
Vol.:(0123456789)1 3

Applied Physics B (2021) 127:54 
https://doi.org/10.1007/s00340-021-07593-x

REGULAR PAPER

Passively Q‑switched Cr:LiCAF laser with a saturable Bragg reflector

Serdar Okuyucu1   · Yusuf Ozturk1 · Umit Demirbas1,2

Received: 9 January 2021 / Accepted: 11 February 2021 / Published online: 19 March 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
We present a low-cost multimode diode pumped passively Q-switched Cr:LiCAF laser operating near 800 nm. AlGaAs-based 
saturable Bragg reflectors (SBRs) were used for passive Q-switching. The system is experimentally characterized in detail 
using four different output couplers and two SBRs with different modulation depths. Pulse widths in the 1.5–4 µs range at 
repetition rates between 18 and 40 kHz were achieved with average powers up to 125 mW. The experimentally obtained 
results are compared with basic Q-switching theory and further performance improvement in terms of pulse length shorten-
ing and peak power scaling is elaborated.

1  Introduction

Implementation of lasers with pulse widths in the nano-
second–microsecond range is desired for a variety of 
applications including range finding, nonlinear frequency 
conversion, material processing, and remote sensing [1]. 
Q-switching or gain switching techniques are usually 
employed in obtaining short, high-energy pulses with high 
peak powers. In Q-switching, intracavity loss of a laser reso-
nator is modulated to produce pulsed output; whereas, gain-
switched operation is based on pulsed pumping of the laser 
material with a pump pulse width in the order of the fluores-
cence lifetime of the gain material. In Q-switched operation, 
resonator losses can be modulated by the use of active or 
passive modulation schemes [2, 3]. In the implementation of 
actively Q-switched lasers, acousto-optic modulators, elec-
tro-optic modulators, or rotating mirrors with external driv-
ing circuitry are typically used, but these systems suffer from 
higher cost, lack of compactness, and increased complexity. 
On the other hand, implementation of passively Q-switched 
lasers is more economical, simple, and practical where cav-
ity losses are modulated by the use of saturable absorbers, 
such as dye-based absorbers, Cr4+:YAG (for 1μm lasers) [4], 

Cr2+:ZnSe (for 1.5μm and 2μm lasers) [5], or SESAM/SBR-
based nonlinear mirrors (semiconductor saturable absorber 
mirror [6]/saturable Bragg reflector [7]). However, in passive 
Q-switching, it is harder to provide independent control of 
parameters such as pulse shape, pulse energy, peak power, 
and pulse repetition rate.

Ti:Sapphire [8], Alexandrite [9], and Cr:Colquiriite crys-
tals (Cr:LiSAF [10], Cr:LiCAF [11], Cr+3:LiSGaF [12], and 
Cr:LiSCAF [13]) are among the favorable solid-state laser 
gain media that could generate broadly tunable Q-switched 
output in the ∼ 700–1100 nm range and below (375–550 
nm and 235–365 nm regions via frequency doubling/tripling 
[14–16]).

In this work, we focus our attention on Cr:Colquiriites, 
which attracted a renewed interest over the last two dec-
ades, due to the brightness improvement observed in LED 
(light-emitting diode) and laser diode pump sources. Strong 
electron–phonon coupling creates three intense and broad 
absorption bands in Cr:Colquiriite gain media that are cen-
tered around ∼275 nm, ∼445 nm, and ∼640 nm [10, 17]. 
The 640 nm transition ( 4A2 to 4T2 excitation) has a full-
width-half-maximum (FWHM) approaching 100 nm, and 
it is strong both for the E//a and E//c axis in the uniaxial 
Cr:Colquiriite crystals. This broad absorption band facili-
tates direct-diode pumping of Cr:Colquiriites by low cost 
and well-developed AlGaAs- and AlGaInP-based diodes in 
the red spectral region. Additionally, at room temperature, 
Cr:Colquiriites have upper state fluorescence lifetimes ( �f  ) 
that are ∼20–50 times longer than that of Ti:Sapphire (67 
μs in Cr:LiSAF, 175 μs in Cr:LiCAF, 3.2 μs in Ti:Sapphire 
[18]). Moreover, unlike Alexandrite and Ti:Sapphire 
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that limit active laser ion doping levels below ∼0.25%, 
Cr:Colquiriites could reach 100% doping without sacri-
ficing too much from the crystal quality (e.g., LiChrom, 
LiSrCrF6 , 100% Cr doped LiSrAlF6) [19]. This then ideally 
enables the achievement of large inversion densities that is 
quite important for efficient Q-switched lasing and ampli-
fier operation. However, note that the fluorescence lifetime 
of the upper lying laser level depends on inversion density 
in Cr:Colquiriites due to the presence of Auger energy 
transfer upconversion (ETU) process [20]. On top of that, 
Cr:Colquiriites are also sensitive to temperature quenching 
of fluorescence lifetime; hence, a careful optimization of 
doping and thermal effects is required to achieve the desired 
performance [21]. Cr:Colquiriites possess moderate emis-
sion cross section ( �em ) values, but due to their longer fluo-
rescence lifetime, the gain product ( �em�f  ) of Cr:Colquiriites 
is ∼2–2.5 times higher compared to Ti:Sapphire. With 
the additional advantage of low crystal passive losses in 
Cr:Colquiriites, this results in relatively high slope efficien-
cies (above 50%) and one of the lowest lasing thresholds 
(sub mW) attained among solid-state lasers [22]. Combined 
with the performance shown in a number of previous studies 
such as sub-10-fs light pulse generation via mode-locking 
[23–25] and widely tunable laser operation (700–1100 nm) 
[16], these properties promote the construction of com-
pact, low-cost and efficient Cr:Colquiriite lasers that can 
replace more costly Ti:Sapphire-based systems in a variety 
of applications.

