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Abstract.  Laser characteristics of a 5 %Tm : KLu(WO4)2 Nm-cut 
minislab laser passively Q-switched by a Cr 2+ : ZnSe saturable 
absorber are presented. At a pump power of 21 W, the average laser 
power at a wavelength of 1.91 mm was 3.2 W (pulse duration 35 ns, 
pulse energy 0.3 mJ). The maximum slope efficiency of the laser in 
the Q-switched regime was 31 %; the loss in power with respect to 
the cw regime did not exceed 17 %. At pump powers above 15 W, 
the dependence of the output power in the Q-switched regime on the 
pump power considerably differed from linear, which was explained 
by the formation of a thermal lens in the saturable absorber volume. 
The experimental energies and durations of laser pulses well agree 
with the values calculated from rate equations.

Keywords: passive Q-switching, slab laser, diode pumping, thulium 
laser, Cr 2+ : ZnSe saturable absorber.

1. Introduction

Two-micron lasers are of considerable interest for a number 
of applications, such as ecological monitoring, medicine, and 
pumping of optical parametric oscillators [1 – 3]. Crystals and 
ceramics doped with trivalent thulium are promising materi-
als for designing highly efficient lasers operating on the 
3F4 – 3H6 transition with high average and peak powers [4 – 6]. 
Optimisation of thulium concentration in active elements 
allows almost a twofold increase in the quantum yield upon 
pumping into the 3Н6 – 3H4 (~0.8 mm) due to high cross-relax-
ation rates [7, 8]. Diode-pumped thulium lasers have demon-
strated excellent (in some cases exceeding 50 %) optical effi-
ciency in the cw and quasi-cw regimes [9 – 11], broad (up to 
200 nm) tuning range [10, 11], and high peak powers in the 
passive and active Q-switching regimes [12 – 14].

It is of interest to study passive Q-switching (PQS) of 
lasers based on double potassium – rare-earth tungstates 
doped with trivalent thulium. Since the cross sections of the 
3F4 – 3H6 laser transitions in Tm : KRe(WO4)2 crystals (where 

Re is Y, Gd, or Lu) are about (1 – 4) ´ 10–20 см2, which is an 
order of magnitude larger than the cross sections for 
Tm : YAG, Tm : YAP, Tm : Lu2O3, and other crystals [15, 16], 
one should expect that laser pulses in the PQS regime will be 
much shorter with a corresponding increase in their peak 
power. In particular, PQS of a Tm : KLu(WO4)2 microchip 
laser with an average power up to 150 mW was studied in 
detail in [6]; the pulse duration and peak power at wavelength 
l = 1.85 mm were 0.78 ns and 33 kW, respectively. In the pres-
ent work, we used PQS of a laser with a 5 %Tm : KLuW min-
islab active element, which allowed us to increase the aver-
age laser power to several watts at a total optical efficiency 
of 15 % and to achieve a laser pulse peak power higher than 
40 kW.

2. Experiment

All experiments on PQS were performed with a potassium--
lutetium double tungstate 5 %Tm : KLu(WO4)2 (hereinafter 
5 %Tm : KLuW) active element (slab) oriented along the opti-
cal indicatrix axes with the size of 6.06 mm (axis Nm), 0.95 mm 
(axis Np coinciding with crystallographic axis b [17]), and 
0.24  mm (axis Ng). The slab was pumped by a collimated 
beam of a 40-W CS-mount laser diode bar ( l = 806 nm) 
through the upper antireflection-coated face with the size of 
6.06 × 0.24 mm. A highly reflecting coating for the same 
(780 – 820 nm) spectral range was deposited onto the lower 
face of the slab (Fig. 1, see also Fig. 2 from [17]). In all exper-
iments, we used a double-pass pumping scheme and deter-
mined the absorbed power as the difference between the inci-
dent and passed powers.

The saturable absorber (SA) was made of a Cr 2+ : ZnSe 
single crystal grown from the vapour phase [18, 19] and had 
the form of a 3 ´ 5-mm plate 0.26 mm thick; its unsaturated 
absorption at the laser wavelength l ~ 1.91 mm was 2.2 % per 
pass. The plane-parallel faces of the SA were coated with 
dielectric layers with reflection coefficients R = 0.1 % and 
83 % for l = 1.91 mm.

