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Abstract: High efficient pulse output from a large size rectangular core crystalline waveguide
actively Q-switched laser was achieved experimentally. A crystalline waveguide, with a
rectangular core size of 320µm×400µm by 1.0at.% Yb:YAG (core), 600µm×600µm by 0.5at.%
Er:YAG (cladding), and 7mm×7mm by 4.0at.% V:YAG (outside of the cladding) was designed
and fabricated. Using a continuous diode laser as an end pump, an output pulse energy
1.75mJ@10kHz, pulse width 9.9ns (peak power 175kW), optical-optical efficiency 26%, with the
beam quality of Mx

2=1.15, My
2=1.10, were obtained in the experiment. The design method that

used to suppress amplified spontaneous emission (ASE) and parasitic oscillation by cutting off
the reflection and transmission paths, can be applied for various kinds of crystalline waveguide
Q-switched or mode-locked lasers.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High peak power with high brightness for a pulsed and miniaturized laser sources are of particular
importance in many applications such as laser materials processing, laser remote- sensing, and
long distance free-space optical communication [1–2]. In the process of realizing high peak
power output with high brightness, fiber lasers and bulk solid-state lasers encounter different
bottlenecks. Fiber lasers have difficulties to obtain high peak power due to tight confinement
of the light, that is easy to produce nonlinear effect [3–5]. Bulk solid-state lasers could not
achieve high brightness due to adverse thermal effects. Alterative, the crystalline waveguide
laser combines the limited output mode as fiber laser and high thermal conductivity of crystal
materials, as well as the advantages of high absorption coefficient and high emission cross-section.
The crystalline waveguide lasers have potential for high peak power with high brightness output
and small volume.

At present, a series of experimental results of CW output crystalline waveguide lasers have been
reported [6–8]. The potential of the crystalline waveguide lasers has already been demonstrated
for the generation of high optical-optical efficiency and high beam quality with excellent thermal
management. Recently, the near diffraction-limited laser CW output from a large size core
crystalline waveguide is demonstrated [9], based on the cladding refractive index matching
with the core and the core mode competition. In this way, the average output power and the
output pulse energy of the crystalline waveguide can be further improved by increasing the
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core diameter while maintaining the high beam quality. It is also beneficial to high peak power
output of crystalline waveguide laser, when operates in the Q-switched and mode-locked modes.
However, there are few reports on high peak power crystalline waveguides laser. Analysis
of other types of crystal waveguides, such as the reported single-crystal fiber [10–11], using
1.0at.% Nd:YAG single-crystal fiber, it shows that the optical-optical efficiency are 22% and 9.6%
when it operates in the cw and Q-switched regimes respectively [10]. Using 1.0at.% Yb:YAG
single-crystal fiber, the continuous output optical-optical efficiency is 38%, while the Q-switched
output optical-optical efficiency is 20% [11]. These single-crystal fiber lasers have the same
cavity structure, the optical-optical efficiency of the Q-switched output is significantly lower
than that of continuous output. This is mainly due to the impact of ASE. In the process of
pumping, the randomly emitted photons will be amplified in the gain medium, which consumes
the inversion population and reduces the optical-optical efficiency of a Q-switched pulse laser.
For the crystalline waveguide, the gain medium in the core layer is surrounded by the cladding
and has many reflective surfaces. These surfaces can easily reflect the spontaneous radiation
to the gain medium generating parasitic oscillation, especially in the high pump power density
condition.

Suppression of parasitic oscillations has been reported for rod and slab geometries using an
absorption cladding [12–14]. However, the optical-optical efficiency of quasi-continuous output
is only 3.4% higher than that without absorption cladding, and the maximum optical-optical
efficiency of passive Q-switching is only 10.2%, which is much lower than the maximum optical-
optical efficiency of 62.7% in quasi-continuous operation [14], indicating that the parasitic
oscillation is not sufficiently suppressed. It is a motive to design an innovative gain medium
geometry for suppressing the ASE and the parasitic oscillation, and realize high energy storage
efficiency for high Q-switching optical-optical efficiency crystalline waveguides laser, while
keeping good beam quality.

In this paper, a high peak power output is firstly demonstrated from a crystalline waveguide
laser with high efficiency. Using a large size core Yb:YAG crystalline rectangular waveguide
with a dimension of 320µm×400µm, pulse energy of 1.75mJ, and pulse duration of 9.9 ns are
obtained at repetition rates of 10kHz. The maximum output peak power is 175 kW, corresponding
to the optical-optical efficiency is 26% with respect to the absorbed pump power of 67W, and the
beam quality M2 value is 1.15×1.10.

