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Abstract: We demonstrate efficient passively Q-switched laser operation, based on
Tm3þ:LiGdF4 and Cr2þ:ZnSe, as active medium and saturable absorber, respectively.
The polarized emission was centered at 1876 nm, with pulse parameters of 13 ns (dura-
tion), 467 �J (energy), and 37 kW (peak power) at a repetition rate of 350 Hz.

Index Terms: Diode-pumped, solid state, Q-switched, infrared laser.

1. Introduction
Lasers based on the Tm3þ-ion (Tm) emission near 1.9 �m are interesting for many medical appli-
cations [1], remote sensing (LIDAR) and pumping Ho3þ (Ho)- [2], [3] and Cr2þ (Cr)-lasers [4], as
well as optical parametric oscillators (OPOs) for frequency down-conversion into the mid-IR. Al-
though, very recently, continuous-wave (CW) operation of orientation-patterned GaAs (OPGaAs)
based OPO was also demonstrated, such devices normally require short pulses from Q-switched
Tm- or Ho-lasers to reach the threshold without optical damage and achieve sufficient conversion
efficiency. High pulse energy and peak power are advantageous for these applications since
they can be obtained at relatively low average power if compared with the CW regime of oper-
ation. Furthermore, the most promising nonlinear materials, ZnGeP2 and OPGaAs exhibit re-
sidual or two-photon absorption at shorter wavelengths. While energies of the order of 10 mJ
have been demonstrated by active Q-switching and pulsed pumping of bulk Tm-lasers [5], pas-
sive Q-switching (PQS) is much simpler and cheaper for realization and more importantly, short-
er pulses are generated with higher peak power, which is advantageous for OPO pumping.

In recent years, PQS of diode-pumped solid-state (DPSS) lasers by the use of intracavity
saturable absorber (SA) was successfully demonstrated in several CW-pumped, bulk Tm-doped
materials. Those include, yttrium aluminium garnet YAG [6], yttrium aluminium perovskite YAP [7],
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monoclinic double tungstates V KYðWO4Þ2 (KYW) [8], KLuðWO4Þ2 (KLuW) [9], and fluorides V
LiYF4 (YLF) [10], LiLuF4 (LLF) [11], and BaY2F8 (BYF) [12], in combination with different SAs,
such as Cr:ZnSe [6] and Cr:ZnS [9]–[12] crystals/ceramics, PbS quantum dots [8], and InGaAs/
GaAs semiconductor based SAs [7].

Best results in PQS of DPSS lasers around 1.9 �m, in terms of pulse energy and peak power
have been achieved with Cr:ZnS and Cr:ZnSe SAs. Such SAs were successfully employed in
Tm:YAG, Tm:KYW, and Tm:KLuW, as well as in co-doped Yb,Tm:KYW [13] lasers. While mono-
clinic double tungstates are known for their high cross sections, they exhibit one of the shortest
lifetimes. Such properties are more adequate for mode-locking, however, in PQS, long upper
state lifetimes of the active medium ensure high energy storage capability and consequently
pulses of higher energy can be generated. It is well known that fluoride hosts, due to their low
phonon energies, exhibit the longest lifetimes for rare earth dopants [14]. Indeed, using Tm:YLF
[10] and Tm:LLF [11], combined with Cr:ZnS SAs, we achieved the highest so far pulse
energies V on the millijoule level, the shortest pulse durations � G 10 ns, and the highest peak
powers � 9 100 kW, for any DPSS PQS Tm laser. Such peak powers already exceed the best
values reported for flashlamp pumped PQS systems, like Tm:YAG, in combination with Cr:ZnSe
SA [15].

In the present work, we investigate the PQS performance of Tm-doped LiGdF4 (GLF). This is
a relatively new laser crystal isomorphous to the well-known YLF and LLF, in which the dopant
substitutes Gd3þ host ions. Although, CW [16], [17] and mode-locked [18] operation of Tm:GLF
were previously studied, to the best of our knowledge, this is the first report of Q-switching of
this laser medium. The values for the maximum emission cross section (3:1� 10�21 cm2 at
1877 nm for � polarization) and fluorescence decay time of the 3F4 manifold (16.0 ms) derived
in [17] are comparable and even slightly higher than those found for other fluorides [19], [20].
This makes Tm:GLF, combined with the simplicity of PQS, another very attractive material for
generation of short laser pulses and high peak powers in the 1.9 �m wavelength range.