The PQS regime was studied for two cavity types, A and 
B, shown in Fig. 1. Cavity A was formed by a highly reflecting 
concave cylindrical mirror with a cylinder radius of 50 mm, 
which compensated for the negative thermal lens in the active 
element, and a plane output mirror on the saturable absorber. 
The physical length of cavity A was 7.0 mm, i.e., the mirrors 
were very close to the slab faces (gap ~0.1 mm), which com-
pletely corresponded to the optical scheme of [17]. Cavity B 
differed from A by the presence of an intracavity fused silica 
lens with focal length f = +20 mm, both faces of which were 
antireflection coated with R ~ 0.15 %. The highly reflecting 
mirror in cavity B was also placed very close to the active ele-
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ment face and was either cylindrical (radius 50 mm) or plane; 
the distance between the mirror and the lens (~23 mm) was 
determined by the maximum laser power in the quasi-cw 
pumping regime. For experiments with cavity B, the saturable 
absorber was glued to a rectangular leucosapphire plate 7 ´  4  
´ 3 mm in size with one face antireflection coated for a wave-
length of 1.91 mm (see the upper inset in Fig. 2), which allowed 
us to improve heat removal and decrease overheating of the 
Cr 2+ : ZnSe crystal in the lasing region. Since the light field 
propagates from the dielectric coating into a medium with a 
refractive index of ~1.5 (epoxy resin) rather than into the air, 
the transmittance of the output mirror on the saturable 
absorber Toc slightly increased to 19 %.

The pump and laser light powers were measured using an 
Ophir L30A power meter; the shape of laser pulses was 
recorded by a PD24-02 InGaAs photodiode and a Tektronix 
oscilloscope; the time resolution of the system was 1 ns. The 
laser spectra were recorded using an MDR-204 monochro-
mator with a scanning rate of 1 nm min–1 and a PD24-10 pho-
todiode with an almost plane dependence of the photores-
ponse in the range of 1.5 – 2.4 mm; other details of the experi-
ment can be found in [17].

3. Results and discussion

Preliminary experiments on PQS were performed for the 
short cavity A upon quasi-cw pumping. The duration of cur-
rent pulses injected into the laser diode bar was 7 ms at a pulse 
repetition rate of 50 ms, i.e., duty cycle was 0.14. The sequence 

of laser pulses was stable up to an average laser power of 
300 mW, at which the pulse repetition rate during pumping 
was 7.0 kHz (1 kHz on average) with a pulse duration of 7 ns 
(see photograph in Fig. 1, left). Further increase in the aver-
age pump power (above 2.3 W) led to burning-out of the coat-
ing and partial degradation of the SA (photograph in Fig. 1, 
right). Due to a small (100 mm) distance between the SA and 
slab faces, the latter was partially contaminated by the 
burned-out SA fragments. After thorough cleaning of the 
faces, the laser characteristics of the slab in cavity A were 
measured at the plane output mirror transmittance Toc = 19 % 
and a cavity length of 6.6 mm under conditions completely 
identical to the conditions of [17]. In the quasi-cw pumping 
regime, the slope efficiency slightly decreased, from initial 
43 % [17] to 41 %, the lasing threshold being almost unchanged, 
i.e., distortions of the slab face turned out to be insignificant.

All further experiments were performed with cavity B, for 
which the laser fluence in the region of the SA was lower than 
the breakdown threshold (~1 J cm–2) for all pumping regimes. 
Figures 2 and 3 show the laser characteristics for the cavity 
with a cylindrical highly reflecting mirror under quasi-cw and 
cw pumping. According to the data reported, the slope effi-
ciency in the PQS regime (h = 19 %) comprises 83 % of the 
corresponding value (23 %) obtained in the case of using a 
plane output mirror with transmittance Toc = 19 % instead of 
the SA. Note also that the laser pulse duration (t = 35 ns, see 
the oscillogram in Fig. 2) increased approximately propor-
tionally to the increase in the cavity length.

