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Abstract
We report nanosecond (ns) cavity-dumped operation of a low-cost diode-pumped Cr:LiSAF laser around 1000 nm. The 
system is pumped with one 1-W single-emitter multimode diode at 665 nm. A Pockell cell (PC) and thin-film-polarizer 
(TFP) combination placed inside the cavity chops up an adjustable portion of the intracavity power and creates a variable 
time-dependent output coupler. Via adjusting the length and magnitude of the electrical signal going into the PC, output 
pulses with pulsewidths in the 2.5–500 ns range and with peak power levels above 10 W are generated at repetition rates up 
to 100 kHz. The central wavelength of the pulses could be smoothly tuned in the 985–1030 nm region, and is only limited 
by the anti-reflection coating bandwidth of the current PC and TFP. This versatile nanosecond source with 100 nJ level ener-
gies could serve as an attractive low-cost seed source for Yb-based amplifiers, including the cryogenic Yb:YLF systems.

1  Introduction

High-energy Ytterbium-based amplifiers with pulsewidths 
in the femtosecond to nanosecond range are desired in many 
applications, such as spectral broadening and compression 
of high-energy pulses, pumping of optical parametric ampli-
fiers/synthesizers and Ti:Sapphire lasers, terahertz radiation 
generation, and laser-wakefield acceleration [1–5]. In case of 
Yb:YAG, the peak of the gain is centered around 1030 nm, 
and the systems could easily be seeded by fiber or solid-
state-based Yb oscillators [6–8]. For other Yb-amplifier sys-
tems like Yb:YVO4 [9, 10], Yb:CaF2 [11], Yb:KYW [12], 
Yb:YLF [13], and Yb:LLF [14, 15], the gain spectrum cov-
ers regions well below 1030 nm, especially for oscillators 
that are operated at cryogenic temperatures [16–19]. As an 

example, with cryogenic Yb:YLF strong amplification of ns 
pulses is feasible in the 985–1020 nm range with strong gain 
peaks located at 992.5 nm, 995.2 nm, 999.7 nm, 1006.2 nm, 
1013.2 nm, 1018 nm and 1019.2 nm [20–22]. However, it is 
rather challenging to produce room-temperature Yb-based 
seed sources at these shorter wavelengths. As an example, 
in the case of Yb fibers, the system becomes three-level for 
wavelengths below 1030 nm due to the overlapping emis-
sion and absorption bands and high inversion pumping is 
required to attain sufficient gain at shorter wavelength side. 
Furthermore, to operate at high inversion, strong pumping is 
required, which then creates amplified spontaneous emission 
(ASE) issues at the 1030 nm region [23]. One alternative is 
to use cryogenically cooled oscillators as seed sources, but 
their complexity creates an additional challenge, and it is 
usually desired to minimize the complexity of the seeder as 
much as possible to direct the main attention into the high-
power amplifier.

In earlier studies with cryogenic Yb:YLF, 10 s of pJ to 
few nJ pulses from Ti:Sapphire oscillators around 1018 nm 
were used as seed sources [3, 24, 25]. Ti:Sapphire systems 
provide broad tunability, but at this long-wavelength region, 
the resulting pulse energies are in the nJ range even for sys-
tems pumped with > 10 W of pump power [26–32]. Moreo-
ver, despite recent promising progress in direct diode-pump-
ing [33], the commercial Ti:Sapphire systems still mostly 
rely on pumping with other lasers, making the systems rather 
complex, inefficient, bulky and high-cost. As an alternative, 
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Yb-fiber sources were also employed as seed sources for 
Yb:YLF for amplification around 1018 nm [23, 34], but as 
mentioned earlier, this wavelength region is challenging for 
Yb-fiber systems as well. Amplification of pulses below 
1000 nm with cryogenic Yb:YLF is demonstrated only 
recently [35]. In this study, Manni et al. used a cryogenic 
multi-pass 995 nm Yb:YLF system to amplify 1 µs long 
60 nJ pulses at 40 kHz to a pulse energy of 1 mJ (average 
power: 40 W) [35]. The seeder had a quite long pulsewidth, 
and was rather complex: a single-frequency diode laser is 
first amplified to 1 W level via a tapered semiconductor 
amplifier, and later chopped into 1 µs long pulses via com-
bination of acousto-optic and electro-optic modulators [35].