2. Experimental Set-Up
For our experiments, an L-shape hemispherical resonator as shown in Fig. 1 was employed.
This scheme was chosen for the non-absorbed pump power not to reach the SA, an effect caus-
ing instabilities in simple two-mirror cavities. The pump beam is delivered through the plane
mirror ðM1Þ, antireflection (AR) coated for the pump wavelength and high reflection (HR),
> 99:9%, coated for 1800–2090 nm. As output coupler (OC, M3) we used curved mirrors with ra-
dius of curvature of �75 mm and transmission TOC ¼ 5%, 10%, and 20% (at 1900 nm). The fold-
ing mirror ðM2Þ was plane, highly transmitting (HT) for the pump and HR for the laser radiation
at 45�. The pump source was a fiber-coupled (NA ¼ 0:15, 105 �m core diameter) AlGaAs diode
laser delivering 9 10 W unpolarized beam. The pump power incident on the Tm:GLF crystal was
limited to 1.9 W to avoid any risk of optical damage. The wavelength of the pump laser was tem-
perature-tuned to 792.5 nm, which is the second highest absorption peak of Tm:GLF for �

Fig. 1. Set-up of the PQS Tm:GLF laser. M1: dichroic pump mirror, M2: HR-laser, HT-pump mirror,
M3: output coupler.
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polarization V �abs¼5:0� 10�21 cm2, with a ��ðFWHMÞ¼4:5 nm [16]. The focal spot achieved
in the position of the crystal with an f ¼ 60 mm lens assembly had a diameter of 230 �m.

The Tm:GLF sample we used was 2.7 mm thick with a-cut and aperture of 3:40ðaÞ�
3:11ðcÞ mm2, doped with 8 at.% of Tm (N ¼ 1:07� 1021 at/cm3). It was uncoated and mounted
with two lateral surfaces in contact with a Cu holder, cooled by circulating water at 18�C for heat
dissipation. For PQS, it is required that the absorption cross section of the SA is higher than the
emission cross section of the gain material or in more general treatment these cross sections
shall be normalized to the corresponding intracavity beam cross sections. Cr:ZnS absorption
maximum is at 1680 nm, with peak absorption cross-section �gsa ¼ 10:0� 10�19 cm2, whilst
Cr:ZnSe absorption maximum is shifted by 100 nm to longer wavelengths at 1780 nm, with
�gsa ¼ 11:0� 10�19 cm2 [21]. Moving to longer wavelengths, the difference in the ground state
absorption becomes greater, and in the spectral region around 1900 nm the ground state ab-
sorption of Cr:ZnSe is nearly twice higher than that of Cr:ZnS. Thus, polycrystalline Cr2þ:ZnSe
was chosen in the present work as SA. The sample available (IPG Photonics) was specified
with low signal transmission (corrected for Fresnel reflections) of T0ð1910 nmÞ ¼ 85% which is
equivalent to T0ð1880 nmÞ ¼ 82%. It was AR-coated which reduced the Fresnel reflection to
G 0:5% per surface at 1910 nm. The SA element was 1.81 mm thick with lateral dimensions of
3:6� 7:2 mm2. The separations L1 and L2 on Fig. 1 were 50 mm and 21 mm respectively, in
both CW and PQS regimes. The Gaussian diameter of the TEM00 mode was calculated to be
232 �m in the Tm:GLF crystal and 715 �m in the SA, which ensured operation in the fundamen-
tal transversal mode. With the peak Tm emission cross section at 1877 nm for �-polarization
[17], this gives a ratio of � 30 for the normalized cross sections of the SA and Tm:GLF.

3. Results and Discussion
The performance of the Tm:GLF laser was first studied in CW regime of operation and after that
in PQS. CW operation was realized with the three different OCs up to absorbed pump power of
�1:0 W. The crystal absorption was measured to be on average 57.0% in lasing conditions,
slightly decreasing with the pump power, from 59.0% at threshold, to 55.9% at 1.0 W. The ab-
sorption results shown on Fig. 2(a) are with the TOC ¼ 10%, but the absorption was the same
with the other two OCs. Maximum output power of 382 mW and slope efficiency of 52.4% were
achieved with TOC ¼ 10% [see Fig. 2(b)]. The slope efficiencies and output powers were similar,
but slightly lower with the other two OCs. The laser output was always �-polarized (Ekc). The
central wavelength shifted slightly when increasing the transmittance of the OC, from 1902 nm
for TOC ¼ 5% to 1880 nm for TOC ¼ 10%, and 1878 nm for TOC ¼ 20%, as expected when high-
er inversion is required in the three-level Tm-laser system.

With the SA inside the cavity for PQS operation, the best results, in terms of pulse energy,
duration, and peak power, were achieved with TOC ¼ 20%. We have chosen to start with the

Fig. 2. (a) Absorption of the Tm:GLF crystal versus incident pump power measured with
TOC ¼ 10%. (b) CW output power versus absorbed pump power (symbols) and linear fits (lines) for
calculation of the slope efficiency � for the three different OCs.
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highest output coupler transmission, in order to prevent damage in the active element. The maxi-
mum average output power reached 152 mW, at an absorbed pump power of 1.0 W, correspond-
ing to slope efficiency of 29.8% [see Fig. 3(a)] and 42.5% of Q-switching to CW extraction
efficiency at maximum power. The output pulses were monitored with a high speed InGaAs
photodiode (9 12.5 GHz at 2 �m) and a 1 GHz oscilloscope. The results in terms of repetition
rate, pulse duration, single pulse energy and peak power are summarized in Fig. 3(b). The repeti-
tion rate increases from 30 to 350 Hz with the pump power. The pulse duration was almost con-
stant V 13 ns. The maximum pulse energy reached 467 �J, and the maximum peak power
reached 37 kW. These values were measured close to the PQS threshold corresponding to
absorbed pump power of 0.59 W, average output power of 14 mW and pulse repetition rate of
30 Hz. With the increase of the pump power the pulse energy increased up to a certain point,
and then started to decrease. Thus, if the measurements near the threshold where the overall
performance was not very stable are excluded, maximum pulse energy of 441 �J and peak
power of 35 kW (of the same order of magnitude), corresponding to much higher average out-
put power of 128 mW at a repetition rate of 290 Hz, were obtained for absorbed pump power
of 0.96 W.

