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We report on laser diode (LD) pumped passively @Q-switched Yb,Gd:SrF, lasers with high single-pulse energy for
the first time, to the best of our knowledge. In addition, a stable @-switched laser based on a Cr'*:Y;AL;Oq,
saturable absorber was demonstrated. The maximum output power of the (-switched laser obtained was
495 mW, with a pulse width and a pulse repetition rate of 233 ns and 1.238 kHz, respectively. The corresponding
single-pulse energy and the peak power were as high as 400 pJ and 1.714 kW. The laser was operated under a
transverse electromagnetic mode, and the beam quality was near-diffraction-limited.

Keywords: diode pumping; solid-state lasers; passive Q-switching.

doi: 10.3788/COL202018.101401.

All-solid-state pulsed lasers are of great importance in a
variety of applications due to their high-pulse energy and
high-peak power, such as laser ranging, material process-
ing, and laser communication?. Nanosecond Q-switched
all-solid-state lasers have the features of simple structure,
easy operation, and small size, so it has been widely con-
cerned by researchers. Passive @Q-switching technology is
one of the main methods for generating nanosecond laser
giant pulses. In comparison with active @-switching meth-
ods that use acousto-optic or electro-optic modulators,
passive (@-switching technology has the advantages of
compact structure, lower cost, and straightforward manu-
facturing and operation. In recent years, experiments of
realizing nanosecond all-solid-state laser output by the
@-switched technique have been reported one after the
other?Z,

In the 1 pm region, compared with the traditional
activated ion Nd3*, Yb3* has the following unique advan-
tages®: (1) the Yb3* electron energy level structure
is simple, with only two electronic states, and there
are no adverse effects of excited-state absorption and
up-conversion; (2) the main absorption wavelength of
Yb?* is in the range of 0.9-1.0 pm, which can be effectively
coupled with an InGaAs LD; (3) low intrinsic quantum
defect, which can produce greater slope efficiency; and
(4) having a long fluorescence lifetime, so it can effectively
store energy and achieve a high-pulse energy output.
In recent years, many Yb3' laser materials have been
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developed. Yb**-doped fluorides host materials (CaFs,
SrFy) possess excellent thermal properties, such as higher
thermal conductivity and negative thermo-optical coeffi-
cient dn/d T, and have proven to be ideal materials for ef-
ficiently producing tunable and ultrashort pulse lasers™ 2.
The spectroscopic properties of fluoride host materials
can be changed by codoping R3* (Y3*, La’t, Gd*T,
Lu?t, etc.) ions2. Recently, the spectroscopic properties
of Yb, Gd:SrF, crystals have been studied, including ab-
sorption and emission cross sections. It has been seen that
the codoped Gd** ions can break the clusters of Yb3*,
which broadens the absorption and emission spectra of
the crystalZ. In addition, tunable and ultrashort pulse
lasers based on Yb, Gd:SrF, crystals have been reported
with the pulse width reaching sub-1-ps2; however, to date,
there have been no @-switching studies on Yb, Gd:SrF,
crystals.

As a mature saturable absorber material, Cr**: YAG
crystal has desirable thermal-mechanial properties and
greater stability. Although many good results have been
obtained in Nd-doped crystals with Cr*": YAG as a satu-
rable absorber (SA)22 much less research has been done
on Yb-doped crystals®:2Y. The single-pulse energy was
only tens of microjoules in these works.

In this article, we studied the LD pumped @-switched
property of Yb, Gd:SrF, crystals by using Cr't : YAG as
an SA for the first time, to the best of our knowledge.
Single-pulse energy of as high as 400 pJ and peak power
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Fig. 1. Absorption cross section and emission cross section of the
Yb,Gd:SrFy crystal.

of 1.714 kW were obtained. We conducted a more detailed
experimental study on passive @-switching characteristics
using output couplers (OCs) with different transmissions.