As an attractive alternative to Ti:Sapphire system, 
Cr:LiSAF gain media could be directly diode-pumped in the 
red spectral region, and could provide broadly tunable laser 
output in the 770–1110 nm range with efficiencies close to 
50% [36–43]. Moreover, Cr:LiSAF crystals with low passive 
losses (0.15% per cm) and large figure of merit (~ 3000) can 
also be grown rather easily [44]. Combined with a larger flu-
orescence lifetime (67 µs) and emission cross-section prod-
uct, this results in ultralow lasing thresholds even below a 
mW in Cr:LiSAF [45]. The low crystal losses further enable 
construction of ultrahigh-Q-cavities, which can tune to 1 µm 
region even with systems pumped with 100 mW of pump 
power [41]. The high-Q-cavities constructed with Cr:LiSAF 
could store large amounts of intracavity laser power which 
is of great interest for minimizing laser noise such as timing 
jitter noise in mode-locked operation and for increasing the 
efficiency of intracavity nonlinear processes such as intra-
cavity frequency-doubling [41]. Furthermore, via cavity-
dumping, the stored intracavity power in the resonator could 
also be exploited in scaling output pulse energies. As an 
example, a 0.5 W diode-pumped Cr:LiSAF laser which pro-
duce around 2 nJ of pulse energies in typical mode-locked 
operation (200 mW at 100 MHz), could be cavity-dumped to 
produce pulse energies above 100 nJ level (50 times scaling 
in output pulse energies at the expense of reduced repetition 
rate: 10–1000 kHz) [46]. Note that in this cavity-dumping 
approach, the energy is stored in the intracavity field rather 
than in the laser crystal [47], and the requirement for effi-
cient storage is to have an ultra-low loss resonator, and one 
is not limited by the storage lifetime of the laser crystal. 
As a drawback, Cr:LiSAF suffer from Auger upconversion 
[48], excited-state absorption [49], temperature quenching of 
fluorescence lifetime [50], and have a relatively low thermal 
conductivity (1.8 W/Km), which makes it more susceptible 
to thermal effects compared to Ti:Sapphire.

In this work, we have investigated the potential of 
Cr:LiSAF laser as a tunable nanosecond seed source for Yb-
based amplifiers, especially focusing our attention on cryo-
genic Yb:YLF systems. Similar to Ti:Sapphire, the 1000 nm 
region is at the edge of the tuning range for Cr:LiSAF (ECS 

is five-fold smaller compared to the peak value); hence, typi-
cal approaches do not provide pulses with high peak power/
energy at this wavelength region [41, 51] (except in low-
repetition-rate flashlamp/LED pumped systems [47, 52, 53]). 
To circumvent this limitation, as it was explored earlier [46], 
we have tried cavity-dumping approach to exploit the energy 
storage capability of Cr:LiSAF resonators to our advantage 
in scaling the peak powers. In the experiments, a simple low-
cost diode-pumped system pumped by a 1-W single-emitter 
multimode diode is investigated. The ns pulses are gener-
ated via intracavity chopping of the Cr:LiSAF laser power 
using a fast electro-optic modulator. We have first inspected 
continuous-wave (cw) lasing performance and tuning behav-
ior in the 1000 nm region for the simple/bare Cr:LiSAF laser 
cavity. Later, we have explored the effect of additional losses 
from the extra-cavity elements, such as the Pockell cell (PC) 
and thin-film polarizer (TFP), in cw lasing and tuning per-
formance, as this is the key limitation for energy storage of 
the cavity. In cavity-dumping experiments, we have shown 
that, via adjusting the PC properties carefully, one can dump 
out pulses with pulsewidths in the 2.5–500 ns range, and 
with peak power levels as high as 10 W, at repetition rates 
up to 100 kHz. The central wavelength of the pulses could 
be smoothly tuned in the 985–1030 nm region. Despite the 
usage of a multimode pump source, via insertion of an intra-
cavity slit near the output coupler, single longitudinal-mode 
operation could also be achieved to minimize mode-beat-
ing behavior. To the best of our knowledge, this is the first 
report of (i) high-repetition rate nanosecond pulse genera-
tion in Cr:LiSAF laser systems, and first detailed investiga-
tion of ns pulse generation around 1000 nm. We hope that, 
the experimental details that are shared in this initial work 
could be useful in producing next generation of nanosecond 
Cr:LiSAF seeders with much better performance than what 
is demonstrated in this feasibility study.

The paper is organized as follows. Section 2 provides 
details on the experimental setup. In Sect. 3 (a), we pre-
sent cw lasing performance with a focus on cw laser perfor-
mance around the 1000 nm region. Section 3 (b) discusses 
the cavity-dumping performance in detail, and in Sect. 4, we 
provide suggestions on how to possibly improve the perfor-
mance in future studies. We finalize the paper with a brief 
conclusion in Sect. 5.

2 � Experimental setup

Figure 1 shows a schematic of the cavity-dumped Cr:LiSAF 
laser. The system is pumped by one single-emitter multi-
mode diode (MMD), providing up to 1 W of power around 
665 nm. The MMD had an emitter size of 1 μm × 150 μm 
(fast × slow axes), with diffraction-limited output in the sag-
ittal/fast axis, and an M2 of 10 in the tangential/slow axis. 
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The MMD diode had a built-in cylindrical fiber microlens 
with a focal length of 100 μm, which was used to lower 
the divergence of the diode output in the fast axis and to 
minimize astigmatism at the focus. An aspherical lens with a 
focal length of 4.5 mm was also used to collimate the output 
of the MMD. The pump beam is then focused to a spot size 
of around 25 μm × 70 μm inside the crystal using a 100 mm 
focal length achromatic doublet.