2. Experimental setup

The crystalline waveguide is a single cladding waveguide which is composed of three layers, as
shown in Fig. 1. The core layer is 1.0at.% Yb:YAG with a cross-section size of 320µm×400µm,
the cladding is 0.5at.% Er:YAG with a cross-section size of 600µm×600µm, and the absorption
layer outside of the cladding is 4.0at.% V:YAG with a cross-section size of 7mm×7mm. The
length of the crystalline waveguide is 76 mm, and the two parallel end faces have an angle of 0.5°
relative to the vertical plane of the core layer optical axis.

The 0.5at.% Er:YAG is chosen as the cladding material due to the Er:YAG is fully transparent
for the 940nm pump and 1030nm laser, and for the sake of reducing the numerical aperture
and increasing the size of the core layer. The refraction index of 0.5at.% Er-doped YAG
cladding reduces by only ∼4×10−6 with respect to the 1.0at.% Yb-doped core, measured by the
interferometry measurement method (the accuracy of ∼10−7) [15]. The small refractive index
difference between core and cladding can also increase the critical reflection angle of 1030nm
light at the interface between the core and the cladding. The corresponding total reflection angle
is 89.88°, i.e. grazing incidence angle is 0.12°. The small grazing incidence angle can reduce
the number of times of light reflection at the interface between core and cladding. The cladding
cross-section size is designed as 600µm×600µm, for letting the cladding thickness size exceeding
the thickness of evanescent wave leakage of the core layer, which is similar to the single clad
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Fig. 1. (a) Structure of the crystal waveguide. (b) The end-face photograph.

waveguide in Ref. [9]. The V:YAG is chosen as the outside of cladding material due to its
almost transparence for the 940nm pump laser and absorption for the 1030 nm laser [16]. It is
worth noting that this material is used to absorb detrimental ASE light transmitting through the
cladding, which is different with that in Ref. [9]. A large dimension 7mm×7mm is selected to
effectively absorb ASE and improve the mechanical strength of this waveguide. The 0.5 degree
angle of the both end surfaces is used to suppress the parasitic oscillation resulting from the end
surfaces residual reflection.

In this novel design, ASE suppression is achieved by cutting off the three types of the parasitic
oscillation path. By reducing the refractive index difference between the core layer and the
cladding, the ASE light is reflected only once between the interfaces of the core and cladding
for small grazing incidence angle, which basically cuts off the path of parasitic oscillation of
the interface reflection of the core. By the absorption layer outside the cladding, the ASE light
transmitted from each interface of the core layer is cut off. By designing a small angle for the
end surfaces, the path of parasitic oscillation due to the end surface residual reflection ASE light
is also basically cut off. As a result, ASE suppression can be achieved.

The crystalline waveguide is fabricated by adhesive-free bond (AFB) technology. Both end
surfaces of the Yb:YAG crystalline waveguide were anti-reflection (AR) coated for the 940nm
and 1030nm wavelength. The crystalline waveguide wrapped in indium foil was clamped between
two water-cooled copper blocks for efficient cooling and maintained at 20℃. The pump source
is a fiber-coupled diode laser with a center wavelength of 940nm and the maximum power of
135.0W (the core size 105µm, NA 0.22). L1 and L2 are convex lenses with focal lengths of
10mm and 25 mm, respectively, which collimate and focus the pump beam into the waveguide
core with the waist spot diameter of 260µm. It should be noted here that the NA of pump light
does not match that of the waveguide core, and only part of pump light is absorbed, just as
core-pumped. By adjusting the position of pump beam waist in the crystalline waveguide, the
absorption rate of the core layer can be as high as possible.

A laser cavity is formed by a 1030 nm high reflection concave mirror M2 and a flat mirror
M1 as an output coupler. The optical layout of the Q-switched laser and experimental setup
photo are presented in Fig. 2. The plane-concave cavity structure is used to reduce the diffraction
loss of the oscillating beam, although the divergence angle of the beam out of the waveguide
is small due to the low NA of the waveguide core. The curvature R of concave mirror M2 can

be determined by the transmission matrix,
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set distance from the concave mirror surface to the end surface of the waveguide used to place
Q-switch elements, and R1, θ1 is the beam radius and divergence angle as beams emitted from the
end surface of the waveguide. It is assumed that the light emitted from the crystalline waveguide
can return to the crystalline waveguide after being reflected by the concave mirror, the curvature
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R of the concave mirror M2 can be determined to be 100mm as the setting distance is L=100 mm
and the beam radius R1= 200µm.