Active and passive Q-switching of Cr: Colquiriites have 
been studied by several groups. Earlier systems were usually 
based on flashlamp pumping, where high-energy Q-switched 
pulses were obtained at the expense of very low repetition 
rate operation [14, 15, 26–29]. Due to the large gain avail-
able under flashlamp pumping, pulse energies were usually 
limited by the damage threshold of cavity optics in these 
systems. As an example, using a rotating mirror Q-switched 
Cr:LiSAF laser, Stalder et al. reported 50 ns pulses with 150 
mJ energy at 1 Hz [26]. Using acousto-optic Q-switching, 
20 ns pulses with 120 mJ energy at 1 Hz were achieved by 
Pinto et al. along with a broad tuning capability covering 
the 780–1065 nm range [14, 15]. Using V:YAG [27] and 
Cr:YSO [28] as passive Q-switching elements, 1 mJ level 
50 ns long pulses at 2 Hz and 45 ns pulses with 7.5 mJ 
energy were obtained from flashlamp-pumped Cr:LiCAF 
systems. Klimek et al. attained up to 0.5 J energies at 5 
Hz with around 1–1.5 μ s pulse widths from a thin-slab 
Cr:LiSAF laser [30]. Interestingly, Weber et al. observed 
180 ns pulses with 60 mJ energy from a self-Q-switched 
Cr:LiSAF laser [31, 32]. The thermal effects limited the 
operation frequencies in these flashlamp-pumped systems, 
and direct diode pumping could enable a solution route 
for this. From diode-pumped systems, 230 ns pulses with 
6.5 J at 10 kHz (Cr:LiSAF) [33, 34], 250 ns with 6.5 J at 

10 kHz (Cr:LiSGaF) [35] were reported via acousto-optic 
Q-switching. Self-Q-switched operation with 5 s long pulse 
widths with 2 J energy at around 20 kHz was realized from a 
low-power single-mode diode-pumped Cr:LiCAF laser sys-
tem [36]. Recently, 42 ns 140 μ J pulses were achieved at 10 
Hz from a Cr:YAG Q-switched Cr:LiSAF laser pumped by 
LEDs [37]. We see that, in diode/LED pumped systems, one 
can achieve high repetition rate operation, but pulse energies 
are then quite low (due to the thermal limits which hinder 
realizable average powers).

In this paper, to our knowledge, we report the first passive 
Q-switching experiments of Cr:LiCAF with saturable Bragg 
reflectors (SBRs). Usage of SBRs for passive Q-switching 
potentially enables control of key behavioral characteristics 
of the Q-switched laser by carefully optimizing SBR proper-
ties such as modulation depth, saturation fluence, and recov-
ery time. Among Cr:Colquiriites, we focused our attention 
to Cr:LiCAF crystal due to its superior thermomechanical 
strength and long upper state fluorescence lifetime [16]. The 
Cr:LiCAF laser is pumped by two low-cost 665 nm broad-
area laser diodes, which provided a total pump power of 
3.6 W. In cw experiments, an output power level up to 470 
mW (with 15% efficiency) was available around 800 nm. 
Q-switching was initiated and sustained by the use of two 
different AlGaAs-based SBRs with different modulation 
depths and laser performance was investigated at different 
levels of output coupling. In Q-switched operation, the laser 
produced pulses down to 1.62 μ s near 800 nm with an aver-
age power of 127 mW. The repetition rate varied between 
18 and 40 kHz with pulse energies up to 3.5 μ J and peak 
powers up to 1.9 W around 800 nm. The observed pulse 
widths are relatively long and the achieved peak powers 
are relatively low in this initial study, and possible solu-
tion paths will be discussed as we present the experimental 
results in detail. The paper is organized as follows: Sect. 2 
describes the experimental setup used in cw and Q-switched 
laser studies and provides details on the AlGaAs-based SBR 
that is used for passive Q-switching. In Sect. 3, we present 
the Q-switching results in detail and discuss performance 
parameters for different output couplers, SBRs, and pump 
power levels. We finalize with Sect. 4 with a brief discus-
sion, where we also elaborate on possible ways to improve 
the results obtained in this initial study.