An astigmatically compensated, X-shaped cavity with two 
curved pump mirrors (M1 and M2, R = 75 mm), a flat end 
mirror (M3), and a flat output coupler (OC) was employed 
in the laser experiments. The pump mirrors had > 99.98% 
reflectivity in the 850–1120 nm wavelength range and less 
than 5% reflection in the 600–730 nm region. Several dif-
ferent output couplers (OCs) with transmission bands cen-
tered around 850 nm and 1000 nm and with output coupling 
changing between 0.15 and 5% were employed in analyzing 
the laser performance.

The cavity arms had a length of around 45 cm, resulting 
in a beam waist of approximately 22 µm × 32 µm inside the 
gain medium. A vertical slit near the OC was used to control 
the lateral output mode of the laser in the tangential/slow 
axis. A 10-mm-long, 1.5% Cr-doped Cr:LiSAF crystal from 
VLOC was used in the study, which absorbed 99% of the 
incident TM polarized pump light at 665 nm. The crystal 
was 1.5 mm thick and mounted with indium foil in a copper 
holder under water cooling at 15 °C. A 3-mm-thick crystal 
quartz birefringent filter (BRF) with an optical axis 45° to 
the surface of the plate was used for the tuning of the laser 
wavelength [54]. A thin-film polarizer (TFP) and a Pockell 
cell (PC) with a rise time of 8.2 ns and a fall time of 3.6 ns 
were used for cavity-dumping. The PC driver could be oper-
ated at up to 100 kHz, which was the limiting factor for our 
dumping rate. The TFP was based on fused silica, and was 
optimized to be used at Brewster’s angle (56°) at 995 nm. 
One surface of the TFP was uncoated where the second sur-
face contained a dielectric coating that is highly reflective 
for TE (s) polarized light (Rs, 56° > 99.9%, 900–1010 nm), 
and highly transitive for the TM (p) polarized light (Rp, 
56° < 0.5%, 985–1040 nm). Fine tuning of the TFP angle 

enabled optimization of its wavelength working range: 5 nm 
shift per 1° rotation. The PC anti-reflectivity curve was opti-
mized for a central wavelength of around 1010 nm, and its 
passive losses were below 1% in the 985–1045 nm region 
(below 0.5% in the 1005–1035 nm region).The PC at hand 
had two 20 mm long BBO crystals and two protective win-
dows and was optimized to generate a λ/2 waveplate action 
for ring-type regenerative amplifiers [34]. Note that for the 
standing wave cavity as employed here, a λ/4 is sufficient for 
the desired cavity-dumping action. Hence, in future studies, 
a simpler PC with a single nonlinear crystal could be used 
to reduce the additional losses induced by the PC.

3 � Experimental results and discussion

3.1 � Continuous‑wave lasing characterization

We start presenting cw lasing results with Fig. 2a, which 
shows the measured variation of laser output power with 
absorbed pump power for 1%, 3% and 5% transmitting out-
put couplers. The datum is taken in a simple laser cavity, 
without the presence of intracavity elements, such as the 
PC, TFP and BRF. The central reflectivity bands of these 
three OCs were around 850 nm and hence, as indicated in 
figure caption, the free-running laser wavelength was close 
to the gain peak of Cr:LiSAF in this data. As an example, 
using a 1% transmitting OC, we have achieved up to 236 
mW of cw laser power at 855 nm, at an absorbed pump 
power of 990 mW. The cw lasing threshold and the slope 
efficiency of the laser were 40 mW and 28%, respectively. 
Note that, for higher output coupling values of 3 and 5%, the 
lasing threshold is higher and the slope efficiency is lower. 
The increase in lasing threshold is due to the increasing 
cavity losses and the decrease in slope efficiency is due to 
Auger upconversion process, as discussed in earlier stud-
ies [41, 48]. Due to the difficulty in mode-matching to the 
multimode pump mode, the lasing threshold is rather high, 
and slope efficiency is rather low (30%), and both of these 
could be improved to 50% level via using higher brightness 
pump diodes [41, 51]. Moreover, due to non-optimum mode-
matching, we also see onset of thermal effects even at 1 W 
of absorbed pump power level. The chromium doping of 
the Cr:LiSAF crystal could be reduced to improve thermal 
behavior in future studies.