In the case of cw pumping, the dependence of the output 
laser power on the absorbed pump power begins to deviate 
from a straight line as the absorbed pump power exceeds 
15  W; simultaneously, one observes considerable fluctuations 
of the laser pulse energy (Fig. 3). We believe that the deviation 
from a linear dependence is related to the formation of a ther-
mal lens in the SA volume due to a high thermooptical coef-
ficient of ZnSe (~65 ´ 10–6 K–1 [20]), which is almost two 
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Figure 1.  Schematic of cavities A and B. The left photograph shows a 
laser pulse for cavity A at an average pump power of 2.1 W (peak pow-
er 15 W); the pulse FWHM is 7 ns. The right photograph shows the 
saturable absorber after optical breakdown.
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Figure 2.  Dependences of the output laser power in the ( 1 ) quasi-cw 
and ( 2 ) PQS regimes for cavity B with a cylindrical highly reflecting 
mirror at diode bar current pulses with a duration of 7 ns and a repeti-
tion rate of 20 Hz. The photographs show (left) the saturable absorber 
on a heat-conducting leucosapphire plate and (right) a laser pulse at an 
average pump power of 3.8 W.
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orders of magnitude higher than that for the 5 %Tm : 
KLu(WO4)2 crystal [17, 21] (–2 ´ 10–6 K–1, E || Nр). According 
to estimates of [22, 23], the focal length of the thermal lens in 
the SA at the maximum heat release calculated as a difference 
between the laser powers in the cw and PQS regimes is 
~500 mm, which, taking into account two passes through the 
SA (~250 mm), corresponds to about 8 % of the optical 
power of the intracavity lens with f = +20 mm. In this case, 
the relative decrease in the laser power in the PQS regime can 
be caused by leaving the stability region. This is also implicitly 
indicated by much higher instabilities of the pulse energy and 
duration (including, in some cases, generation of double 
pulses), which cannot be eliminated even by very deliberate 
aligning of the cavity.

Typical laser spectra in the PQS regime upon quasi-cw 
pumping at a maximum output power of 0.48 W are shown in 
Fig. 4; the spectra were recorded successively during 30 min. 
Similar to [17], the small differences in the spectral profiles are 
probably caused by a temperature drift (~1 °C) of the heat-
sink base on which the diode bar, the slab, and the SA are 
mounted. The laser line spectral width is about 5 nm, which is 
somewhat smaller than the corresponding width for the cw 
regime without PQS (~8 nm) [17]. This spectral narrowing 
can be caused by competition of individual spectral lines cor-
responding to the local maxima on the gain profile. In this 
case, the dispersion of rise times of generated modes will not 
exceed a light pulse duration, i.e., the laser spectrum will be 
shorter than in the cw regime [24].

The replacement of the cylindrical highly reflecting mirror 
by a plane mirror in cavity B (Fig. 1) leads to a considerable 
increase in the slope efficiency and output laser power (Figs 5 
and 6). Like in the previous case (see Figs 3, 4), the slope effi-
ciencies in the PQS regime are almost the same for quasi-cw 
and cw pumping at low pump powers, while an increase in the 
cw pump power above 15 W also causes a noticeable decline 
of the output power. The breakdown threshold (burnout of 
the active element face) was achieved at an absorbed pump 

power of 22 W, while the average output power at a pump 
power of 21 W in the PQS regime was 3.2 W.

The dynamic characteristics of laser pulses in the PQS 
regime were analysed in the approximation of rate equations 
similar to those given in [25, 26]:
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Figure 3.  Laser characteristics of the slab in cavity B with a cylindrical 
highly reflecting mirror ( 1 ) under cw pumping and ( 2 ) in the PQS re-
gime. The photograph shows typical instability of pulse amplitudes at 
the maximum absorbed pump power of 22 W.
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Figure 4.  Typical laser spectra for cavity B with a cylindrical highly reflect-
ing mirror at an average quasi-cw (7 ms/50 ms) pump power of 3.8 W.