The typical shape of the Q-switched pulses and the pulse train at maximum pump power are
shown in Fig. 4. As in the CW regime, the output in PQS was �-polarized. The central wave-
length was slightly shorter, 1876 nm, due to the increased overall cavity losses for the three-
level Tm-laser system.

The output spectra with TOC ¼ 20% are shown on Fig. 5(a) for CW and in the inset for PQS
mode of operation. The central wavelengths correspond to the main emission peak for this po-
larization identified at 1878 nm in [17]. The computed gain coefficient N�gain of Tm:GLF is

Fig. 3. (a) Output power in CW and PQS regimes versus absorbed pump power (symbols) and
linear fits (lines) for calculation of the slope efficiency �. (b) Pulse characteristics in the PQS regime
versus absorbed pump power.

Fig. 4. Q-switched pulse shape recorded at maximum pump power. The inset shows the pulse train.
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shown in Fig. 5(b) for four inversion rates, i.e., � ¼ 0:15, 0.2, 0.3, and 0.4, with the gain cross
section defined by �gain ¼ ��emi � ð1� �Þ�abs, where �emi and �abs are the emission and absorp-
tion cross sections at room temperature. Compared to Tm:YLF and Tm:LLF the fluorescence
peaks for both � and � polarizations are shifted to slightly shorter wavelengths and this is seen
in the emission spectra of the short pulse lasers, too [10], [11]. However, the more significant
distinct feature compared to these isomorphs is that in Tm:GLF the � polarization almost
completely overlaps with the stronger � polarization, and as evident from the CW performance
there is no polarization switching, when wavelength exceeds 1900 nm in contrast to the other
two hosts [10], [11].

In order to increase the output energy and shorten the pulse duration we inserted another
SA with lower initial transmissionVCr:ZnSe with T0ð1910 nmÞ ¼ 76% corresponding to
T0ð1880 nmÞ ¼ 71%. PQS operation was achieved very briefly, after which the output power
dropped to zero, and after few attempts we found evidence for laser induced damage, closer
to the entrance surface (for the pump beam) in the Tm:GLF crystal, as can be seen in Fig. 6.
The cavity mode size is slightly smaller at this surface.

The occurrence of damage spots could be attributed to the poor quality of the laser crystal.
As shown in Fig. 6(a), many small micro-defects inside the crystal were present even before
starting the laser experiments. They are related to the extreme difficulty in the growth process of
Tm:GLF. In fact GLF is strongly incongruent and it is not possible to grow more than about 30%
of the raw material loaded in the crucible. Moreover additional structure stress is introduced by
the substitution of Gd by Tm. In any family of rare earth hosts, that is the most difficult, due to
the largest difference in the ionic radii compared to Y and Lu. For fluoride hosts, which is our
case, the radii of these elements are as follows: YV97.7 pm (in YLF), LuV101.9 pm (in LLF),
GdV105.3 pm (in GLF), and for TmV99.4 pm [22]. These numbers are taken from [22, Ref. 10] for
a coordination number of 8. All these occurrences can result in the formation of micro-defects in-
side the crystal, as is evident in Fig 6.

Fig. 5. (a) Output spectra of the Tm:GLF laser in CW and PQS (inset) regimes with TOC ¼ 20%.
(b) Tm:GLF �-polarized gain coefficient for four values of the inversion parameter �.

Fig. 6. Tm:GLF crystal (a) before and (b) after the PQS experiment with the T0ð1910 nmÞ ¼ 76% SA.
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4. Conclusion
In conclusion, we demonstrated PQS of a DPSS Tm:GLF laser, for the first time. Pulse duration
as short as 13 ns, with moderate pulse energy and high peak power, i.e., 467 �J and 37 kW,
were achieved using Cr:ZnSe as a SA. These initial results are better compared to different Tm
hosts such as garnets and double tungstates. However, they are still inferior compared to the
other two fluoride isomorphs (Tm:YLF and Tm:LLF). We attribute this to the inferior quality of
the available Tm:GLF crystal sample. We believe that with better optical quality samples, higher
energies and shorter pulse durations could be achieved with this promising new material. The
advantage in comparison to the other fluoride materials is the stable intrinsic polarization selec-
tion which also supports a different (somewhat shorter) oscillation wavelength.
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