Figure 2b shows the measured laser performance of the 
cw Cr:LiSAF laser using output couplers with reflectivity 
band centered around 1000 nm. For lasing around 1000 nm, 
the best cw performance is obtained with a 0.5% transmit-
ting output coupler, where we have measured a cw power of 
110 mW at 950 nm at an absorbed pump power of 850 mW. 
The cw lasing threshold and slope efficiency were meas-
ured as 43 mW and 15%, respectively. Compared to 850 nm 

M3

M1
75 mm100 mm Cr:LiSAF

OC

M2
75 mm

Pump HR

MMD

BRF
TFP PC

43 cm
45 cm

4.5 mm

Fig. 1   A simple schematic of the diode-pumped cavity-dumped 
Cr:LiSAF laser. MMD multi-mode diode, PC pockell cell, TFP thin-
film polarizer, OC output coupler, BRF birefringent filter
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lasing, while lasing around 1000 nm, the lasing threshold 
increases due to lower emission cross-sectional value, and 
the slope efficiency decreases due to the higher quantum 
defect. As expected, the thermal effects also start earlier 
compared to 850 nm lasing, again owing to the larger quan-
tum defect. As a final note, the laser output was multimode 
(multi-transverse mode), as it is usually the case in mul-
timode diode-pumped Cr:LiSAF lasers [41]. As shown in 
Fig. 2b, for the 0.3% output coupler, via adjusting the width 
of the intracavity vertical slit near the output coupler, it was 
possible to achieve single-transverse-mode (STM) operation, 
but this comes at the expense or reduced efficiency.

Measured cw tuning range of the Cr:LiSAF laser using 
several of the OCs discussed above is shown in Fig. 3a. 
The data were taken at an absorbed pump power of around 
750 mW, and the total tuning range obtained covers the 
800–1100 nm region. With the insertion of BRF, the spectral 

width of the Cr:LiSAF laser decreased from 0.25–0.5 nm to 
sub-0.05 nm (instrument limited measurement). For each 
output coupler, the reflectivity bandwidth of the coating is 
also specified in the figure. As an example, using the 1% OC 
with a working range of 950–1460 nm, we have achieved 
lasing in the 935–1027 nm region, where the maximum cw 
power obtained was 96 mW at 950 nm. Note that, due to the 
decreased gain, for efficient lasing around 1000 nm, opti-
mum output coupling is reduced from around 1 to 0.3%. Effi-
cient lasing could be obtained even with a 0.15% transmit-
ting OC, which shows that the cavity losses are rather low. 
As an example, with this output coupler, we have obtained 
up to 68 mW of cw output power at 986 nm. The intracavity 
stored power levels is then around 90 W level despite the 
usage of only 0.75 W of pump power. This intracavity power 
scaling capability of Cr:LiSAF makes it an ideal candidate 
for cavity-dumping. As a comparison, reaching this wave-
length region requires 5-W of pump power in Ti:Sapphire, 
even using rarely found crystals with a FOM of a 1000 [32]. 
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Fig. 2   Measured cw efficiency curves for the Cr:LiSAF laser, while 
the system is lasing around a 850 nm and b 1000 nm, respectively. 
The free-running cw wavelength is determined by the reflectivity 
range of the output couplers and it is indicated in the figure legend for 
each OC. Laser slope efficiency with respect to absorbed pump power 
is also shown for each case. For the 0.3% transmitting output coupler, 
STM (single-transverse mode) operation data are also presented. For 
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Basically, typical Cr:LiSAF crystals could possess FOM 
values in the 2000–4000 range, and could achieve long-
wavelength tuning at much lower pump power levels, which 
significantly reduces system complexity and cost. Figure 3b 
shows the cw tuning curve that is achieved using the 0.3% 
transmitting OC after inserting the required intracavity ele-
ments for cavity-dumping (PC and TFP). The bandwidth 
limitations of the PC and TFP, reduced the tuning range 
to 985–1030 nm region. Moreover, the achievable power 
levels also decreased significantly due to passive losses of 
the PC and TFP.

To look at from another perspective, Fig. 4a displays the 
measured cw efficiency of the laser using the 0.3% output 
coupler for the bare cavity as well as for the cavity-dumped 
system (with additional intracavity elements). As one can 
see, the insertion losses of the elements required for dump-
ing reduces the achievable output power levels from around 
95 to 27 mW. We should underline here that, all of these 
intracavity elements were borrowed from a Yb:YLF regen-
erative amplifier system [34], and it should be possible to 
improve on their losses via optimization of their specifi-
cations (as an example the PC unit itself has eight passes 
though AR-coated surfaces: two nonlinear crystals and two 
protective windows, which could be reduced to 2 for a sys-
tem optimized for losses).