The laser crystal was a 3 at.% Yb3* and 3 at.% Gd3+
co-doped SrF, disordered crystal fabricated by the
temperature gradient technique. The crystal size was
3mm X 3mm X 5mm, and two parallel end surfaces were
uncoated and polished. The absorption and emission spec-
tra of the material at room temperature are presented in
Fig. 12 From this, it can be seen that the crystal has a
wide absorption cross section around 975 nm, making it
ideal for pumping with InGaAs LDs.

The setup of the LD pumped Yb, Gd: SrF, laser is out-
lined in Fig. 2. We used a fiber-coupled LD as the pump
source with a fiber core diameter of 105 pm. The numerical
aperture (NA) was 0.22. Through a 1:1 focusing system, a
976 nm pump laser was coupled in Yb, Gd : SrF,. The crys-
tal was wrapped in indium foil and embedded in a water-
cooled copper block at 12°C for efficient heat dissipation.
In this experiment, a three-mirror folded V-type cavity
was employed. The plane input mirror M1 was high trans-
mission coated at 980 nm and high reflection coated at
1040 nm. The concave mirror M2 was high reflection
coated at 1030-1080 nm, while the radius of curvature
was 200 mm. Two pieces of plane mirrors with respective
transmissions of 2% and 5% at 1030-1090 nm were used
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Fig. 2. Schematic setup of the LD pumped Yb,Gd:SrF, laser.
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Fig. 3. CW output power and @-switched average output power
versus absorbed pump power.

as OCs. Based on a Cr'*: YAG crystal with a small signal
transmittance of 95%, the passively Q-switched laser op-
eration was realized. By using the ABCD-matrix method,
we calculated the oscillating spot radii in the crystal and
SA were 50 pm and 150 pm, respectively.

We studied the continuous-wave (CW) laser perfor-
mance first. The CW average output power versus the ab-
sorbed pump power is shown in Fig. 3. The maximum
average output powers of 0.855 W and 1.001 W were ob-
tained at the absorbed pump power of 4.602 W by using
OCs with transmissions of 2% and 5%.

After adjusting the CW laser to the optimum laser
state, the absorber Cr**: YAG was inserted in the cavity
near the OC. Two output mirrors with different transmit-
tances of 2% and 5% were used in the experiment, respec-
tively, to achieve the passively @Q-switched operation.
After inserting the Cr**:YAG and carefully adjusting
it, we obtained a stable passively (-switched laser. The
passively Q-switched average output power versus the ab-
sorbed pump power is presented in Fig. 3. When the OC
was with T = 2% and T = 5%, we obtained maximum Q-
switched average output powers of 460 mW and 495 mW
at the absorbed pump power of 4.602 W, respectively. For
a doping concentration of 2% Yb, Gd:SrF, crystal, slope
efficiency and optical-to-optical conversion efficiency for
CW lasers are 21.3% and 18.4%, respectively. For Q-
switched lasers, they are 18.0% and 12.3%, respectively.
For a doping concentration of 5% Yb, Gd:SrF, crystal,
slope efficiency and optical-to-optical conversion effi-
ciency for CW laser are 33.4% and 28.9%, respectively.
For the Q-switched laser, they are 14.2% and 15.6%,
respectively. The output instability measured at the maxi-
mum power was less than 6.4% over the detection time of
one hour. The average output power was measured by a
laser power meter (30A-SH-V1, Israel).

The laser pulse signal was recorded by a fast InGaAs
photodetector with a rise time of less than 175 ps and
displayed on a digital oscilloscope (Tektronix, DPO 4104,
1 GHz bandwidth). As presented in Fig. 4, when the ab-
sorbed pump power increases, the pulse width changed
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Fig. 4. Pulse width and pulse repetition rate versus absorbed
pump power.