2 � Experimental setup

Figure  1 shows a schematic description of the diode-
pumped Cr:LiCAF laser cavity that is used in both con-
tinuous wave (cw) and Q-switched laser experiments. 
Two linearly-polarized single-emitter multi-mode diodes 
(MMD-1 and MMD-2) each of which can provide 1.8 W 
at a maximum drive current of 2.3A were used as pump 
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sources. The single emitter MMD diodes had an asym-
metric transverse emitting area of 1 μ m × 150 μ m. The 
diode output was diffraction-limited along the fast axis 
and multimode along the slow axis with an M2 value of 
approximately 10. A built-in cylindrical micro-lens par-
tially collimated the diode beam in the fast axis. Later on, 
the output of the laser didoes was further collimated with 
aspheric lenses of focal length of 4.5 mm and then focused 
inside the laser crystal by the use of achromatic doublets 
with focal lengths of 75 mm ( f1, f2 ). The gain material 
was a 5 mm long, 4 mm wide, and 1.5 mm thick piece of 
Cr:LiCAF crystal with 7 mol. % chromium doping. The 
Cr:LiCAF sample had Brewster–Brewster cut surfaces, 
and the E//c axis is employed in lasing experiments. The 
crystal absorbed ∼98.3% of the TM polarized pump light. 
Taking the losses at the lens and dichroic mirrors into 
account, around ∼94.7% of the power available from the 
diodes was absorbed by the crystal. The Cr:LiCAF crystal 
was mounted in a copper holder with indium foil around it 
and water cooling was used to keep the crystal boundary 
temperature at 15 ◦C.

The Cr:LiCAF laser resonator was a standard x-folded, 
astigmatically compensated cavity consisting of two curved 
dichroic pump-mirrors ( M1,M2 ), with radius of curvatures 
(roc) of 75 mm, a flat end high reflector ( M3 ), and a flat out-
put coupler (OC). Dichroic mirrors ( M1 and M2 ) had reflec-
tivity greater than 99.9% in the 730–910 nm wavelength 
range and had >98% transmission in the pumping window. 
The short and long cavity arm lengths were around 13 cm 
and 14.8 cm, respectively. A resulting laser mode area (A) 
of ∼ � 56μ m × 42 μ m was obtained inside the Cr:LiCAF 
crystal. The temporal and spectral characteristics of the 
cw laser setup were investigated using 4 different output 

couplers with transmission grades of 0.35%, 0.7%, 1.6%, 
and 2.75%. The round-trip travel time ( TR ) of the cw cavity 
was around 2.5 ns.

In Q-Switching experiments, SBRs were used for initiat-
ing and sustaining Q-switched pulsing. During trials, the 
initiation of Q-switching was not possible by direct replace-
ment of M3 by the SBR, thus, following the extraction of 
M3 , a 150 mm radius of curvature mirror ( M4 ) was used 
to generate a secondary focus where we have placed the 
SBR (shown within the dashed box in Fig. 1). This focus 
( ∼70–100 m) was tight enough to initiate Q-switching, but 
not too tight to prevent mode-locking (or Q-switched mode-
locking). Figure 2 shows the physical structure of the SBR 
that is used in this work. The SBR consists of 26 pairs of 
AlAs-Al0.17Ga0.83 As quarter-wave layers as the Bragg stack 
to provide high reflectivity at a central wavelength of 800 
nm. The SBR contains five 6 nm thick GaAs quantum wells 
(QWs) sandwiched between Al0.17Ga0.83 As barriers for the 
saturable absorber action. The estimated absorption band 
edge of the QW is around 835 nm. The mirror–absorber 
combination is implemented on top of a GaAs substrate.

To obtain SBRs with different modulation depths and 
saturation fluences, we have used one or two pairs of SiO2 
and TiO2 as an additional high reflective (HR) coating layer 
(Fig. 2 shows the case with 1 pair of coating). Figure 3 
shows the calculated small signal and saturated reflectiv-
ity curves for the 800 nm SBRs with no coating (regular), 
1-layer-HR coating and 2-layer-HR coating. As it can be 
seen from Fig. 3, incorporation of additional HR layers 
to the SBR structure decreases the modulation depth and 
increases the reflectivity bandwidth of the SBR (as a result, 
the saturation fluence also increases) [38, 39]. To be more 
specific, the designed/estimated modulation depths of the 

Fig. 1   Experimental setup of 
the multi-mode diode (MMD) 
pumped Cr:LiCAF cavity for cw 
and Q-switched lasing experi-
ments. SBR Saturable Bragg 
reflector, HR High reflector
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SBRs were around 4.2%, 1.4%, and 0.5% for the regular, 
1-pair-HR-coated and 2-pair-HR-coated SBRs, respectively. 
The uncoated SBR had a measured modulation depth of 
4.5%, which confirms that the structure is grown close to 
its design specifications. Moreover, the uncoated SBR had 
a measured saturation fluence of 35 μ J/cm2 , a two-photon 
starting fluence of 2mJ/cm2 , and a decay time of around 20 
ps. Note that, the modulation depth of the uncoated SBR 
(4.5%) was too high for the low-gain Cr:LiCAF laser mate-
rial. Hence, in our experiments, we have only used the HR-
coated SBRs with 0.5% and 1.4% modulation depths in our 
Q-switching trials.

