Er:Yb fiber MOPA as pump
sources. Such pump sources are expensive, bulky, offer limited
pump powers and represent a major obstacle towards devel-
opment of practical ultrafast lasers near the 2 pm region. Commer-
cially available AlGaAs-based laser diodes operating around 800
nm on the other hand offer a considerably more compact and less
expensive pump source option capable of higher power operation
that can match the main absorption wavelengths of Tm3*-doped
laser crystals. However, the development of a diode-pumped
ultrafast Tm3*-doped laser is not a trivial task due to poor pump
beam quality resulting in a lower efficiency, higher thermal load, Q-
switching instabilities, and weaker self-phase modulation inside
the gain medium. Indeed, the range of diode-pumped mode-locked
Tm?3*-doped lasers reported to date is rather limited with only a
few demonstrations of sub-picosecond operation (Fig. 1). Recently
we reported a diode-pumped Tm:Luz03 ceramic laser producing
240fs pulses with an average power of up to 500 mW [22].
Combining the unique optical properties of the Tm:LuScOs gain
medium with a compact and efficient laser diode pump
configuration will allow the realization of low-cost and practical
femtosecond lasers, broadly tunable in the 2 - 2.1 um wavelength
range suitable for many mid-IR application areas including seeding
of existing Tm and Ho amplifier systems.
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Fig. 1. State-of-the-art performance summary of diode-pumped mode-
locked Tm3*-doped solid-state lasers in the ~ 2 - 2.1 um spectral re-
gion [22-31].

measured to be 17 and 1.2 for x and y directions, respectively. The
pump beam was first collimated in the fast axis by a 3.1 mm focal
length aspheric lens (L1) before passing through a pair of
cylindrical lenses (LZ and L3; focal lengths of -7.7 mm and
200 mm, respectively) for beam expansion and collimation in the
slow axis. The collimated beam was then focused using a 100 mm
achromatic doublet lens (L4) to a measured pump waist radii of 43
pum X 23 pum at the position of the gain crystal. The pump beam
steering dielectric mirror (SM) was used to minimize the overall
set-up footprint. The four mirror laser cavity consisted of a plane-
wedged high-reflectivity mirror (HR), two curved mirrors with the
radius of curvature of 75 mm (M1 and M2) and a plane-wedged
output coupler (OC). A plane-plane, 4 mm long, 3 mm x 3 mm in
aperture, antireflection coated, 4 at% Tm?3*-doped LuScOs (LC)
crystal was used for all laser experiments. It was grown by the heat
exchanger method in a rhenium crucible as described in [19]. The
crystal was mounted onto a heatsink which was maintained at
20°C by using a thermoelectric cooler device. The laser cavity
waist within the laser crystal was calculated to have radii of 24 um
X 21 pm. Apart from the OCs, all cavity mirrors were coated for a
high reflectivity at 1900 - 2100 nm and a high transmission at
around 800 nm. The OCs had transmissions of 1%, 2%, 4% and
5% between 1900 nm and 2100 nm.
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Fig. 2. Experimental setup for CW and ML characterization of the
Tm:LuScOs laser. In ML operation two GTI type mirrors (GTM1 and
GTM2) are inserted into the long arm of the cavity and the HR mirror is
replaced with a SESAM. BRFs shown were used for tuning in both CW
and ML operation.

Here we report, for the first time to our knowledge, a diode-
pumped, passively ML Tm:LuScOs laser. Near transform-limited
pulses as short as 170 fs were generated at a center wavelength of
2093 nm with an average output power of 113 mW. In addition,
tunable picosecond pulse generation was realized in the 2074 -
2104 nm range. Continuous wave (CW) characterization was also
undertaken under direct diode pumping, demonstrating slope
efficiencies of up to 33% corresponding to a maximum output
power of 660 mW at 2102 nm. In the CW regime a tunable band-
width of 75 nm at full width at half maximum (FWHM) was rec-
orded highlighting the potential of this medium for the generation
of even shorter pulses.