Table 1. Results of the @-switched Yb,Gd:SrF, Laser
(Absorbed Pump Power = 4.602 W)

Transmission of OC T =2% T=5%
Maximum average 460 mW 495 mW
output power

Repetition rate 1.717 kHz 1.238 kHz
Shortest pulse width 210 ns 233 ns
Single-pulse energy 270 pJ 400 pJ
Peak power 1.273 kW 1.714 kW

from 421 to 210 ns and 347 to 233 ns with the different
transmissions of 2% and 5%, whereas the repetition rate
improved from 0.419 to 1.717 kHz and 0.248 to 1.238 kHz,
respectively. Different results for the Q-switched laser are
summarized in Table 1. The shortest pulse width of 210 ns
and highest repetition rate of 1.717 kHz were achieved
with the OC transmittance of 2%. Actually, we can reduce
the pulse width by shortening the length of the resonator,
which is good for reducing the pulse width, but it may be
accompanied by poor beam quality. Figure 5 shows the
@-switched pulse train measured over a different time
range using a digital oscilloscope. We also calculated
the single-pulse energy and peak power. When the trans-
mission was 2% and 5%, the maximum single-pulse energy
was 270 pJ and 400 pJ, respectively, whereas the maxi-
mum peak power was 1.273 kW and 1.714 kW, respec-
tively. Due to the high single-pulse energy and peak
power, we did not continue increasing the pump power
in order to take care of the laser crystal. Figure 6 shows
the change of both single-pulse energy and peak power
versus the absorbed pump power. According to the varia-
tion trend of single-pulse energy with pump power, it is
feasible to improve the single-pulse energy by increasing
the pump power. However, to protect the novel crystal
from damage, the maximum incident pump power was
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Fig. 5. @-switched pulse sequences measured at different time

scales with OC transmittance of (a) T = 2% and (b) T = 5%.
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Fig. 6. Single-pulse energy and peak power versus absorbed
pump power.

limited within 5.120 W in our experiments. Table 2 shows
the comparison of @-switched single-pulse energy and
pulse duration of Yb,Gd:SrF, and other Yb3*-doping
crystals.
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Table 2. @-switched Laser Performance Comparisons of
Yb,Gd:SrF, and Other Yb?*-doping Crystals

Single-
Pulse
Energy  Pulse
Crystal SA (pJ)  Width Reference
Yb:YAG Cr**:YAG 3.2 350 ns [29]
Yb:YAG SESAM 1.1 530 ps [30]
Yb:YCOB GaAs 40 153 ns [31]
Yb:CNGS Cr**:YAG 133 11.1 ns [32]
Yb:CNGS V3IYAG 622 44 ns [32]
Yb,Gd:SrF, Crit:YAG 400 233 ns This work
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Fig. 7. (a) Spectra of CW and @-switched lasers (T = 2%);
(b) the beam quality of the @-switched laser (7 = 2%);
(c) the spatial beam profile of the @Q-switched laser (T = 2%).

We measured the emission spectrum of CW and
@-switched lasers by a spectrometer with the OC transmit-
tance of 2%. The type of the spectrometer was Avaspec-
3648-USB2. As shown in Fig. 7(a), the central wavelengths
of the CW and @-switched lasers were 1053.2 nm and
1045.4 nm, respectively. We also measured the beam qual-
ity and spatial beam profile of the passively @-switched
laser with the OC transmittance of 2%. The beam qualities
of M2 =1.019 and M%, = 1.011 and spatial beam profile
are shown in Figs. 7(b) and 7(c). The model of the instru-
ment was Spiricon-M2-200S-USB. The results indicate that
the laser was operating at a nearly Gaussian mode.

In conclusion, for the first time, to the best of our knowl-
edge, we have demonstrated a high single-pulse energy
and high peak power @-switched oscillator on an
Yb,Gd:SrF, crystal. In the @Q-switched experiment, we
obtained the passively @-switched laser with the pulse
width of 233 ns and a maximum average output power
of 495 mW, with the corresponding single-pulse energy
and peak power being as high as 400 pJ and 1.714 kW,

respectively. The results demonstrate that the
Yb, Gd:SrF, disordered crystal was an efficient laser
material.
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