In closing, it is elucidating to provide a little more infor-
mation on the transverse-mode structure of the laser output. 
For that purpose, Fig. 4b shows the measured output beam 
profile of the laser Cr:LiSAF laser for different cases. As 
discussed earlier, due to the multimode diode-pumping, the 
Cr:LiSAF laser output is also multimode for the bare/simple 
Cr:LiSAF cavity. With the insertion of cavity-dumping ele-
ments, the output beam profile gets better, as the additional 
loss for higher-order transverse modes are larger compared 
to the TEM00 mode. Again, using the adjustable width verti-
cal slit near the OC mirror, single-transverse-mode operation 
could be achieved at the expense of reduced output power 
level. Note that, even for this case, the laser produced 18 
mW of output power, and the intracavity laser powers are 
as high as 12 W. Moreover, by removing the 0.3% output 
coupler, the intracavity powers could easily be scaled up to 
25 W level.

3.2 � Cavity dumping results

We start presentation of our nanosecond cavity-dumping 
results with Fig. 5, which illustrates the time dynamics of the 
Cr:LiSAF laser intracavity power and cavity-dumped output. 
The data were taken while using the 0.3% transmitting OC, 
at a dumping rate of 100 kHz, while continuously pumping 
the laser with 750 mW of pump power. Figure 5a shows 
the typical cw operation without any dumping, and Fig. 5f 
shows the case with almost 100% dumping. Figures 5b–d 
are then the intermediate cases, which show the dynamics 
at different dumping ratios. While dumping at 100 kHz, the 
period of the dumping event is just 10 µs, and this is faster 
than the lifetime of Cr:LiSAF (~ 50 µs under these elevated 
temperatures). The system does not really have time to fully 
recover between the dumping events, and the overshoot after 
the dumping could actually be used as a benefit to dump out 
higher energies at this repetition rate. As we see, the system 
is relatively stable even at dumping ratios of 80%. As long 
as a little portion of the intracavity power is left, as in a 
regenerative amplifier, the Cr:LiSAF laser uses it as a seed to 
amplify the circulating intracavity powers back to a similar 
level. Once the dumping ratio goes above 80%, as in the case 
of Fig. 5e, f, the system starts to be chaotic, as in a regen-
erative amplifier that works with too little seed power: the 
lasing/amplification starts back from noise like power levels, 
which might result in a different pulse energy at every shot. 
The optimum dumping rate is of course dependent on pump 
power level, cavity losses, and dumping rate. In general, 
we have seen that stable operation of the Cr:LiSAF laser is 
feasible at intracavity power dumping ratios up to 80–90% 
(higher dumping ratios could be used at lower dumping 
frequencies).

As a sample case, Fig. 6a shows the measured output 
pulse train of the cavity-dumped Cr:LiSAF laser at around 
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80% dumping ratio, for sub-15-ns long pulses with 5.85 mW 
average power at 100 kHz repetition rate. The shot-to-shot 
energy fluctuation of the output pulses was measured to 
be around 3%. Dumping all the intracavity power out, we 
could increase the output pulse energies from 58.5 nJ level 
to 77 nJ, but the shot-to-shot energy variation of the pulses 
increased to 10.3%. We have also measured the average 
power stability of the Cr:LiSAF laser output in cw regime, 

as well as in cavity-dumped cases. For the cavity-dumped 
case, power stability is investigated in ~ 80% and ~ 100% 
dumped cases. The data are taken for a 20 min interval and 
is shown in Fig. 6b. As we see, the Cr:LiSAF laser itself has 
a power fluctuation of 0.85% rms (ratio of standard devia-
tion in output power to mean output power value). For the 
80% dumped case, the power fluctuations of the Cr:LiSAF 
laser are around 1.22%, which increases to 2.53% for the 
fully dumped case.

We have observed a similar behavior in the radio fre-
quency (RF) spectrum data we have taken. Figure 7a, b, 
shows the cases where the dumping rate is kept around 80%, 
and Fig. 7c illustrates the case for a fully dumped Cr:LiSAF 
oscillator. As we see in Fig. 7a, b, for optimized umping rate, 
a clean RF spectrum with peaks at multiples of 100 kHz 
is visible, and the main peaks are around 60 dBm above 
the noise level. On the other hand, for the over-dumped 
case, the background noise level increases 10–20 dBm, 
and additional sub-peaks also appear at 35.5 kHz, 64.5 kHz 
(100–35.5 kHz), 135.5 kHz (100 + 35.5 kHz): showing that 
the Cr:LiSAF laser dynamics creates some oscillations 

