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Abstract
We report on short pulse generation from a passively Q-switched  Pr3+:LiYF4 laser operating at 640 nm. By reducing the cav-
ity length and utilizing Co:MgAl2O4 as the saturable absorber, we obtain the shortest pulse durations from any Q-switched 
 Pr3+ laser. Under pumping with a frequency-doubled optically pumped semiconductor laser at a wavelength of 479.05 nm 
we realized (8.5 ± 1) ns long pulses at a repetition rate of 0.78 MHz from a 7.5 mm long cavity at an average output power 
of 1.0 W. In that case, the laser pulse energy and duration were 1.3 µJ and 8.5 ns, respectively. The highest pulse energy 
amounts to 1.8 µJ at a pulse peak power of 0.19 kW in 9.2 ns pulses at a repetition rate of 0.48 MHz.

1 Introduction

Since the first demonstration of diode pumping of a 
 Pr3+-based laser [1],  Pr3+-doped laser materials have been 
shown to be the most efficient solution for the direct genera-
tion of visible laser radiation [2]. The green transition at 523 
nm and the red transition at 640 nm enable slope efficiencies 
up to 70% under zero-phonon-line pumping around 480 nm 
e.g. by frequency-doubled optically pumped semiconductor 
lasers (2ω-OPSLs) [3] and the recent progress in InGaN-
based laser diodes emitting around 445 nm [4–6] facilitated 
continuous wave (cw) output power levels of up to 6.7 W at 
640 nm in the red [7].

In recent years, passive Q-switching of  Pr3+-doped laser 
materials has been subject of intensive research utilizing 
crystalline [8–12] or low dimensional saturable absorber 
(saturable absorber) materials [13–17]. Low dimensional 
saturable absorbers typically achieve few-100-ns pulse dura-
tions which is at least partially attributed to the low modu-
lation depths in thin-film saturable absorbers. In contrast, 
crystalline saturable absorbers, in particular Co:MgAl2O4 
(Co:MALO) enabled better results. More than 1 W of 640 
nm average output power at a high slope efficiency of 47% 
at ~ 100 kHz pulse repetition rate. 100 ns pulse duration in 10 
µJ pulses were obtained under 2ω-OPSL-pumping [9]. Even 
2.5 W of average output power in 40 ns pulses under diode 

pumping [11]. This work also reports the hitherto shortest 
pulses obtained from any passively Q-switched laser based 
on  Pr3+ as the active ion, amounting 30.9 ns. However, it 
should be noted that in previous work much longer resona-
tors were utilized and the focus was not on optimizing the 
pulse duration by reducing the cavity length.

Here, we present the first sub-10-ns pulses of a visibly 
emitting passively Q-switched  Pr3+ laser. In a 2ω-OPSL-
pumped linear concave-plane cavity of 7.5 mm length with 
a  Pr3+-doped  LiYF4 (YLF) crystal as the active medium and 
a Co:MALO crystal as the saturable absorber, we obtained 
shortest pulses of 7.5 ns duration with 0.78 MHz repeti-
tion rate at a laser wavelength of 640 nm. At slightly longer 
pulse durations of 9.2 ns and an average output power of 
1.0 W, the pulse energy amounted to 1.3 µJ with a pulse 
peak power of 0.19 kW. This laser has a great potential for 
efficient extra- or intracavity frequency doubling into the 
ultraviolet spectral range. Shorter pulses seem feasible by 
optimization of the saturable absorber properties.

2  Experimental setup

It is well known that the compact cavity of microchip lasers 
allows for shortest Q-switched pulse durations [18]. Such 
microchip lasers are usually operated in a plane-plane cav-
ity configuration with the gain element and the saturable 
absorber sandwiched between the cavity mirrors.

Pr3+ ions enable efficient laser operation in a true 4-level-
laser scheme [19]. The tetragonal host material YLF was 
shown to be most useful for efficient laser operation based 
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this ion [2, 3]. Its high peak absorption and emission cross-
sections in the order of  10–19  cm2 facilitate efficient pump 
absorption and high gain even for short crystals. The peak 
absorption in  Pr3+:YLF is found for π-polarized pump light, 
while the highest gain at 640 nm is present in σ-polarization. 
This requires the use of a-cut samples. Unfortunately, for 
crystals of this orientation, the interplay between the nega-
tive change of the refractive index with increasing tempera-
ture [20] and the positive thermal expansion in YLF [21] 
leads to a strong anisotropy of the resulting thermal lens for 
σ-polarized light [22], which severely degrades the beam 
quality of planar microchip cavities based on this material 
[23].