In the experiments, to obtain the Q-switched output, the 
distance between the SBR and M4 was scanned carefully 

by changing the position of the SBR over a range along 
the beam axis where lasing was present (along the stabil-
ity range of the cavity: adjusting the SBR and M4 distance 
enabled fine tailoring of the spot size radius on the SBR 
between 70 and 100 μm). Within this range, for a given 
OC, similar temporal Q-switching behavior (pulse shape, 
pulse-width, and repetition rate) was observed at a num-
ber of different locations of the SBR along the beam axis. 
Among those operation points, for each OC, we have cho-
sen the location where the Q-switched laser average power 
was highest. Stable Q-switched operation was obtained 
with different output couplers having transmissions of 
0.35%, 0.7%, 1.6%, and 2.75%. Detailed Q-switched data 
were taken during the experiments and main parameters 

Fig. 2   Refractive index profile and physical thickness of each layer 
for the 1-layer-HR-coated 800 nm SBR that is used in this study 
(dimensions not to scale). The Bragg layers have an optical thick-
ness of 200 nm ( �∕4 ), and have a corresponding physical thickness 
of 66.55 nm and 57.15 nm for the AlAs and Al

0.17
Ga

0.83
As, respec-

tively. The structure contains five 6 nm thick GaAs quantum wells, a 
5 nm GaAs cap to prevent oxidization, and an additional SiO

2
∕TiO

2
 

quarter-wave pair high reflector to improve the overall reflectivity of 
the SBR

Fig. 3   Calculated small signal 
and saturated (large signal) 
reflectivity curves for the 
uncoated, one-layer-HR-coated 
and two-layer-HR-coated 800 
nm SBRs. Details of the design 
are presented in Fig. 2
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such as pulse-width, repetition rate, average output power, 
optical spectrum, RF spectrum, and beam profile were 
recorded.

3 � Experimental results and discussion

3.1 � Continuous‑wave lasing results

In cw experiments, the position of the laser crystal, pump 
focusing lens, and the cavity alignment were all optimized 
as in Fig. 1, as to obtain the maximum power output around 
800 nm at a certain pumping power from both diodes. The 
power efficiency curves for each one of the 0.35%, 0.7%, 
1.6%, and 2.75% OCs were then constructed by operating 
both diodes simultaneously at the same discrete levels of 
input current. A maximum total pump power of 3.57 W was 
available at the maximum current of 2.3 A for both diodes.

Figure 4a shows the measured cw power efficiency curves 
for the Cr:LiCAF laser. By comparison, 0.7% OC is seen 
to provide the best results where output powers up to 468 
mW was achieved at 3.5 W of absorbed pump power. The 
corresponding lasing threshold and slope efficiency with 
respect to absorbed pump power were 390 mW and 14.8%, 

respectively. The lasing threshold was measured lowest (190 
mW) with 0.35% OC and is seen to increase (up to 1090 
mW for 2.74% OC) for increasing levels of output cou-
pling. The measured slope efficiencies of the current work 
(14.8% max) are significantly lower than the intrinsic and 
reported efficiency of ∼60% of the Cr:LiCAF laser (obtained 
via Ti:Sapphire pumping) [40]. Some of this is due to the 
difficulty of mode-matching to the multimode pump beam. 
On the other hand, a cw slope efficiency of 32% [40] and 
49% [41] were reported in similar MMD diode-pumped 
systems, while using a 10% Cr-doped LiCAF sample with 
∼0.3% passive loss and 5% Cr-doped LiCAF sample with 
∼0.1% passive loss, respectively. The relatively highly Cr-
doped (7%) LiCAF sample in our study had an internal crack 
from earlier power scaling studies, and we believe that this 
increased the passive losses of the sample at hand to around 
0.6%. Unfortunately, no other sample was available during 
this study; however, since we focused on understanding the 
potential of Q-switched Cr:LiCAF lasers in this initial work, 
this does not significantly change the results that will be 
presented in the next section (except the obtainable average 
power levels, which could be scaled further in future studies 
by employing lower-loss Cr:LiCAF samples).

Figure 4b shows sample optical spectra obtained from the 
cw Cr:LiSAF laser, where we see variation of laser wave-
length with pump current for the 0.7% transmitting output 
coupler. As we can see from Fig. 4b, the free-running optical 
spectra of the cw Cr:LiCAF laser were centered around 800 
nm and had a FWHM of ∼1.8 nm. A clear shift of laser cen-
tral wavelength from 798 nm and 804 nm is easily visible as 
the pump diode current is increased from 1.1 to 2.3 A (cor-
responding absorbed pump powers increase from 0.85 to 3.5 
W). The observed laser wavelength drift is due to the shift 
of emission gain peak to longer wavelengths with increasing 
temperature of the crystal.

