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Abstract.  End-diode-pumped lasers based on one and two Yb : KYW 
crystals operating in cw and Q-switched regimes, as well as in the 
regime of mode-locking, are studied. The single-crystal laser gener-
ated stable ultrashort (shorter than 100 fs) laser pulses at wave-
lengths of 1035 and 1043 nm with an average power exceeding 1 W. 
The average output power of the two-crystal laser exceeded 18 W 
in the cw regime and 16 W in the Q-switched regime with a slope 
efficiency exceeding 30 %.

Keywords: solid-state lasers, diode pumping, femtosecond pulses.

1. Introduction

The ytterbium-doped tungsten crystals Yb3+ : KY(WO4)2 
(Yb : KYW) and Yb3+ : KGd(WO4)2 (Yb : KGW) are currently 
widely used to develop diode-pumped lasers operating in a 
wavelength region near 1000 nm. Good optical, spectral, and 
luminescent properties of these materials [1, 2] allow one to 
create efficient cw or nanosecond pulsed lasers [1, 3, 4], while 
the broad luminescence band provides an additional possibil-
ity of generating and amplifying pulses with durations of 
100 – 300 fs (see, for example [2, 5 – 8]). These crystals have 
different optical, spectral, and luminescent parameters along 
different crystallographic (a, b, c) and optical (Nm, Np, Ng) 
axes [9], which makes it possible to control the absorption of 
pump radiation, as well as the polarisation and the spectral 
width (and, hence, the duration) of generated or amplified 
ultrashort pulses [10]. With respect to the thermal conductiv-
ity (~3.3 W m–1 K–1), tungstates [9, 11] take an intermediate 
position between garnets and glasses, which allows one to 
obtain radiation with rather high average powers.

This work is devoted to the experimental study of cw and 
pulsed (nano- and femtosecond) end-diode-pumped 
Yb : KYW lasers. Special attention is paid to the efficiency of 
conversion of the laser diode radiation to the output radia-
tion, as well as to the formation of shortest possible femtosec-
ond pulses. To achieve these goals, one needs to optimise both 
the pump parameters and the conditions of generation of 
ultrashort pulses.

Using bulk active elements in the form of rods or slabs, 
one can increase the average power only by increasing the 
length of the active medium or the number of active elements. 
In this connection, we studied the possibility of increasing the 
average power by passing from a single-crystal to a two-crys-
tal laser scheme.

2. Single-crystal laser

The optical scheme of a single-crystal laser is shown in Fig. 1. 
As an active medium in this scheme, we used Yb : KYW crys-
tals 3 ́  3 ́  3 mm in size with 5 at. % of Yb3+ ions. We used 
two types of crystals, namely, with optical faces perpendicular 
to the Np axis (so-called Np-cut crystals) and perpendicular to 
the Ng optical axis (Ng-cut crystals). Crystals with these orien-
tations of optical axes produce laser radiation at wavelengths 
of 1035 and 1043 nm at the corresponding choice of the radia-
tion polarisation with respect to the Nm and Np axes and have 
different thermooptical characteristics [12, 13], which may 
affect the angular divergence of the laser beam. A laser crystal 
wrapped with indium foil was mounted in a copper heatsink 
cooled by running water. The optical surfaces of the crystals 
were antireflection coated for both the pump ( l = 981 nm) 
and output ( l = 1035 – 1043 nm) wavelength, and the edges of 
the crystals were bevelled at an angle of 30¢ to avoid possible 
modulation of the spectrum.

The laser crystals were pumped by a fibre-coupled (output 
diameter 100 mm, numerical aperture NA = 0.11) 10-W laser 
diode. To retain the linear output polarisation, which is nec-
essary for efficient pumping of Yb : KYW, the initial fibre 
length (100 cm) was decreased to approximately 10 cm. For 
precise matching of the incident pump beam polarisation with 
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Figure 1.  Optical scheme of a single-crystal laser: (LC) Yb : KYW laser 
crystal; (CD) and (FD) achromatic doublets collimating and focusing 
the pump beam; (M1) plane chirped mirrors; (M2) plane mirror; (M3) 
concave dichroic mirror; (M4) concave dielectric mirror; (M5) concave 
dielectric mirror; (M6) output mirror; (M7) semiconductor saturable 
mirror (SAM); (LD) semiconductor laser diode.
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the Nm axis corresponding to the maximum absorption of the 
crystal, a half-wave plate was introduced into the scheme.