Consequently, we adopted a cavity incorporating a curved 
mirror to enable an improved transversal mode control. 
Despite the low absorption of Co:MALO for the blue pump 
light, it is useful to place the saturable absorber behind the 
gain medium in the cavity to avoid any unwanted effects 
by the pump. Moreover, a smaller laser mode diameter in 
the Co:MALO saturable absorber than in the  Pr3+:YLF gain 
medium is recommended for stable Q-switching [11, 24]. A 
near-hemispheric concave-plane cavity combines both [25]. 
As a further advantage, the cavity length is determined by 
the radius of curvature of the pump mirror and decoupled 
from the properties of the output coupling mirrors. Thus, 
only one set of plane output coupling mirrors is required, 
even when investigating different cavity lengths.

In the experiments presented here in detail, the radius of 
the pump mirror was 10 mm and it was highly transparent 
for the pump wavelength of 479 nm and highly reflective 
(HR, i.e. T < 0.2%) for the laser wavelength of 640 nm. The 
plane output coupling mirrors had transmissions T between 
2.3 and 10.4% for this wavelength. We utilized a linearly 
polarized cw 2ω-OPSL (Coherent, Inc.) as the pump source. 
It features a maximum output power of 5 W at a fixed wave-
length of 479.05 nm and a measured beam quality of M2 ≈ 3. 
To maintain a constant pump beam profile, the pump power 
was adjusted by a set of a λ/2 plate and a polarizer. The 
π-polarized pump light was focused into the laser crystal by 
a lens with a focal length of 50 mm to a focal diameter of 64 
µm taking into account the defocusing by the pump mirror. 
The gain medium was a commercial 5 mm long cylindrical 
 Pr3+:YLF crystal with a diameter of 5 mm (Optogama UAB) 
and plane parallel, uncoated surfaces. The crystal was held 
in a water-cooled copper heat-sink and absorbs more than 
95% of the pump light. To account for the low segregation 
coefficient of  Pr3+ ions in YLF crystals of 0.22 [26] and 
the corresponding gradual increase of the doping concentra-
tion along the growth axis during the Czochralski-growth 
of the crystal, we determined the doping concentration in 
this nominally 0.4 at.% doped sample and found it to be 0.6 
at.% by absorption spectroscopy. At this rather high doping 
concentration the radiative lifetime of ~ 50 µs is reported to 

be quenched to a fluorescence lifetime of 36 µs [27], but 
it ensures efficient absorption of the pump light. The 0.75 
mm thick Co:MALO serving as the saturable absorber in all 
experiments characterized in [9] was mounted on a passively 
cooled aluminum plate and placed between the gain medium 
and the plane output coupling mirror. It has a small-signal 
transmission of 93.2% for 640 nm, but the anti-reflection 
(AR) coating optimized for green has ~ 2% residual Fresnel 
losses for the red [9]. The optimum cavity length for efficient 
operation was found to be between 7 and 8 mm.

3  Q‑switched laser operation of Pr:YLF

First, we tested the efficiency of the cavity configuration 
shown in Fig. 1 without the saturable absorber by cw experi-
ments utilizing different output coupling mirrors. The results 
depicted in Fig. 2a show that it enables high slope efficien-
cies ηsl around 60% with output coupling mirror transmis-
sions between 2.3 and 10.4% at output powers of up to 2.5 W 
for the main transition of  Pr3+ at a wavelength of 640 nm in 
diffraction limited beam quality (M2 < 1.1) at the full pump 
power. These values are below the record values reaching 
a slope efficiency of 68% for the red transition [3], which 
we attribute to the onset of quenching effects at the higher 
doping concentrations investigated here, but also partially 
to less degrees of freedom in the alignment of the cavity as 
compared to the results presented in [3].

For the Q-switched laser experiments, we placed the 
Co:MALO saturable absorber in the cavity as shown in 
Fig. 1. The radius of the fundamental laser mode inside the 
saturable absorber varied between 30 µm and 34 µm depend-
ing on the cavity alignment and the precise position of the 
saturable absorber in the cavity. For time resolved measure-
ments, a silicon photodiode DET10A (Thorlabs) with a rise 
time of 1 ns and a 200 MHz digital storage oscilloscope 
Tektronix MDO3022 were used. The shortest pulses were 
also recorded on a 2 GHz oscilloscope (Rohde & Schwarz, 
RTE1024).

