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Abstract; By utilizing a fiber-coupled laser diode emitting at a wavelength of around 976 nm as a pump source
and a Yb: CaYAIO, crystal with a Yb** ion doping concentration of 1. Sat. % and a thickness of 2 mm as the
gain medium, a scheme of laser diode-pumped Yb: CaYAIO, for passively Q-switched pulsed lasers using a
semiconductor saturable absorber mirror(SESAM) is proposed. By reasonably designing the resonant cavity, a
stable passively Q-switched pulsed output is achieved. Furthermore, the influence of the pump power on the
pulse repetition rate, pulse width, single pulse energy and peak power are analyzed.
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1 Introduction

Laser-diode-pumped all-solid-state pulse lasers
have the advantages of compact structures, high effi-
ciency, low cost, high peak pulsed laser output,
narrow pulse width, high beam quality, etc.. They
have been widely used in nonlinear optics, spectros-
copy, biomedical diagnosis, materials processing
and other fields''*'. Q-switching technology is one
of the most important ways to create pulsed lasers
and can be divided into active Q-switching’ and

passive Q-switching'®'. Active Q-switching requires

an external device to control the loss of the resonant
cavity,, while passive Q-switching does this using the
saturable absorption effect of nonlinear optical mate-
rials. Compared with the active Q-switched laser,
the passive Q-switched laser has the advantages of
simple structure, low cost, the ability to self-start
and no need for an external power supply. The non-
linear saturable absorbers currently used for passive
Q-switching are semiconductor saturable absorption
mirrors ( SESAM ) 1?7 | graphene[m , carbon nano-

[12]

tubes'"" | topological insulators' ', transition metal

[13-14]

dichalcogenides" """ and other, similar materials.

Tab.1 Yb’* doped laser materials classified by molecular structure

F1RHTFEMN KN YD 5RO

Molecular structure

Laser Material

Yttrium aluminum garnet
Sesquioxide
Aluminate
Silicate
Vanadate
Borate

Tungstate

Yb: Y,AL O,
Yb: Se, 0, Yb: Lu, 0,
Yb: CaGdAIO, "™ Yb: CaYALO, ™’
Yb: Gd, Si0; ™7 Yb: Y, Si0, "
Yb: YVO,™! Yb:LuvO,™
Yb:Sr, Y(BO, ), ! Yh: Ca,GdO(BO, ), >
Yh:KY(WO,), Yb:KG(WO,),"

Existing research shows that Yb’" ion doped
laser materials have the advantages of having a sim-
ple energy level structure, high quantum efficiency,
wide emission spectrum, being unaffected by excited
concentration

state absorption, up-conversion,

quenching, etc---. These are each very suitable for
generating high power, near-infrared short-pulse la-

2829
ser beams'*?’

. Meanwhile, since a doped Yb’* la-
ser medium has an absorption wavelength matching
the emission wavelength of its high-intensity InGaAs
laser diode, a compact laser-diode-pumped all-solid-
state laser can be constructed. Doped Yb’* laser
materials can be classified into glass, crystal, and
ceramic, depending on the used process of prepara-
tion. They can also be classified by molecular struc-

ture, as shown in Tab. 1. In recent years, as a new

type of erbium-doped gain material, Yb: CaYAIO,

has been attracting the attention of academics and
industrial professionals, its output characteristics in
continuous lasers and mode-locked pulsed lasers has
been studied with more frequency. In 2010, Dong-
zhen Li et al. used the Czochralski method to grow
Yb: CaYAIO, crystals then determined their lifetime
of fluorescence to be 426 s and the full width at
half maximum of their fluorescence spectrum to be at
61 nm"™'. In 2011, they further studied the contin-
uous laser output of Yb: CaYAIO, crystals. When the
incident pump’s power is set to 8 W, a continuous
laser with a maximum output power of 2.48 W is
achieved with a slope efficiency of 55.4% ', Also
in 2011, Tan et al. of Nanyang Technological Uni-
versity achieved a pulsed laser with a pulse width of
156 fs, repetition rate of 91 MHz and a maximum