The laser diode was placed on a water-cooled thermo
electric Peltier element. Such a design allowed us to tune the 
diode wavelength to the laser crystal absorption maxi-
mum (~981 nm). The pump beam from the fibre output was 
collimated by an achromatic doublet with the focal length 
F1 = 60 mm and, through a dichroic mirror with a transmit-
tance of 90 % – 95 %, focused into the laser crystal volume by 
another achromatic doublet with the same focal length. The 
pump spot diameter was 100 mm, which made it possible to 
reliably overcome the transparency threshold, which is 
approximately 3 kW cm–2 for Yb : KYW crystals. The total 
losses of the pump power on the dichroic mirror and on the 
elements of the forming optical system were about 14 %.

To match the transverse dimensions of the pumped region 
with the cavity mode size, which is necessary for efficient las-
ing, we selected the focal length of the spherical cavity mirrors 
focusing the generated radiation into the laser crystal and 
slightly shifted the active element along the longitudinal axis 
with respect to the caustic. Calculations using the LASCAD 
software [14] showed that a crystal in the cavity of this 
configuration must be positioned with an accuracy of about 
0.5 mm.

An output mirror with a transmittance of 8 % was placed 
in the left arm of the cavity. From calculations performed 
using the above software, we concluded that the output laser 
power for mirrors with transmittances of 4 % – 10 % is almost 
constant. In the second arm of the cavity, a concave mirror 
with the curvature radius R = 300 mm focused the laser beam 
on a mirror. As the latter, we used an ordinary highly reflect-
ing dielectric mirror in the case of cw operation and a semi-
conductor saturable absorber mirror (SESAM or SAM) [15] 
with the initial absorption А0 = 1 % – 4 % in the regime of 
mode-locking. The radius of curvature of the focusing mirror 
was chosen so that the radiation intensity on the SAM 
exceeded the absorber saturation intensity.

As is well known [16], to obtain pulses shorter than 1 ps in 
a femtosecond laser cavity, it is necessary to compensate the 
dispersion in the active laser element. For this purpose, it is 
most convenient to use chirped mirrors [17]. In this case, the 
scheme becomes more compact than when using a prism 
delay line because the dispersion compensation does not 
depend on the distance between the mirrors and is determined 
only by the dispersion introduced by the mirrors. Because of 
this, we used in the laser three chirped mirrors with the total 
single-pass group velocity dispersion GDV = –1350 fs2, which 
is approximately equal to the positive dispersion introduced 
by the active element.

The dependences of the output laser power on the pump 
power incident on the crystal in the free-running regime are 
given in Fig. 2. The maximum output power exceeded 1.6 W 
for both orientations of the crystal. The slope and optical effi-
ciencies in this case were equal to 48 % – 54 % and 32 %, respec-
tively, with respect to the pump power incident on the crystal. 
Note that, for quasi-four-level laser materials, it is difficult to 
experimentally estimate the absorbed pump power due to the 
absorption saturation typical for these media. Therefore, to 
estimate the laser efficiency, we took into account the incident 
pump power, although the use of this parameter instead of 
the absorbed power leads to underestimation of the real las-
ing efficiency.

To obtain the ultrashort pulse regime, we used semicon-
ductor saturable absorber mirrors (SAMs) as highly reflect-

ing mirrors. Our experiments showed that the most stable 
(without instability caused by undesirable Q-switching [18]) 
operation of the laser was observed when a mirror with the 
initial absorption A0 > 2 % was used.

In this regime, at an average output power of 700 –  
1000 mW and a pulse repetition rate of 78.7 MHz, the energy 
of a single femtosecond pulse exceeded 10 nJ. Figure 3 shows 
the autocorrelation function and the spectrum of femtosec-
ond laser pulses for Ng- and Np-cut crystals. One can see that 
the spectra of the crystals with these orientations are centred 
at wavelengths of 1043 and 1035 nm, the FWHMs of these 
spectra are 12.5 and 9.0 nm, and the pulse durations are 90 
and 110 fs, respectively. The products of the spectral widths 
and pulse durations for these crystals exceed this product for 
pulses with sech2 intensity profiles [16] approximately by a 
factor of 1.1. These data, as well as the data of FROG [19], 
show that the generated femtosecond pulses are almost free of 
frequency modulation (chirp), while the rather small pulse 
durations are caused, in our opinion, by the joint effect of the 
Kerr nonlinearity and the saturable absorber and by the for-
mation of the so-called soliton regime of operation [20].