Figure  2b shows the laser characteristics of the 
Q-switched laser utilizing different output coupler 

Fig. 1  Schematic of the laser setup for the Q-switched laser experi-
ments. PM Pump mirror, OC Output coupling mirror. For the cw 
experiments, the saturable absorber (Co:MALO) was removed from 
the cavity
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transmissions. Stable Q-switched operation was obtained 
for all output coupler transmissions under investigation with 
an average output power of up to 1.0 W for T = 5.7% and 
10.4% at slope efficiencies of 26%. In Q-switched operation 
we found a degradation of the beam quality to M2 values of 
3 and 2 along the c- and a-axis, respectively. This indicates 
the influence of the anisotropic thermal lens in  Pr3+:YLF 
mentioned previously and the stronger heating of the crystal 
under these conditions.

The pulse duration versus the absorbed pump power is 
shown in Fig. 3a. The curves show the expected trend of 
a decreasing pulse duration for increasing pump power. 
At the highest available pump power, the shortest average 
pulse durations were found to be 8.5 ns at a transmission 
of the output coupler of 5.7%. For all lower output coupler 
transmissions, the pulse durations were also below 10 ns, 
while the intracavity power at 10.4% output coupler trans-
mission did not allow to fully saturate the saturable absorber, 
resulting in slightly longer pulse durations of 13.2 ns and an 
increased standard deviation of the pulse duration of 15% 
as compared to 10% for all other output coupling mirrors.

We also observed the expected increase of the pulse rep-
etition rate with pump and corresponding output power as 
shown in Fig. 3b. At the shortest pulse duration of 8.5 ns, 
the repetition rate amounted 0.78 MHz. The correspond-
ing pulse energy was 1.3 µJ at 0.14 kW peak power. Even 
higher repetition rates of up to 0.84 MHz were observed 

utilizing the output coupler with 10.4% transmission for the 
laser wavelength. Due to the somewhat reduced repetition 
rate at lower output coupler transmissions, the highest pulse 
energy of 1.8 µJ and peak power of 0.19 kW were observed 
for the output coupling mirror with a transmission of 3.5% 
at an average output power of 0.87 W. The unexpected trend 
of the repetition rate versus the OC transmission might be 
related to cross relaxation or other loss processes in highly 
inverted  Pr3+:YLF, but further investigations are required to 
fully understand this.

In all cases we found the pulse jitter to be significant with 
a standard deviation of the repetition rate around 20%. This 
high deviation is partially caused the pulse pattern shown 
in Fig. 4a. It is clearly visible that the laser operates in a 
periodically stable operation mode, in which one high peak 
power pulse is followed by three lower peak power pulses. It 
should be noted that the temporal resolution of the measure-
ment recorded at a sampling rate of 2.5 GHz is high enough 
to exclude aliasing effects. Such behavior is supported by 
the long recovery time of the saturable absorber of 0.7 µs in 
relation to the pulse separation in the order of 1.5 µs [24]. 
Thus, we are confident to overcome these instabilities in 
future by the use of higher saturable absorber modulation 
depths, resulting in lower pulse repetition rates [18].

Figure 4b shows a zoom into one of the highest peak 
power and thus shortest pulses shown in the oscilloscope 
trace in Fig. 4a. Its pulse shape is best fitted by a Voigt 

Fig. 2  Power characteristics 
and slope efficiencies ηsl of the 
5 mm long  Pr3+(0.6 at.%):YLF 
crystal operated in a 7.5 
mm long cavity at different 
output coupler transmissions 
T and pumped at 479.05 nm. a 
continuous wave operation, b 
Q-switched operation

Fig. 3  a Pulse duration and b 
repetition rate vs. pump power 
for the Q-switched  Pr3+:YLF 
laser for different output coupler 
transmissions T. Vertical bars 
indicate the standard deviation 
of the respective measurement
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function, where the slightly asymmetric deviation of the data 
is attributed to the limited response time of the detector of 
1 ns. It should, however, be noted that this can only lead to 
an overestimation of the pulse duration. The resulting full-
width at half maximum (FWHM) pulse duration of 7.5 ns 
is a factor of 4 shorter than the shortest pulses previously 
observed in passively Q-switched  Pr3+ lasers [11] and even 
shorter than the pulses obtained in actively Q-switched  Pr3+ 
lasers [23, 28].

To explore the limits of pulse duration shortening by 
reducing the cavity length, we also tested different cavity 
lengths, as it is known that the pulse duration of Q-switched 
oscillators decreases linearly with decreasing cavity length 
[18, 29]. As can be seen in Fig. 5, in experiments with dif-
ferent radii of curvature of the pump mirrors we found a 
linear trend.