average output power of 740 mW"**' using a SESAM
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mode-locked Yb: CaYAIO, laser. In 2015, Gao et
al.  achieved Kerr lens mode-locking with
Yb: CaYAIO, and produced an ultrashort pulse laser
of 33 fs with a repetition rate of 115 MHz™. In
2016, Ma et al. of Nanyang Technological Universi-
ty used graphene as a saturable absorber to achieve
mode-locking pulse output with a Yb: CaYAIO, laser
achieving a pulsed width of 30 fs, which is the shor-
test pulse generated by mode-locked Yb:CaYAIlO,

lasers so far:**

. It is worth noting that, while cur-
rent research on Yh: CaYAIO, pulsed lasers is relat-
ed to mode-locked lasers with no report on passive
Q-switched lasers, understanding the performance of
Q-switched pulses from Yb:CaYAlO, crystal lasers
helps further understand the optical properties of
Yb: CaYAIO, crystals. Therefore, it is necessary to
research and explore the performance of passive Q-
switched Yb: CaYAIlO, crystal lasers.

This paper proposes a scheme that uses SESAM
diodes

Yb: CaYAIO, to output a pulse, then studies output

passive Q-switched laser pumped  with
characteristics of the emitted pulse. The experiment
shows that a stable Q-switched laser pulse output can
be obtained using this scheme. The slope efficiency
of the output pulse was 7.25% , and the optical-op-
tical efficiency was 5.97% . When the pump power
was set to 5.27 W, the pulse width reached a mini-
mum of 1. 17 ps. At this time, the repetition fre-
quency of the pulse was 73. 67 kHz, the single pulse
energy was 3.88 pJ, and the peak power was
3.32 W. When the pump power was set to 6. 51 W,
the output single pulse energy reached a maximum

value of 3. 97 uJ.

2 Experimental Equipment

The experimental setup is schematically shown
in Fig. 1, wherein the figures (a) and (b) corre-
spond to the continuous laser output and the SESAM
Q-switched pulsed laser output, respectively. The

gain material used in the experiment was a Yb: CaY-

AlO, crystal having a doping concentration of
1. 5at. % , cut along the a direction. The crystal size
was 3 mm x3 mm X2 mm and the light transmission
length was 2 mm. In the experiment, in order to dis-
sipate heat, the Yb: CaYAlO, crystal was wrapped
with indium foil, sandwiched with copper and also
mounted on a water-cooled copper stage that was
held at a temperature of 17 °C. Since the absorption
peak of Yb: CaYAIO, crystals at room temperature
are 979 nm, the absorption cross sections of ¢ and
polarization directions are 1.71 x 107> cm’ and
5.07 x 107 e¢m”, respectively, which is very suit-
able for pumping with laser diodes ™. In this exper-
iment, we used a pump source that is a multimode
fiber-coupled output laser diode ( BWT DS3-41212
0313) with a wavelength of (976 £0.5) nm. The
multimode fiber has a core diameter of 105 pm, a
numerical aperture of 0. 22, and a rated output pow-
er of 27 W. The pump light is focused at the center
of the Yb: CaYAIO, crystal through a 1:1 coupling
focusing system so the pump light in the crystal has a
diameter of approximately 105 pwm. For the case of
continuous laser output ( as shown in Fig. 1 (a)),
the resonant cavity is composed of M,, M, and OC.
Among these, M, is a planar dichroic mirror coated
with an antireflective coating with high transmittance
at (976 £ 10) nm and a high reflective film with
high reflectivity at a wavelength of 1 000 -
1 100 nm; M, is a concave mirror with a curvature
radius of 200 mm with a high-inversion dielectric
film plated in the wavelength range of 940 -
1 100 nm; OC is a coupled output mirror with
0.5% transmittance in the 930 — 1 140 nm wave-
length range. For the case of Q-switched pulse out-
put, the resonant cavity is composed of M, , M,, M,
and SESAM. M, is a concave mirror with a curvature
radius of 300 mm. It is coated with a high-reverse
film in the wavelength range of 900 - 1 100 nm.
The SESAM has a saturated absorption rate of
0.7% , a saturated energy density of about 120 wJ/

em’, and a relaxation time of 1 ps. The wavelength



170 o DA

2%

range is 1 020 — 1 110 nm ( center wavelength is
1064 nm ). In the experiment, a power meter
( Thorlabs-PM100D, Thorlabs-CAL ) was used to
measure laser power, and a spectrum analyzer( Ando
AQ6317C) was used to measure the laser spectrum.
The optical signal was converted into an electrical
signal by a photodetector and input into an oscillo-
scope( Agilent Technologies DS09254A ). The out-

put laser pulse was then tested.