1.0 1.5 2.5 3.52.0 3.0 4.0

Absorbed pump power/W

С
A

ve
ra

ge
 la

se
r 

p
o

w
er

/W

0

0.2

0.4

0.6

0.8

1.0

h = 37%

31%

1

2

Figure 5.  Dependences of the average output laser power on the aver-
age pump power in ( 1 ) quasi-cw and ( 2 ) PQS regimes for cavity B with 
a cylindrical highly reflecting mirror at diode bar current pulses with a 
duration of 7 ns and a repetition rate of 20 Hz; duty cycle is 0.14.
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where N2 is the volume density of thulium ions on the 3F4 
upper laser level, t it time, h is the laser slope efficiency, 

/( )Q P V'c w=  is the volume pump rate, P and 'w are the 
pump photon power and energy; c is the efficiency of the 
pump photon conversion into the 3F4 level population (at a 
5% thulium concentration, c ~ 1.9), V is the slab volume, tTm 
is the lifetime of the 3F4 upper laser level, c is the speed of 
light, F is the volume density of photons in the cavity, se and 
sa are the cross sections of radiative and absorption transi-
tions of thulium ions at the laser wavelength, N is the concen-
tration of thulium ions in the crystal, Lae is the active element 
length, Tос is the output mirror transmittance, ssa is the cross 
section of the transition from the ground 5T2 state of Cr 2+ 
ions in the saturable absorber, n and n2 are the concentration 
of Cr 2+ in the ZnSe crystal and the volume density of Cr 2+ 
ions at the 5Е level [25], Lsa is the saturable absorber thick-
ness, L is the optical length of the cavity, and tCr is the lifetime 
of the metastable 5Е level.

Equations (1) – (3) were analysed by numerical methods. 
Since all the basic parameters of the equations (cavity length, 
geometric dimensions of the slab, cross sections of all transi-
tions, lifetimes of levels, etc.) are either determined by the 
experimental conditions or known from publications [10, 27], 
one can directly calculate the laser pulse characteristics in the 
PQS regime. Comparison with experiment showed that, if we 

use the value ssanLsa = 2.2 % found from spectral measure-
ments as the unsaturated SA absorption, the calculated dura-
tions and repetition rates of laser pulses for both cavity types 
(A and B) will be underestimated approximately by a factor 
of two with respect to experiment, while the pulse energy will 
be overestimated by the same factor. This circumstance can 
be explained by the fact that the measured losses in the pas-
sive Q-switch are composed of both unsaturated absorption 
by Cr 2+ ions and scattering from crystal defects and other 
inhomogeneities, including surface treatment defects. Taking 
this into account, the value of unsaturated absorption ssanLsa 
of the Cr 2+ : ZnSe crystal was varied within the range of 
1.0 % – 2.0 %, and the best coincidence of pulse energies and 
repetition rates with experimental values was obtained for 
ssanLsa = 1.35 %, i.e., the residual losses in the SA were 0.85 % 
(Table 1).

Lower losses (0.79 %) are obtained from the condition of 
equality of the experimental and calculated durations of laser 
pulses; the calculated pulse energies and repetition rates in 
this case differ from experimental by 15 %. In general, accord-
ing to the reported data, the system of rate equations (1) – (3) 
makes it possible to rather correctly describe the formation 
kinetics and the main parameters of laser pulses. A slight 
(10 % – 15 %) difference between the experimental and calcu-
lated data is apparently related to the simplifying assumption 
that the radiation intensity distribution over the laser beam 
cross section is homogeneous. The account for the real light 
beam profile in the cavity will provide the possibility to more 
precisely describe both the formation of laser pulses and their 
characteristics.

4. Conclusions

A record-high (31 %) slope efficiency of a 5 %Tm : KLuW slab 
laser under conditions of passive Q-switching by a Cr 2+ : ZnSe 
saturable absorber is demonstrated. Multiwatt lasing is 
achieved with a total optical efficiency of ~15 % with respect 
to the absorbed pump power and a pulse energy of 0.3 mJ. 
The output power and efficiency of the passively Q-switched 
laser under cw pumping can be considerably increased by 
optimisation of the SA parameters and corresponding correc-
tion of thermal lenses formed in the active element and the 
Cr 2+ : ZnSe crystal.
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* – during pumping.
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