The transverse profile of the output beam intensity 
recorded by a CCD camera at a distance of 20 cm from the 
output mirror shows that the beams have a good axial sym-
metry with a bell-like intensity distribution. We also mea-
sured the spatial-angular characteristics of the output beam, 
i.e., the beam quality parameter M 2 [16, 21]. This parameter 
was calculated from the measured evolution of the laser beam 
diameter during the beam propagation; for two mutually per-
pendicular directions, we had Mx

2 = 1.07 and My
2 = 1.1, which 

is rather close to M 2 = 1 of the ideal Gaussian beam. A slight 
astigmatism of the beam with the ratio of the ellipse axes of 
about 1.03 is associated with an inclination of the spherical 
dichroic mirrors. The beam quality parameter was almost the 
same in the femtosecond pulse and cw regimes in the entire 
region of output powers. A difference in possible thermoopti-
cal distortions related to the crystal orientations (Ng and Np) 
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Figure 2.  Dependences of the output laser power in the cw regime on 
the incident pump power for Yb : KYW crystals with different orienta-
tions. The solid line is calculated by the LASCAD program and the 
dashed line shows the linear approximation of experimental points.
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[12] also had no influence on the beam quality, which can be 
explained by a relatively low pump power. For example, esti-
mates based on the available literature data [22, 23] and our 
calculations using the LASCAD software yield the thermoop-
tical lens with a focal length of 180 – 200 cm.

We also measured the output power stability in the cw 
regime. These measurements revealed that the laser power 
was stable within 0.3 % during more than 2 h after an approx-
imately 30-min stabilisation. The laser beam direction stabil-
ity measured with a CCD camera lied within 0.3 % – 0.5 % and 
1.2 % – 1.9 % for the horizontal and vertical directions, respec-
tively, with respect to the diffraction divergence of the output 
laser beam.

In addition, we studied a single-crystal laser with a slightly 
changed optical scheme and a higher pump power [24]. In this 
scheme, the pump radiation with a power up to 25 W was col-
limated and focused into the laser crystal volume through a 
plane dichroic mirror to a spot about 160 mm in diameter. The 
maximum average power of this laser in the cw regime reached 
4.1 W at an incident pump power of 20 W and a slope effi-
ciency of 40 %. The output power in the self-mode-locking 

regime was 3.5 W at a pulse repetition rate of 85.5 MHz, 
which gives a single pulse energy exceeding 30 nJ. The dura-
tion of pulses in the train was 200 fs, which indicates that the 
self-mode-locking occurs only due to the action of the satu-
rable absorber and a weak action of the self-modulation and 
the Kerr lens. This was obviously related to a larger mode size 
than in the case of a lower-power laser. Despite a higher aver-
age power, this laser generated high-quality beams without 
noticeable influence of thermooptical effects.

The obtained parameters make it possible to use the devel-
oped lasers both as independent sources (for example, for 
generation of terahertz radiation or for micro-modification of 
materials) and as master oscillators of high-power laser sys-
tems.

3. Two-crystal laser

As was mentioned above, the maximum average power of 
solid-state lasers is limited either by the thermal destruction of 
the active medium or by thermooptical aberrations [25]. 
Therefore, one of a few methods of increasing this power in 
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Figure 3.  Spectra (a) and autocorrelation functions (b, c) of femtosecond laser pulses for Ng- and Np-cut crystals.
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the case of bulk laser media is to increase the active medium 
length or to use several active elements in the cavity. To 
increase the average laser power and simultaneously to retain 
the high spatial quality of the output beam, we used a scheme 
with two active elements (see also [10, 26]).