M M,

1
Yb:CaYAIO,

M, M,
Yb:CaYAIO,

SESAM
(b)

Fig.1 Schematic setup of the Yb: CaYAIO, laser exper-
iment, where (a) and (b) are diagrams of the
continuous-wave setup and passive Q-switched
laser setup, respectively

1 Yb: CaYAIO, BOG &% 5250 % B, Horh (a) Al

(b) 2330 7 55 BL3%E Se 06t A sl Q
ik O

3  Experimental Results and Discus-

sion

First, using the optical path of Fig. 1(a), con-
tinuous laser output can be achieved by finely adjus-
ting the position of each component in the cavity.
The curve of the output power varying with the pump
power curve and the laser spectrum when the pump

power is 4. 86 W are shown in Fig. 2. As can be

seen from Fig. 2(a), the threshold pump power is
1.01 W, the slope efficiency is 10. 23% and the op-
tical-optical efficiency is 8.82% . In terms of slope
efficiency, our results are quite different from the
55.4% reported in Ref. [31], which may be due to
the low transmissivity of the output mirror (0. 5% )
used in our experiments. As can be seen from Fig. 2
(b), the center wavelength of the output continuous

laser is approximately 1 052 nm.
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Fig.2  Output power as a function of incident pump
power (a) and the optical spectrum under a
4.86 W pump (b) for the laser operating at a
continuous-wave
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By adding M; and a SESAM, the experimental
system for passive Q-switched pulse output can be
constructed ( as shown in Fig. 1(b) ). In the experi-
ment, when the pump power is 1. 51W, there is a
continuous laser output; when the pump power is in-
creased to 1.59 W, the Q-switching pulse starts to

appear but the output pulse is unstable at this time.
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When the pump power is increased to 2. 40 W, there
is a stable Q-switched laser. This relationship be-
tween stable Q-switched laser output power and the
pump power is shown in Fig. 3. When the pump
power is 7. 76 W, the output power is 464 mW , the
Q-switched output slope efficiency is 7.25% , and
the optical-optical efficiency is 5.97% . By compa-
ring Fig. 2 (a) with Fig. 3, it can be seen that the
Q-switched pulse’s output power is slightly smaller
than the continuous laser’s output power because
there is absorption loss in the SESAM and because
the added cavity mirror increases the cavity loss. In
addition, from the output power fitting curves of the
continuous laser ( Fig. 2 (a)) and Q-switched laser
(Fig.3), it can be seen that the output power

increases linearly with the increase of pump power

and that there is no saturation effect. This is because

no larger pump power is used in the experiment to

prevent damage to the crystal.
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.
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Fig. 3 Output power as a function of incident pump
power for the laser operating at a Q-switched
state
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Fig.4 Pulse trains at different time windows for pump powers of 4.04W (a), 6. 10W(b), and 7. 76W(c)
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The above experimental results show that the la-
ser can achieve a stable Q-switched pulse output
when the pump power is in the range of 2.40 -
7.76 W. In the following, we discuss the character-
istics of the output pulse. Fig. 4(a) is a pulse train
diagram at different time periods when the pump
power is 4. 04 W. At these times, the output pulse
repetition frequency is 54. 14 kHz and the pulse
width is 1. 31 us. Fig.4(b) is the same when the
pump power is 6. 10 W, its output pulse repetition
frequency is 90.10 kHz and the pulse width is
1. 33 ps. Finally, Fig. 4(c) corresponds to the case
where the pump power is 7. 76 W, the output pulse
repetition frequency is 123.40 kHz and the pulse
width is 1. 83 ws. The first, second and the third
columns respectively correspond to time windows of

1 000 ps, 100 ps, and 10 ws. It can be seen from

| (@)

Intensity/a.u.

thW\W»J i

Time/pus

i

0.8F

0.6

At=1.17 nsx1.414

Intensity/a.u.

0.4

0.2

Time/pus

the figure that the output pulse width is relatively
uniform, the Q-switching effect is stable, and there
is no pulse splitting.