3.2 � Q‑switched lasing results

We start the presentation of our Q-switched lasing results 
with Fig. 5, which shows the variation of measured output 
power with absorbed pump power level. The data are taken 
using: (1) 1-layer-HR-coated SBR and 0.35%, 0.7%, 1.6%, 
and 2.75% transmitting output couplers, and (2) 2-layer-
HR-coated SBR with the 0.7% transmitting output coupler. 
Comparing Fig. 5 with the earlier cw performance (Fig. 4), 
we see that, in Q-switched experiments, the achievable laser 
slope efficiencies decreased significantly: highest efficiency 
is 7% for 0.7% OC in comparison to the 14.8% observed in 
cw operation due to the additional losses associated with the 
SBR. Note that, on purpose we did not employ a very tight 
focus on the SBR (to prevent mode-locking), and as a result, 
the increase of cavity losses not only includes non-saturable 

Fig. 4   a Power efficiency data of the continuous-wave Cr:LiCAF 
laser taken with four different OCs with transmission in the range 
from 0.35 to 2.75%. b Measured optical spectrum of laser with 0.7% 
OC at different levels of diode current or pump power (0.85 W at 1.1 
A, 3.5 W at 2.3 A)
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losses of the SBR, but also some portion of the saturable 
losses, as the SBR was not fully saturated in this study.

With the one-layer-HR-coated SBR, the highest average 
power was obtained using the 0.7% output coupler: around 
125 mW at around 3.4 W absorbed pump power level. When 
we compare the results obtained with one and two-layer-HR-
coated SBRs (both taken with the 0.7% OC), a lower lasing 
threshold is obtained with the 2HR-SBR as expected (due 
to lower overall losses). On the other hand, the maximum 
average power obtained was only 100 mW, probably due to 
the additional difficulty in bleaching the absorber hidden 
behind 2 HR coatings.

During the Q-switching experiments, cw regime was first 
observed at low absorbed pump power levels (shown with 
small markers in Fig. 5) and stable Q-switched operation 
(shown with larger markers) started only after absorbed 
pump power reached a certain value (a different level for 
each OC). This observation points to the requirement of a 
certain intracavity power level for the laser to reach a stable 
Q-switching operation. The interpretation of this behavior 
can be made based on the Q-switching condition given as 
[6],

where r is the pump parameter that is the ratio of pump 
power to the threshold pump power describing how many 
times the laser is pumped above threshold, TR is the cavity 
round-trip time, �f  is the upper state lifetime of the laser 
material, dR∕dI is the variation of SBR reflectivity with 
intensity and I is the laser intensity incident on the absorber. 
As nicely described in [6], left-hand side of Eq. 1 describes 
the loss reduction per cavity round-trip due to the saturation 

(1)Q-Switching:
|
|
|
|

dR

dI

|
|
|
|

I > r
TR

𝜏f

,

of the SBR, which increases the intracavity laser intensities. 
To compensate for this increase, the gain should saturate fast 
enough to reach a balance (right-hand side of Eq. (1)), and if 
the gain cannot catch up, a Q-switched pulse will evolve. It is 
clear from Eq. (1) that Q-switching tendency increases with 
increased upper state lifetime of the gain media, and among 
Cr:Colquiriites, Cr:LiCAF which has the longest room-
temperature fluorescence lifetime ( �f = 175μs ) is an ideal 
candidate for Q-switching applications. Note also that, lasers 
with shorter cavities with smaller round-trip times ( TR ) also 
have a higher tendency for Q-switching. Finally, a larger 
slope (dR∕dI) , a larger change of reflectivity with intensity 
(a smaller saturation fluence) also increases Q-switching 
tendency, as well as the Q-switched pulse build-up time [6].

We see from Eq. (1) that, with increasing pump power, 
the intracavity laser intensity and r will increase, whereas 
(dR∕dI) will decrease due to SBR saturation and �f  will 
potentially also decrease slightly due to increased inversion 
and crystal temperature. Overall, the increase of intracav-
ity intensity dominates, and as the pump powers increase 
slowly, at one point the laser will start to Q-switch (of 
course, depends on all the other specifications of the sys-
tem). We clearly see this behavior in our experimental data 
shown in Fig. 5. The laser first operates in pure cw regime 
with all output couplers: indicating that, the intensity fluc-
tuations could easily be balanced. As the pump powers and 
intracavity laser powers increase, stable Q-switching is 
observed in all cases. We have also seen that, the required 
pump power level for Q-switching increases with increasing 
output coupling. This is a quite expected result, since the 
intracavity laser powers decrease with increasing output cou-
pler transmission, and larger laser output powers (or pump 
powers) are required to reach the Q-switching point.