Nevertheless, according to our results, the extrapolation 
to zero cavity length does not lead to the expected pulse 
duration of zero. The reason is, that reducing the radius 
of curvature of the pump mirror and correspondingly the 
cavity length inevitably changes the mode radii in the gain 
medium and the saturable absorber. While the beam radius 

of the laser mode on the output coupling mirror is ~ 50 µm 
at a radius of curvature of the pump mirror of 50 mm, it 
reduces to ~ 30 µm at a radius of curvature of 10 mm. Cor-
respondingly, the pulse fluence in the saturable absorber 
increases from ~ 1 to ~ 3 J/cm2. This may partly explain why 
our y-intercept amounts to ~ 4 ns, while calculations [28] 
and experimental results [30] predict a value of zero. Thus, 
in our approach a further significant pulse shortening by 
decreasing the resonator length can only be expected by uti-
lizing saturable absorbers with higher saturation intensity. 
The increasing fluence also explains the unexpected increase 
of the repetition rate towards shorter cavity lengths: Previ-
ously, we observed a roll-over in the visible transmission of 
 Co2+-doped saturable absorber materials at high fluences 
[24], which makes it favorable for the laser to operate at 
increased repetition rates (and thus reduced fluences) to 
avoid losses. However, more detailed investigations are 
required to fully explain these observations.

4  Discussion

For  Pr3+:YLF it is not straightforward to further reduce the 
cavity length. As mentioned above, monolithic plane-plane 
microchip cavities suffer from insufficient or even nega-
tive thermal lensing, making the cavity instable. Addition-
ally, the mode diameters in such a configuration would 
not allow to achieve the intensities required to bleach the 
Co:MALO saturable absorber material for stable opera-
tion [11]. Moreover, a lower limit for the cavity length is 
given by the required crystal length. In  Pr3+:YLF usually 
below 0.5 at.% doping is chosen to avoid detrimental cross 
relaxation. Our doping concentration of 0.6 at.% even 
exceeds this value, and the 5 mm long sample absorbs 
more than 95% of the pump light. Such a high absorption 
is beneficial to prevent possible detrimental influence of 
the residual pump on the saturable absorber. Shorter crys-
tals and thus cavity lengths would come at the expense 
of a decreased absorption efficiency and higher risk of 
detrimental effects of the pump in the saturable absorber. 

Fig. 4  a Typical pulse train of 
the Q-switched laser at a trans-
mission of the output coupling 
mirror of 5.7% and a pump 
power of 4.2 W, i.e. average 
pulse durations of 8.5 ns at 1 W 
average power. The pulse train 
was recorded with a sampling 
rate of 2.5 GHz to avoid alias-
ing. b Oscilloscope trace of the 
shortest pulse observed

Fig. 5  Shortest average pulse duration (left x-axis) and corresponding 
average repetition rate (right axis) vs. optical cavity length (i.e. tak-
ing into account the refractive indices of the active medium and the 
saturable absorber)
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Moreover, complicated curved polishing and direct mirror 
coatings on the crystal surfaces seem required to stabilize 
shorter resonators and ensure saturation of the saturable 
absorber.

Further shortening of the pulse duration seems feasible 
by utilizing saturable absorbers with a higher modula-
tion depth. However, due to their higher insertion losses, 
increased laser thresholds are expected, which—at the 
available pump power—would significantly reduce the 
optical efficiency of our laser. Compensating for this by 
higher output coupler transmission may result in longer 
pulse durations—as seen in Fig. 3a—due to insufficient 
bleaching of the saturable absorber at the corresponding 
reduced fluences. Pump power scaling, e.g. by replacing 
our pump source by a high-power InGaN laser diode mod-
ule, could contribute to overcoming this bottleneck.

5  Conclusion

In conclusion, we presented a compact red-emitting pas-
sively Q-switched  Pr3+:YLF laser utilizing Co:MALO 
as the saturable absorber. The 7.5 mm short cavity emits 
sub-10-ns pulses at hundreds of kHz repetition rate. Due 
to the high average output power of up to 1 W the pulse 
energies amount to more than 1 µJ yielding up to 0.19 
kW of peak power. We believe that considering the lim-
its of doping concentration and crystal length as well as 
focusing conditions and saturable absorber transmission, 
our configuration represents a good compromise between 
pulse duration and efficiency at the limited available pump 
power. Shorter pulses appear possible by utilizing thicker 
or higher doped Co:MALO saturable absorbers, however, 
these are expected to come at the expense of a significantly 
reduced average power. Parts of the losses associated with 
the implementation of the saturable absorber in the cav-
ity could be compensated by AR coatings optimized for 
640 nm on all surfaces in the cavity. Our approach has 
the potential to realize compact and cheap UV sources by 
external or even intracavity frequency doubling of the 640-
nm pulses to 320 nm utilizing LBO  (LiB3O5) [26]. Further 
experiments on Q-switching of  Pr3+ lasers operating at 
other wavelengths in the visible are in progress.
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