The CW and ML performance of the laser were characterized
using a four mirror z-fold cavity design, as shown in Fig. 2. A mul-
timode laser diode (LD) with emitting area of 90 X 1 um? operating
at 793 nm with a maximum output power of 4 W was used as a
pump source. The pump beam quality parameter, M? was

The maximum CW output power of 660 mW was achieved using
a 2% OC with a corresponding slope efficiency of 33% at 2102 nm.
A laser threshold of 194 mW of absorbed pump power was meas-
ured (Fig. 3(a)). The gain element absorbed about 67% of the
pump radiation. It should be noted that further increase in the
output coupling resulted in a laser efficiency drop due to presence
of up-conversion losses originating from the upper laser level 3F4 of
Tm3*. The tunability of the laser was investigated by inserting a 1.6
mm think quartz birefringent filter (BRF) at Brewster’s angle into
the long arm of the cavity. Using the 2% OC a tuning range of 1973
- 2141 nm was recorded (Fig. 3(b)) with a FWHM bandwidth of
75 nm.

For ML operation the laser cavity was altered so that it operated
in stability region Il producing a second intracavity beam waist
with an average radius of 110 pm on the SESAM without the need
for implementation of additional cavity optics. The SESAM device
was an ion-implanted InGaAsSb quantum-well-based structure
characterized by a low-signal reflection of 99.5-98.1% in the 2 -
2.1 pm range, modulation depth and nonsaturable loss of 1% and



0.9%, respectively, at 2100 nm and a saturation fluence of ~ 50
W /cm?[32]. The SESAM element was mounted on a brass heatsink
maintained at a temperature of 20 °C. Two Gires-Tournois
interferometer (GTI) type high-reflectivity mirrors with -500 fs?
group delay dispersion (GDD) per reflection at 2 - 2.1 pm were
inserted into the long arm of the cavity. Two reflections at each
mirror introduced a round-trip dispersion of -4000 fsZ
Additionally, a dispersion of around -300 fs? was added from the
gain medium resulting in a total round-trip GDD of -4300 fs?
assuming a negligible GDD from the antiresonant Fabry-Perot
SESAM structure at around 2100 nm.
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Fig. 3. (@) CW power characteristics for the Tm:LuScOs laser . (b) The
tuning curve achieved from the laser using the 2% OC with the bire-
fringent filter.

ML operation was first demonstrated using the 1% OC. By grad-
ually increasing pump power the self-starting transition between
CW and Q-switched ML (QML) operation was observed at an aver-
age output power of 49 mW, while the transition to continuous
wave single pulse ML (SP-ML) operation was observed at an aver-
age output power of 78 mW (Fig. 4(a)). The intracavity laser field
fluence on the SESAM at the mode-locking threshold was esti-
mated to be 113 pJ/cm? The laser cavity beam waist inside the
gain medium was estimated to be 27 pm x 14 pm at such
optimized mode-locking conditions. Single pulse operation was
maintained up to a maximum average output power of 113 mW.
Beyond this point multiple pulse (MP) mode-locking was
observed. Near transform limited pulses with duration of 170 fs
(assuming a sech? intensity autocorrelation profile) were recorded
at an average output power of 113 mW (Fig. 4(b)). The
corresponding optical spectrum at 2093 nm, seen in Fig. 4(c), had a
FWHM of 27.7 nm indicating a time-bandwidth product of 0.32.
Stable mode-locked operation was confirmed by the radio
frequency (RF) spectrum (Fig. 4(d)) which shows the fundamental
beat note at 115.23 MHz with an extinction ratio of 71 dB above
the carrier, while a 1 GHz span showed no Q-switching instabilities
and a near constant extinction ratio over the harmonic beat notes.
Additionally, single pulse operation was monitored by
autocorrelation traces with the maximum span of up to 50 ps and
mode-locked pulse trains recorded using a high-speed
photodetector.