The optical scheme of a laser with two active elements 
made of Yb : KYW crystals with different orientations of 
optical axes is shown in Fig. 4. The use of Np- and Ng-cut 
crystals, which have different spectral and luminescent char-
acteristics at a corresponding orientation of the polarisation 
vector of generated or amplified beams, makes it possible to 
widen the gain band and thus generate or amplify more 
broadband chirped or femtosecond pulses [10]. The crystals 
were 5 mm long and contained 3 % of ytterbium ions, which 
ensured a good (above 70 %) absorption of the pump radia-
tion. Similar to the case of the single-crystal laser, the pump 
beam and cavity mode sizes were matched by a longitudinal 
shift of the active elements. To eliminate possible modulation 
of the spectrum, the faces of the active elements were antire-
flection coated and inclined at an angle of ~30 ¢. As pump 
sources, we used two fibre-coupled laser diode arrays with a 
power of 50 W each. The depolarisation of the pump radia-
tion was minimised using a short (30 cm) optical fibre 200 mm 
in diameter with the numerical aperture NA = 0.22. The pump 
beams from the fibre output were collimated and focused 
through dichroic mirrors into the active crystal to a spot with 
a diameter of about 320 mm, which is close to the diameter of 
the TEM00 cavity mode. This mode was calculated by the 
well-known matrix method taking into account the astigmatic 
thermal lenses induced in the active elements by the pump 
radiation. Using the LASCAD software, the focal length of 
these lenses was calculated to be 480 – 550 mm for the Np-cut 
crystal at an incident power of 30 W. These values are in ade-
quate agreement with the literature data [22, 23].

As an output mirror in this scheme, we used a thin-film 
polariser in combination with a quarter-wave plate, which 
was rotated to obtain the maximum output power at a given 
pump power. For electrooptic Q-switching, we used a Pockels 
cell based on a BBO crystal and controlled by a special unit. 
The pulse repetition rate was smoothly changeable from sin-
gle pulses to 500 kHz.

The output laser power in the cw regime in the cases of 
using single active elements and two elements simultaneously 
is shown in Fig. 5 versus the pump power incident on the crys-
tals. The maximum output power was 12.5 and 9 W at a slope 

efficiency of 47 % and 37 % for Ng- and Np-cut single crystals, 
respectively. Note that the output powers for the crystal in 
which the polarisation vector of the laser beam is parallel to 
the Np axis (E || Np) are higher than for the crystal with E || Nm 
despite a smaller stimulated emission cross section [9]. This 
behaviour of power can be explained, in our opinion, by dif-
ferent spectral losses in the cavities with crystals emitting at 
different wavelengths. The maximum output power in the 
case of two crystals in the cavity was 18.5 W at a pump power 
of 72 W, which yields the total and slope efficiencies of 
25 % and 35 %, respectively. The laser radiation spectrum was 
centred at a wavelength of 1035 nm, and its width did not 
exceed 1 nm.

Note that the output laser power was maximised in mea-
surements for each pump power by optimal adjustment of the 
quarter-wave plate. As can be easily shown, this measurement 
method leads to an underestimation of the slope efficiency. It 
is this fact that can explain the considerable difference in the 
slope efficiencies of single- and two-crystal lasers at close total 
efficiencies (27 % – 30 % and 25 %, respectively).

The maximum output power obtained in the case of 
Q-switching reached 16 W at a pulse repetition rate of 
100 kHz and 14 W at a repetition rate of 500 kHz (Q-switching 
time 800 ns). This decrease in the average power with respect 
to the free-running regime can be explained by additional 
losses introduced by the electrooptic Q-switch. As the 
Q-switching time decreased to 400 ns, the output power 
decreased by three times, which obviously occurred because 
this time was too short for oscillation development. The out-
put pulse duration, determined mainly by a rather long length 
of the cavity, was 20 ns. The width of the spectrum was 16 nm, 
which points to a pronouncedly multimode regime. The spec-
trum had two peaks, at wavelengths of 1035 and 1043 nm, 
which correspond to the spectral maxima of the gain coeffi-
cient for the two used crystals.