Fig. 5   Measured time dynamics of the intracavity laser (light blue) 
and the cavity-dumped output pulse (yellow) for the Cr:LiSAF at a 
dumping rate of 100  kHz. In (a–f) the cavity-dumping ratio of the 
intracavity power is changed slowly from 0 to 100%. For stable opera-
tion, optimum dumping ratio was around 80%, and dumping ratios 
above this created instability as in shown in (f). The data were taken 
at an absorbed pump power of 730 mW using a 0.3% OC at a lasing 
wavelength around 1000 nm
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Fig. 6   Measured time dynamics of the cavity-dumped Cr:LiSAF laser 
output at 100 kHz dumping rate in different time scales: a 200 μs, b 
2 ms. c Measured variation of cw Cr:LiSAF laser output power, and 
cavity-dumped Cr:LiSAF laser average power at 100  kHz dumping 
rate. The average power of the cavity-dumped laser is taken at cav-
ity-dumping ratios of around 80% and 100%, to show the resulting 
increase of power fluctuations for the over-dumped case. The data 
were taken at an absorbed pump power of 730 mW using a 0.3% out-
put coupler at a lasing wavelength around 1000 nm. The inset figures 
show the measured beam profiles of the laser output
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at around 35.5 kHz in this configuration (as it is also vis-
ible in Fig. 5f). As a side note, while taking these data, the 
Cr:LiSAF laser was not covered, and it was open to air fluc-
tuations. Hence, future reduction of noise should be feasible 
in well-engineered cavities.

Note that it was possible to tune the central wavelength 
of the pulses rather smoothly via rotation of the intracavity 
birefringent filter. Figure 8a shows the measured variation 
of cavity-dumped Cr:LiSAF laser average output power as a 
function of central wavelength of the pulses for the dumping 
rate of 100 kHz. Sample optical spectra at different wave-
lengths are shown in Fig. 8b. As discussed in the experimen-
tal part, the PC and the TFP used in this study had coatings 
that is optimized for 995–1015 nm operation and was bor-
rowed from a Yb:YLF regenerative amplifier system [34]. 
As a result, especially the narrow coating bandwidth of the 
TFP limited the tuning range to 985–1030 nm region. Fig-
ure 8a also shows the measured cw tuning with the 0.3% out-
put coupler (while the PC is off). The fluctuations observed 
in laser power (e.g., the dip around 995 nm) are similar in 
both cw tuning and cavity-dumping curves. This shows that 
these power fluctuations are due to the reflectivity oscil-
lations of the TFP and PC coatings, and is not a result of 
PC operation. Ideally, using an acousto-optic dumper, one 
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Fig. 7   Radio frequency (RF) spectrum of the cavity-dumped 
Cr:LiSAF laser at a dumping ratio of (a, b) 80% and (c) 95–100%, 
for a dumping rate of 100 kHz. The RF spectrum shows stable puls-
ing in (a, b) for reasonably dumped cavity, whereas over-dumping of 
the laser created large fluctuations as shown in (c). a RF centered at 
1 MHz with a span of 2 MHz, and resolution bandwidth of 100 Hz, 
b RF centered at 100 kHz with a span of 1 kHz and resolution band-
width of 1  Hz, c RF centered at 150  kHz with a span of around 
300 kHz and resolution bandwidth of 20 Hz. The data were taken at 
an absorbed pump power of 730 mW using a 0.3% OC at a lasing 
wavelength around 1000 nm
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can improve the tuning bandwidth of the nanosecond pulses 
considerably.

Besides looking at the effect of dumping ratio, we have 
also tested the effect of PC pulsewidth on cavity-dumped 
Cr:LiSAF laser output parameters. Here, by PC pulsewidth, 
we mean the electrical signal width that we send to the PC 
driver, and of course due to the limited response time of the 
driver electronics, the actual pulsewidth of the retardation 
that the PC generates could be longer for very short elec-
trical pulses. In an extra-cavity setup, we have tested the 
PC and we have seen that, the PC could generate λ/4 wave-
plate action for pulses with a minimum full-width at half 
maximum (FWHM) of around 10 ns. This agrees with the 
specifications of the PC driver (rise time: 8.2 ns, fall time: 

3.6 ns, estimated minimum response time: 11.8 ns). On the 
other hand, pulses even shorter than 5 ns were also feasible, 
but at the expense of reduced waveplate action (reaching λ/4 
was not possible).