Fig. 5   Measured power 
efficiency data of the SBR 
Q-switched Cr:LiCAF laser 
taken with four different OCs 
with transmission in the range 
from 0.35 to 2.75%. 1HR SBR: 
800 nm SBR with one addi-
tional pair of HR coating, 2HR 
SBR: 800 nm SBR with two 
additional pairs of HR coating
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Figure 6 shows the measured variation of Q-switched 
Cr:LiCAF laser output pulse width and repetition rate with 
absorbed pump power. The data are taken with various 
output coupler values. During measurements, temporal 
waveform was recorded on a digital oscilloscope from 
which repetition rate values were readily available (eg. 
see Fig. 7). The output of the laser was also simultane-
ously monitored using an RF spectrum analyzer to confirm 
the stability of Q-switching. A sample plot of RF spectra 
is given in Fig. 8, which shows a clean peak with no side 
lobes at the repetition frequency of the Q-switched pulses 
(around ∼31.8 kHz for this sample case). Note that, the 
Q-switching data are taken in an open laser setup, and it is 
clear that, the RF peak shown in Fig. 8 could be narrowed 
down further, by closing the laser cavity and by employ-
ing better temperature stabilization to the system. Also, 
for a more accurate determination of the laser pulse width 
from the measured oscilloscope trace, the two-dimensional 
pulse train data were subjected to an algorithm where the 
difference between the mid-crossings in between low and 
high state levels (FWHM) of the pulses were calculated 
and state levels were estimated by a histogram method, and 

reported values in Fig. 6a are average pulse width values 
(average pulse width of all the pulses that fit into a 2 ms 
window: ∼ 40–80 pulses depending on the repetition rate).

If we start the discussion with the measured pulse widths, 
we see from Fig. 6a that, the pulse widths measured with the 
0.7% OC stayed around 1.75 μ s, showed some oscillation 
(±0.25 μs), but did not show a clear increasing/decreasing 
trend with changing absorbed pump power level (both for the 
1HR SBR and 2HR SBR). For the 0.35% and 1.6% OC, we 
see a slow decrease of measured pulse widths from around 
2.5–2.75 to 1.85–2 μ s level. The data with the 2.75% devi-
ate from others, where we have measured pulse widths of 
around 3.65 μ s (a slight decrease of pulse widths from 4 to 
3.5 μ s level is also observable for this OC).

When we look at Fig. 6b, we see that for all cases the 
measured Q-switched repetition rate of the Cr:LiCAF laser 
increases almost linearly with absorbed pump power amount. 
However, note that the observed slope (rate of increase of 
repetition rate with the change of absorbed pump power) is 
quite different. As an example, for the 0.7% output coupler, 
the repetition frequency is seen to vary from around 21.2 
kHz up to 39.2 kHz when the absorbed pump power was 
increased from 2.4 to 3.35 W. On the other hand, for the 
0.35% OC, the repetition frequency only increases from 29.3 
to 30.6 kHz for a similar pump power change.

It is educational at this point to try to understand the 
observed trends in Q-switched repetition rate and pulse 
width. For a fully saturated SBR, the pulse width (FWHM) 
of an SBR Q-switched laser can roughly be estimated using:

where q0 is the saturable loss coefficient of the absorber (also 
known as modulation depth) [42]. The above formalism in 
Eq. (2) assumes that the growth rate and the decay rate of 
the Q-switched pulse are both q0∕TR . Taking the decrease in 
growth and decay of the pulse during saturation of the gain 
(during rise and fall times) into account, a closer approxi-
mation could also be made by multiplication of Eq. (2) by 
another factor ∼2.5 that gives [42, 43]:

For our case, for the experimental setup shown in Fig. 1, 
we had a round-trip cavity time (TR) of around 3 ns, and 
for the 1-pair-HR-coated SBR, the calculated modulation 
depth q0 = ΔR is around=1.4%, resulting in an estimate of 
the FWHM of the Q-switched pulses as �p = 0.7μs . For the 
2-pair-HR-coated SBR, the calculated modulation depth 
is around 0.5%, and this results in pulse width estimate of 
around 2.1 μ s. Note that our measured pulse widths with 
the 1HR SBR are around 2–3 times longer than the simple 

(2)�p =
2ln(2)TR

q0
,

(3)�p =
3.52TR

q0
.

Fig. 6   Measured variation of a pulse-width and b repetition rate of 
the Q-switched Cr:LiCAF laser with absorbed pump power amount. 
The data are taken using different output couplers in the 0.35–2.75% 
range. 1HR SBR: 800 nm SBR with one additional pair of HR coat-
ing, 2HR SBR: 800 nm SBR with two additional pairs of HR coating
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estimate. We believe this is potentially due to the full-
bleaching assumption made while driving Eq. (3); since in 
our case, we have on purpose did not use a tight focus on 
the SBR to prevent mode-locking (and hence our SBRs were 
clearly not fully bleached in our study). Moreover, if we look 
at the experimental data a bit closer, as expected from Eq. 
(3), the pulse width data with the 0.7% OC do not change 
with absorbed pump power level. On the other hand, the 
observed slow decrease of pulse width with pump power for 
the 0.35%, 1.6% and 2.75% OCs shows a sign of increased 
level of saturation of the SBR.