The pulse output with the shortest pulse width
in the experiment was obtained at a pump power of
5.27 W, whose pulse trains are shown in Fig. 5(a)
and (b), respectively. It can be seen from these
pulse trains that the output pulses are uniform and
stable. Fig.5(c) and (d) are the single pulse pro-
file and the Q-switched laser spectrum, respective-
ly. At this time, the Q-switched laser pulse width
the
73. 67 kHz, and the center wavelength was around

was repetition frequency was

1.17 s,
1 048. 6 nm. In the experiment, the Q-switched la-
ser pulse width is in the order of microseconds,
which we speculate is due to the low transmittance of

the output mirror >’ .

(b)
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Fig.5 Q-switched pulse trains(a —c¢) and laser spectrums(d) at different time windows when the pump power is 5.27 W

&5

Finally, the output characteristics of the passive
Q-switched Yb: CaYAIO, laser are analyzed with re-
gard to pulse width, repetition frequency, single

pulse energy and peak power. Fig. 6 shows the repe-

ATy 5.27 Wt AR A 27 1R 93 Q Bk ah ¥ 51 (a ~ o) LLEROEIEHE (d)

tition frequency and pulse width of the output pulsed
laser as a function of pump power. As the pump
power increases from 2. 40 W to 7.76 W, the pulse

repetition frequency continuously increases from
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41.3 kHz to 123. 4 kHz, while the pulse width de-
creases from 1. 78 us to 1. 17 s and then increases
to 1. 83 ws. In general, with a gradual increase of
pump power, the pulse repetition frequency of the
while the

pulse width tends to decrease rapidly and then grad-

Q-switched laser gradually increases,

ually stabilize. It can be seen from the figure that
the repetition frequency of the Yb: CaYAIO, Q-
switched pulse varies with the pump power in ac-
cordance with the characteristics of the Q-switched
laser pulse described above. However, our experi-
mental results show that when the pump power is rel-
atively large, increasing the pump power will also
increase the pulse width. The reason may be that
when the pump power is large, the pulse repetition
frequency is also large ( greater than 70 kHz).
Meanwhile, as the pump power increases, the pulse
repetition frequency increases, the energy storage
decreases in each period, the single-pass gain de-
creases, and the pulse needs to travel back and forth
more within the cavity from its generation to forma-

tion, thereby causing the pulse to widen'**’

140 T T T T T 2.0
—— Pulse repetition rate x
N L
§ 0 —*= Pulse width / {1.8
2 100 =z
o 73
L 11.6 ©

g %0 £
2 a
& 60f -
= 1l.4 =
2 4o} ’
£

20+ =

Incident pump power/ W

Fig. 6

Relationship between repetition frequency and

pulse width as a function of pump power

Bl 6 H AR Ak v BE B A D AR A O A

Based on the experimentally measured average
output power, pulse width, and repetition frequen-
¢y, the single pulse energy and pulse peak power of
the Q-switched laser pulse can be calculated. Fig. 7
shows the relationship between single pulse energy
and pulse peak power as a function of pump power.

It can be seen from the diagram that the single pulse

energy increases first and then tends to stabilize with
an increase in pump power. When the pump power
is 6.51 W, the
3.97 wJ; the pulses peak power increases with the

single pulse energy reaches
pump power and then decreases. When the pump
power is 5. 27 W, the highest value is reached with
a peak power is 3.32 W.
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Fig.7  Single pulse energy and pulse peak power as a
function of pump power
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4 Conclusion

A multimode fiber-coupled laser diode was used
as a pump source, a Yb:CaYAIO, crystal as a gain
medium, and a SESAM as the passive Q-switched
component to construct a passive Q-switched laser
system. A stable Q-switched pulse output was
achieved in the range of 2. 40 —7.76 W and the in-
fluence of pump power on the output of the Q-
switched pulse was analyzed. The results show that
output with the shortest pulse width achievable with
this system (1. 17 ps) can be obtained when the
pump power is 5.27 W and the maximum single
pulse energy(3.97 wJ) is obtained when the pump
power is 6. 51 W. It should be noted that the find-
ings of this paper are only a preliminary attempt at
creating a Yb: CaYAlO, passive Q-switched laser.
Therefore, the relevant parameters ( such as output
power, pulse width, efficiency, etc. ) are awaiting

refinement in future research. It is hoped that re-
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search in this paper will help promote the application

of Yb: CaYAlO, crystals in all-solid-state pulsed la-
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