Figure 9a shows the measured variation of cavity-dumped 
Cr:LiSAF laser average output power and pulsewidth as a 
function of the length of the PC electrical signal. One can 
see that, the PC could provide enough waveplate action for 
pulsewidths above 10 ns, as it could successfully dump out 
at least 70–80% of the intracavity laser power and could 
generate around 9 mW average output power. On the other 
hand, for PC electrical signals that are shorter than 10 ns, the 
average power of the cavity-dumping decreased in a sharp 
manner. In terms of obtainable output pulsewidths, we could 
generate pulsewidths as short as 2.5 ns, but only at an aver-
age power of around 0.075 mW (0.75 nJ energy), due to 
the decreasing waveplate action of the PC (or lower dump-
ing ratio of the PC). When we focus on the efficient work-
ing range of the PC (10–200 ns driving signal pulsewidth 
range), we see that the pulsewidth of the cavity-dumped 
Cr:LiSAF laser could be easily adjusted between 8 and 
25 ns. Figure 10 shows sample pulsewidth measurements 
for the cavity-dumped Cr:LiSAF laser for output pulsewidths 
of (a) 2.5 ns, (b) 5 ns, (c) 8.5 ns, and (d) 14 ns. Note that, 
the output pulsewidth of the cavity-dumped laser depends 
on many factors: (i) the pulsewidth applied to the DG as 
already discussed, (ii) the modulation depth of the dumping 
(dumping ratio), (iii) and Cr:LiSAF laser cavity dynamics. 
The data in Figs. 9 and 10 are taken while optimizing the 
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Fig. 10   Fast photodiode traces 
of the cavity-dumped Cr:LiSAF 
laser in short-pulse configura-
tion for sample pulsewidths of 
a 2.5 ns, b 5 ns, c 8.5 ns and d 
14 ns. The data were taken at a 
dumping rate of 100 kHz and 
at an absorbed pump power of 
730 mW using a 0.3% OC. The 
oscillation following the main 
pulse is due to the ringing of the 
photodetector
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dumping ratio for each case to get the highest output energy: 
lower dumping ratio is applied for longer pulses.

As we see from the data in Fig. 9, even for a 200 ns 
PC electrical signal, the obtained output pulse length was 
around 25 ns. This is because the data in Fig. 9 are taken 
at optimum output pulse energy conditions. To elaborate 
on this issue further, Fig. 11 shows the effect of dumping 
ratio on the obtainable pulsewidths for two samples: (a) for 
a 50 ns long PC dumping signal, and in (b) for a 500 ns long 
PC dumping signal. As we see, for longer PC timing signals, 
when one aims to optimize the dumped output energy, this 
requires a larger dumping ratio. Then, since the intracav-
ity circulating power is reduced significantly, the cavity-
dumped Cr:LiSAF peak power also decays in a fast manner, 
creating pulses with a FWHM shorter than the pulsewidth 
employed to the PC. On the other hand, if one lowers the 
duping ratio to a level that does not significantly alter the 
intracavity power levels, the output pulse length increases 
and could have a length similar to the length of PC signal. 
However, of course, the peak power of the dumped pulses is 

lower in this case and the average power and pulse energy 
also somehow decay. In short, via adjusting the PC timing, 
we could tune the output pulsewidth of the cavity-dumped 
Cr:LiSAF laser in the 2.5–500 ns range (longer pulsewidths 
are also feasible). However, the system was operating more 
efficiently for output pulsewidths in the 8–25 ns range: (i) for 
pulses in the 2.5–8 ns interval, the limited PC driver timing 
response reduces the obtainable pulse energies, and (ii) for 
pulsewidths longer than 25 ns, the Cr:LiSAF laser dynamics 
limited the performance.

Another test we have performed was to check the varia-
tion of output pulse energy as a function of repetition rate. 
Figure 12 shows this behavior for dumping frequencies 
between 1 Hz and 100 kHz. The output energies at higher 
repetition rates are calculated using the measured average 
power of the pulse train. We have also used a fast Si detector 
and an oscilloscope and calibrated the measured response 
of the system at 100 kHz with the average power measure-
ments. The calibrated curve is then used to estimate the 
pulse energy at lower repetition rates. The good match of 
energies estimated via the power meter and the calibrated 
Si detector in the 20–100 kHz range confirms the usability 
of the Si detector in estimating energies for lower rep rates. 
As we see from Fig. 12, for repetition rates between 1 Hz 
and 5 kHz, the output pulse energy did not change much 
and stayed around 60 nJ level. This is expected of course, 
since for the 5 kHz dumping rate, the period of the pulses is 
200 µs, and this is around 4 times longer than the Cr:LiSAF 
lifetime: hence for repetition rate of 5 kHz and below the 
cavity has enough time to stabilize back. We clearly see this 
behavior in Fig. 13, which shows the timing dynamics of the 
cavity-dumped Cr:LiSAF laser at dumping rates between 
100 Hz and 50 kHz. As mentioned earlier, for dumping 
rates above 5 kHz, at some specific dumping frequencies, 
the dumping event could happen while the Cr:LiSAF laser 
is overshooting, which can be used to obtain higher pulse 
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energies. As an example, we could able to dump out pulse 
energies up to 130 nJ at a repetition rate of 60 kHz (a twofold 
improvement compared to the standard 60 nJ we get at other 
repetition rates).