Regarding the repetition rate of Q-switched pulses at the 
output, a theoretical approximation for the repetition fre-
quency can be formulated as in Eq. (4) provided that the 
repetition rate is much greater than the upper state lifetime 
�f  of the laser (i.e. frep ≥ 2∕�f  ) [44]:

In Eq. (4), g0 is the small-signal gain coefficient with g0 = rL 
where r is the pump parameter (same as defined in Eq. (1)) 
and L is the total round-trip losses of the cavity including 
the saturable and non-saturable losses of the SBR, losses 
of the laser crystal and cavity optics as well as the effective 

(4)frep ≅
g0

2ΔR�f
.

loss of output coupling. Since g0 varies approximately lin-
early with the pump power for a four-level laser system, one 
expects a linear increase of repetition rate with absorbed 
pump power level, and hence generally speaking, the experi-
mentally measured trends in Fig. 6b comply with the theo-
retical expectations. However, as mentioned earlier, the rate 
of increase of repetition rate with the change of absorbed 
pump power is quite different for each OC, and it is espe-
cially relatively low for the 0.35% and 2.75% output cou-
plers. For these OCs, the laser efficiencies were rather low 
(Fig. 9), and the system was operating further away from 
fully saturated absorber approximation, which might be the 
reason for the observed behavior. If we look at the case of 
0.75% OC data in detail, using the 1-pair-HR-coated SBR, 
we have measured a lasing threshold of around 1.5 W. Sta-
ble Q-switching were obtained for absorbed pump powers 
levels between 2.4 and 3.35 W, with corresponding r values 
of around 1.6 and 2.23, respectively. When we look at the 
repetition rate data, we see an increase in the repetition rate 
from 21.2 to 39.2 kHz. The calculated increase in r value ∼
1.4 ( ∼2.23/1.6) is considerably smaller than the measured 
increase in repetition rate ∼1.85 (39.2/21.2), which demon-
strates that Eq. (4) only roughly estimates the observed trend 
in our case, probably due to the simplifying assumptions 
used in its derivation.

Fig. 7   Measured time dynamics of the Q-switched Cr:LiCAF laser in 
different time scales: a 2 ms, b 500 μ s, c 100 μ s, d 8 μ s. The data are 
taken using the 0.7% OC with 1-layer-HR-coated SBR at an absorbed 

power of 3.13 W, while the Q-switched Cr:LiCAF laser output power 
was 109 mW. The pulse width and repetition frequency were 1.82 μ s 
and 36.8 kHz respectively
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Figure 9 shows the corresponding calculated peak pow-
ers and the pulse energies of the Q-switched Cr:LiCAF 
laser based on measured average output power (Fig. 5) 
and pulse width & repetition rate (Fig. 6) data. We see that 
there is some fluctuation in the calculated data in terms 
of variation of the measured parameters with absorbed 
pump power level. In terms of pulse energy, for the 0.7% 
and 1.6% output couplers, we do not observe any signifi-
cant variation of energy with pump power. On the other 
hand, a slow increase in pulse energy could be seen in the 
data taken using 0.35% and 2.75% output couplers. Note 
that, peak powers up to ∼1.9 W were obtained for 0.7% 
OC, thus the peak power of the laser is only scaled up to 
around four times in comparison to cw output. Calculated 
pulse energies are also around 3 μ J for most cases, except 
for the 0.35% OC, where the pulse energies were limited 
in the ∼1.5–2μ J range.

It is again helpful to compare the measured data with 
theoretical estimations. A derivation of an equation for the 

pulse energy in a passively Q-switched laser using semi-
conductor saturable absorbers based on the reduction of 
gain during the evolution of pulse results in [42]:

where Toc is the output coupler transmission, L is again the 
total round-trip cavity losses, and El is the saturation energy 
of the gain medium:

Above, hvl is the laser photon energy, A is the laser mode 
area. According to Eq. (5), assuming a constant laser mode 
area, the pulse energy is expected to be independent of the 
pump power applied to the cavity (assumption of constant 
mode-area might not be fully valid in our case due to the 
variation of pump laser beam profile with diode current). As 
discussed above, some of the data taken match this expec-
tation; whereas in some, we see some fluctuations, which 
might be again an indication of not fully saturated SBR oper-
ation regime or due to the unintended change in other laser 
parameters. For a more direct comparison of experimental 
findings with that of Eq. (5), the theoretical estimate of pulse 

(5)Ep = El(2q0)
Toc

Toc + L
,

(6)El =
hvl

2�em
A.