Switching to a 2% OC resulted in a maximum average output
power of 190 mW (Fig. 5(a)) during SP-ML limited only by the
available pump power. In this case, self-starting QML was ob-
served first at 127 mW of average output power followed by a
transition to SP-ML at 171 mW which was maintained up to the
maximum generated power of 190 mW where pulses as short as
198 fs were produced (Fig. 5(b)). The threshold for mode-locking
was estimated to be at an intracavity fluence on the SESAM of 145

W /cm?. The corresponding optical spectrum was found to center
at 2094 nm with a bandwidth of 24 nm (Fig. 5(c)) implying a time-
bandwidth product of 0.33. The RF spectrum (Fig. 5(d)) recorded
with a span of 200 kHz and resolution bandwidth (RBW) of 200 Hz
shows the fundamental beat note at 115.26 MHz with an extinc-
tion ratio of 71 dB above the carrier with no Q-switching instabili-
ties observed. The output beam quality of the laser was deter-
mined by performing an M? measurement using a scanning slit
beam profiler in combination with a 75 mm plano-convex lens.
The results of the measurements showed a slightly astigmatic
focus and M2 values of 1.1 in both the horizontal and vertical direc-
tions.

s MP
a 1.01b
‘E’ 150 ) e - ) sech” fit
g SP-ML__ 2
2100 = T =170fs
g amL . = 4
5 205 AvAT=0.32
3 50 r g
2 cw,,. =
2 ol 0.0}
< 0 500 1000 1500 2000 “1.0 -05 0.0 0.5 1.0
Absorbed pump power (mW) Delay (ps)
-40
1.01€) 3 d) T
= L m -60
3 %.= 2093 nm S o f=115.23 MHz
B 277 om g - RBW = 200 Hz
2 ) g -100
L w
1= x -120
0,0 -140
20000 2100 2200 115.15 11522 115.29

Wavelength (nm)

Frequency (MHz)

Fig. 4. (a) Power characteristics of the ML Tm:LuScO3 laser with the 1%
OC. The autocorrelation trace with sech? fit (b), emission spectrum (c),
and 200 kHz span RF spectrum (d) for a 170 fs pulse at 113 mW aver-
age output power.
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Fig. 5. (a) Power characteristics for ML operation with the 2% OC. The
autocorrelation trace with sech? fit (b), emission spectrum (c), and
200 kHz span RF spectrum (d) for a 198 fs pulse at 190 mW.

Tunability of the ML Tm:LuScOs laser was investigated using a
1.6 mm thick quartz BRF (Fig. 2) with the 1% OC and at 1.7 W of
incident pump power (1.1 W of absorbed power). Tunable
picosecond pulses were recorded in the range of 2074 - 2104 nm



(Fig. 6(a)) with the maximum output power of 55.4 mW around
2090 nm. For wavelengths shorter than 2088 nm QML behavior
was observed while stable ML operation was observed for
wavelengths longer than 2088 nm and up to 2104 nm. The
autocorrelation trace and optical spectrum for the laser tuned to
2094 nm can be found in Fig. 6(b) and Fig. 6(c), respectively,
indicating the generation of slightly chirped 2.06 ps pulses. It is
believed that due to the strong spectral filtering of the BRF the
laser operated in non-soliton mode-locking regime and at such
conditions the pulse duration was dictated by the relaxation
dynamic of SESAM.
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Fig. 6. (a) Tunability of the Tm:LuScOs laser during ML operation. An
autocorrelation trace and optical spectrum for the laser tuned to 2094
nm are shown in (b) and (c) respectively.

In conclusion, we have demonstrated, for the first time to our
knowledge, a diode-pumped Tm:LuScOs laser. During initial CW
characterization a maximum output power of 660 mW was gener-
ated with the corresponding slope efficiency of 33% at 2102 nm. A
tunability range of 1973 - 2141 nm was demonstrated. When
mode-locked, near transform-limited pulses as shortas 170 fs with
an average output of 113 mW at 2093 nm have been generated.
This represents the shortest pulse duration achieved from any
diode-pumped Tm laser in the 2 - 2.1 pm region. Under different
output coupling conditions, a higher average output power of
190 mW was achieved with the pulse duration of 198 fs at
2094 nm. Tunable picosecond pulse operation has also been
demonstrated in the range of 2074 - 2104 nm. With the perfor-
mance reported in this work, there is potential for this source to be
developed into an overall compact and efficient seed laser for
further amplification and spectral broadening deeper into the mid-
infrared region.
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