As a final note, we want to finish the discussion with 
Fig.  14, which shows the intracavity dynamics of the 
Cr:LiSAF laser while the laser was operating in multi-mode 
regime (multi-transverse mode, without the intracavity slit 
in the cavity). Here, one can easily see the mode-beating 
in the intracavity circulating laser power as well as in the 
cavity-dumped laser output. The beating shown in Fig. 14 
was due to beating of the transverse modes, but we have also 

observed beating due to interference of longitudinal laser 
modes. Via putting the intracavity slit, we could remove the 
beating due to transverse modes, but ideally one can use a 
higher brightness diode to directly achieve TEM00 operation 
from the Cr:LiSAF laser [41]. Moreover, the beating due to 
the longitudinal cavity modes could also be minimized via 
alignment of cavity (as the data in Figs. 5 and 13 show, this 
could be achieved up to a point: we believe this minimiza-
tion is an averaging effect due to coexistence of many lon-
gitudinal modes). We have also tried to implement a 2 mm 
thick etalon inside the cavity to reduce beating due to lon-
gitudinal cavity modes, which helped but did not provide a 
perfect solution. Hence, in future studies, by building a ring-
type cavity rather than a standing wave cavity, and using 

Fig. 13   Measured time dynamics of intracavity laser power and out-
put pulse for the cavity-dumped Cr:LiSAF at different dumping rates 
between 100  Hz and 50  kHz. The data were taken at an absorbed 
pump power of 730 mW using a 0.3% transmitting OC, while using a 
PC on signal with a length of 15 ns
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several intracavity etalons, single-frequency operation could 
be used to truly obtain a beating-free operation. Another 
alternative would be seeding of the system via a low-power 
single-frequency diode, and operating the Cr:LiSAF as a 
regenerative amplifier [55]. Both approaches will require 
usage of low passive loss elements to not hinder the intra-
cavity power levels.

4 � Suggestions for future work

During our experimental campaign, we have realized that 
the performance of the current system could potentially be 
improved in several ways, and some of the improvements are 
already discussed along the text. Here, we wanted to share 
them again together in a little bit more detail.

First, a single 1 W low-brightness multimode diode is 
used in this initial study, but the Cr:LiSAF laser system 
inherently needs a single longitudinal-mode operation for 
minimization of mode-beating, which required use of an 
intracavity slit to push the system into TEM00 operation at 
the expense of reduced efficiency. Hence, in future studies, 
use of higher brightness single-mode diodes (210 mW is 
now avaliable), or tapered didoes (1 W [56]) with better 
beam profile could significantly improve the output beam 
quality and laser efficiency. In the case of single-mode 
diodes, use of several diodes might be required to achieve 
similar energies, but the efficiency of the system will be 
much higher.

Moreover, we have used a PC and TFP combination and 
created a time-dependent output coupler based on polari-
zation rotation. This enabled flexible adjustment of output 
pulsewidth, but the additional losses limited the achievable 
energies and the tuning range. As a first step, one can use a 
single-crystal Pockell cell (rather than the two crystal PC) 
to minimize losses. Furthermore, an acousto-optic modula-
tor/deflector (AOM) could also be used as an output cou-
pler [46]. As an advantage, an AOM is inserted at Brew-
ster’s angle and does not require coatings, and will have 
much lower passive losses. Due to lower losses, one can 
reach higher pulse energies, and the tuning range of the ns 
pulses ideally covers the whole Cr:LiSAF gain spectrum 
(770–1110 nm). As a disadvantage, one needs to have a tight 
focus on the AOM cell to get a fast timing response, and this 
requires additional cavity elements to create a second focus. 
Alignment of the AOM cell and getting high diffraction 
efficiencies are also more challenging, which increase the 
complexity of the system. Moreover, one will also lose the 
capability to adjust the output pulsewidths: the pulsewidth 
will be fixed to around 10 ns in AOM dumped cavity.

Finally, we have used a 10 mm long 1.5% Cr-doped 
LiSAF sample in this work, and thermal effects were already 
present. Ideally, a 0.75% Cr-doped 10–15 mm long sample 

could still absorb enough of the pump light and enable bet-
ter performance due to minimization of thermal issues. A 
lower Cr-doped LiSAF sample potentially has lower passive 
losses as well, which could improve the amount of intracav-
ity power that could be stored in the cavity.

5 � Conclusion

In conclusion, we have performed a feasibility study with 
Cr:LiSAF and showed tunable pulsewidth (2.5 ns to 0.5 µs) 
and tunable wavelength (985–1030 nm) cavity-dumped 
operation at repetition rates up to 100 kHz, with pulse peak 
power levels up to 10 W and pulse energies up to 100 nJ. 
Compared to other approaches (ns chopping of a cw diode 
and further then amplification in a few stages), the system 
is simpler, it is more flexible and could provide higher-peak 
power. On the other hand, the proof-of-principle system 
demonstrated in this work is not single-frequency and beat-
ing issues might be a problem while seeding high-power 
amplifiers. Hence, future work is required to achieve single-
frequency operation, and this might be challenging due to 
the requirement to use lower loss elements for frequency 
selection.
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