Fig. 8   Sample radio frequency spectrum of the Q-switched pulse 
train emitted from the Cr:LiCAF laser taken at different central fre-
quencies: a RF centered at baseband with a span of 4 MHz, and reso-
lution bandwidth of 100 Hz (only the positive frequencies are shown 
for better visibility). b RF centered at the Q-switching frequency 
around 31.8 kHz, with a span of 20 kHz, and resolution bandwidth 
of 10 Hz. The data are taken using the 0.35% OC with 1-layer-HR-
coated SBR at an absorbed power of 3.13 W, while the Q-switched 
Cr:LiCAF laser output power was 58 mW. The pulse width and rep-
etition frequency were 2.15 μ s and 31.8 kHz respectively

Fig. 9   a Peak power and b Pulse energy of Q-Switching laser with 
1HR SBR and four different OCs. (including an additional trial for 
2HR SBR with 0.68% OC)
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energy was made for the setup with 1-pair-HR-coated SBR 
( ΔR=1.4%) and 0.7% OC, where the calculation of Ep with 
the parameters of �em = 1.3 × 10−20cm2 , A = �56 × 42μm2 , 
and L ∼ 2% is around 5.5μ J. This is 1.5–2 times above what 
is measured experimentally, and we again believe this might 
be mostly due to the full SBR saturation assumption made 
while deriving Eq. (6).

To finalize the subsection, sample optical spectra from 
the Q-switched Cr:LiCAF laser is shown in Fig. 10. Sample 
output beam profile data is also shown as an inset picture for 
each output coupler. When we look at the optical spectra, 
we see that, compared to cw operation (with spectral width 
∼1.8 nm), weak spectral widening (up to ∼ 4 nm for 0.36% 
and 0.68% OC) and narrowing (down to ∼ 1 nm for 1.6% 
and 2.74% OC) could be observed in the Q-switched case. 
Thus, we can say that the optical spectrum of the Q-switched 
pulses gets narrower with increasing output coupling, prob-
ably due to decreased overall net gain. When we look at the 
beam profile, we see that one mostly gets a TEM00 output 
despite the multimode pump beam due to relatively higher 
losses of the system which prevent lasing of the higher-order 
modes. As an exception, the laser output obtained with the 
2-HR-layer-coated SBR was multimode, probably due to the 
lower overall losses of this SBR.

4 � Conclusion

We have investigated passive Q-switched operation of a 
diode-pumped Cr:LiCAF laser using AlGaAs based SBRs 
for the first time. In cw laser experiments, around 0.5 W 
of output power with a slope efficiency of around 15% 
was reached. In Q-switched operation, the laser produced 
pulses down to 1.62 μ s near 800 nm with an average power 
of around 125 mW. The repetition rate varied between 18 

and 40 kHz with pulse energies up to 3.5 μ J and peak pow-
ers up to 1.9 W around 800 nm. Clearly, the obtained pulse 
widths with SBR Q-switching are rather long, compared to 
earlier passive Q-switching experiments with V:YAG [27], 
Cr:YSO [28], and Cr:YAG [37]. The peak power scaling 
of the system is also only three–fourfold compared to cw 
operation, partly due to the long pulse widths, and partly 
due to the relatively high losses of the SBR at hand.

We believe that, in future studies, shorter pulse widths 
could be achieved from SBR Q-switched Cr:LiCAF lasers 
by employing more compact cavities with reduced cavity 
round-trip time (Eq. 3). An SBR with a larger modulation 
could also be used to reduce the obtainable pulse widths. 
However, higher modulation depths will only be feasible 
in a system with improved gain, which could be achieved 
by using a lowly Cr-doped Cr:LiCAF sample (1–3%) 
with lower passive loss and reduced thermal issues. As 
described in [41], a lower Cr-doping could facilitate the 
usage of higher pump power levels via better distribution 
of heat load along the crystal length, which can then allow 
usage of an SBR with a larger modulation depth.

Note also that the usage of shorter cavities also reduces 
the mode-locking tendency of the SBR: if the recovery 
time of the SBR is in the order of or larger than the cav-
ity round-trip time, the laser will not be mode-locked [6]. 
In that respect, usage of an SBR with a larger recovery 
time could also help with pure Q-switching. The SBR used 
in our study was optimized for mode-locking: some lay-
ers were low-temperature grown to induce defects and to 
achieve a relatively fast recovery time of around 20 ps. 
Ideally, the recovery times of AlGaAs-based absorbers 
could be designed to be in the few ns range, which could 
provide great benefit in achieving pure Q-switched opera-
tion. In short, we believe that, with proper engineering of 
the system, SBR Q-switched Cr:LiCAF lasers have the 

Fig. 10   Optical spectrum of 
Q-Switched Cr:LiCAF laser 
taken with 1-HR-coated and 
2-HR-coated 800 nm SBRs at 
different output coupling levels. 
The inset picture shows the 
measured beam profile for each 
case
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potential to generate pulse widths and peak powers that 
are orders of magnitude better compared to what could be 
achieved in this initial study.
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