Multicrystal lasers with a high average power can be used 
both for generation of high-power femtosecond pulses [27] 
and for their regenerative amplification [10]. The second, 
more flexible approach to the creation of high-power femto-
second lasers, is more advantageous in some cases, since this 
allows one to obtain shorter femtosecond pulses and consid-
erably decrease the pulse repetition rate (to hundreds of kilo-
hertz), which is important for some technical applications. 
We used the above-described two-crystal resonator as a 
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regenerative amplifier of the radiation of a single-crystal mas-
ter oscillator [28]. After optimisation of the resonator param-
eters, we obtained the radiation parameters listed below. The 
average power reached 14 W at the exit from the amplifier 
and 8.7 W after passing through a compressor at a pulse dura-
tion of 180 fs (in the case of modification of the pulse spec-
trum at the entrance), which resulted in a peak power exceed-
ing 200 MW at a pulse repetition rate of 200 kHz. The laser 
was able to operate with a pulse repetition rate up to 500 kHz 
with approximately the same average power.

Maximum average output power of the regenerative 

    amplifier/W   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                         14
Energy of a single femtosecond pulse in mJ after passing.
    a compressor at a pulse repetition rate of 

    50 kHz  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                            160
    500 kHz   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                           16
Pulse duration at the exit of the 
    regenerative amplifier/ps  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                   50	
    compressor/fs   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                        180
Beam quality  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                      M 2 < 1.2

It should be noted that the energy of amplified ultrashort 
laser pulses in laser crystals can be limited by different physi-
cal processes, such as optical breakdown, self-action, stimu-
lated scattering, and multiphoton processes [25]. A specific 
feature of KGW/KYW crystals is a high Raman gain coeffi-
cient [9, 29], which, on the one hand, allows one to create effi-
cient Raman lasers and, on the other hand, is an obstacle for 
the formation of ultrashort pulses with a sufficiently high 
energy [30]. In particular, in our case, we observed the first 
and second Stokes components of SRS ( l1 = 1145 nm and 
l2 = 1270 nm) with a frequency shift of 901 cm–1 when ampli-
fying chirped pulses with a duration of 50 ps, an energy of 
160 mJ, and a repetition rate of 50 kHz, from which the 
Raman gain coefficient is estimated as g ≈ 1.1 cm GW–1. This 
value considerably differs from the stationary coefficient  gst ≈ 
4 cm GW–1 [29], which is related to a large spectral width of 
chirped pulses (~10 nm), exceeding the Raman line width 
(~6 nm). As is known [25], the SRS excitation efficiency in 
this case strongly decreases.

For most applications of femtosecond pulses, which 
require high power densities, it is important to have a high 
spatial quality of the beam. We measured the beam quality 
with a CCD camera. The recorded intensity distribution in 
the near-field zone showed that, at a high output power 
(exceeding 10 – 12 W at the exit of the amplifier), the beam 
quality is deteriorated, i.e., one observes astigmatic distor-
tions of the spot shape. At the same time, the measurements 
showed that the beam retains the axial symmetry up to a 
power of about 12 W at a pulse repetition rate of 500 kHz and 
approximately up to 10 W at 100 kHz. In this case, the mea-
sured beam quality parameter was Mx

2 ´ My
2 =1.19 ́  1.24. At 

pulse repetition rates below 50 kHz, the beam quality may 
already be affected by SRS.

4. Conclusions

In this work we studied lasers and amplifiers based on 
Yb : KYW/Yb : KGW crystals and operating both in the cw 
regime and in the regime of lasing and amplification of nano-
second and picosecond pulses. The use of several active ele-
ments in one cavity allows us to scale the average power of 

such lasers and retain a high laser beam quality. In particular, 
in the case of a two-crystal scheme, we obtained average pow-
ers of 18, 16, and 14 W for cw and single-pulse regimes and 
amplification of chirped picosecond pulses, respectively. Our 
two-crystal scheme with spectrally shifted gain coefficient 
maxima of the crystals also allowed us to amplify broadband 
chirped pulses without pronounced distortions of the spec-
trum, which made it possible to shorten the output amplifier 
pulses to 180 fs. The energy of amplified pulses is SRS-limited 
at a level of 160 mJ.

Despite the fact that the highest average powers of femto-
second laser pulses were obtained using active elements in the 
form of a thin disk [11, 31] or a slab [32], lasers with bulk 
active elements also have a right to exist and allow scaling of 
their average power. This is related to their relatively simple 
design and a low cost of laser modules, which can be pro-
duced without complicated technological methods and are 
free of problems related to mounting of thin active elements 
(as in the case of thin disks) or to using complex multipass 
amplification schemes needed for slabs.
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