Fig. 2. (a) Experimental setup for pulse output from a crystalline waveguide. (b)The photo
of actual setup for pulse output from a crystalline waveguide.

The M1 is anti-reflective to 940nm pump light and 50% reflective to 1030nm light, and close
to the left side of the crystalline waveguide end surface. The M2 is placed at a distance of
about 100 mm from the right end surface of the crystalline waveguide, with a thin film plate
polarizer (TFP), a Pockels cell and a 1/4 wave plate (QWP) between them. A dichroic mirror
(beam splitter) is used to separate the output laser and pump light. The size of the Q-switched
crystal BBO (Pockels cell) is Φ 2.6mm×20mm, the 1/4 wave voltage of BBO is 3700V, the rising
time of the high voltage electro-optic driver is about 1.0ns, and the Q-switch mode used in the
experiment is boosting voltage type. The output pulse characteristics are measured with a power
meter, photo-detector and oscilloscope.

3. Experimental results and analysis

Before the actively Q-switched operation, the polarized CW output of the plane-concave cavity is
measured, as the Pockels Cell is not driven, and the 1/4 wave plate is adjusted. When the pump
power is 135.0W and the pump power absorbed by the waveguide is 67.0W, the polarized laser
CW output power of 22.0W is obtained. The results are shown in Fig. 3(a), marked as the new
waveguide.

Fig. 3. (a) The CW output power of the polarized laser under different pump power. (b)
The output power of the Q-switched laser at 10kHz. (c) The output power of the Q-switched
laser at 2kHz.
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As the 1/4 wave plate is adjusted and the Pockels cell is driven by the 1/4 wave voltage, the
actively Q-switched output is measured. When the pump power absorbed is 67.0W, the average
output power is 17.5W and the pulse energy is 1.75mJ@10kHz. The measurement results of
Q-switched pulse output power are shown in Fig. 3(b), marked as the new waveguide. The
corresponding optical-optical efficiency is 26% and the dynamic to the static ratio of Q-switched
operation is 80% (the ratio of output power of Q-switched operation to non-Q-switched operation),
which is much higher than that of normal Yb:YAG bulk solid-state actively Q-switched lasers
[17–18] and the single-crystal fiber [10–11]. At the maximum pump power, the waveguide output
power did not decrease. The results show that the crystalline waveguide laser has the potential of
power scalable and high optical-optical efficiency in a Q-switched operation as the pump power
is increased.

By adjusting the controller of the Pockels Cell, the Q-switch is operated with smaller repetition
rates at 2kHz. The pump power is only half of the maximum power to avoid optical damage.
As the pump power is 68.0W and absorbed pump power is 34.2W, the average output power is
8.7W and the pulse energy is 4.35mJ@2kHz. The 2kHz operation results are shown in Fig. 3(c),
marked as new waveguide. The optical-optical efficiency is 25.4%, which is almost the same as
that of the maximum power with 10kHz repetition rates. For 2kHz operation, the energy storage
time of the pump is 5 times longer than that of 10kHz, but the output optical-optical efficiency is
not significantly reduced, which indicates that ASE in the crystalline waveguide is effectively
suppressed.

In order to further clarify the parasitic oscillation suppression effect of this new waveguide,
an old waveguide is used to compare the experiments. The core size and material of the old
waveguide is the same as that of the new waveguide, and the core is also surrounded by 0.5at.%
Er:YAG cladding, which is described in Yb:YAG waveguide laser in Ref. [9] and [19]. Both
waveguides have very similar lengths of 76.0 mm and 77.0 mm. The main difference between the
two waveguides is that this new waveguide has a V:YAG absorption layer, while the old one does
not. Secondly, the two end surfaces of the new waveguide have an angle of 0.5 degrees, while the
old waveguide does not.

Using the old single cladding waveguide replaces the new one for the polarized CW output
experiments. As the old waveguide absorbs pump power of 67.0W, the polarized laser CW output
power is 22.1W. The results are shown in Fig. 3(a), marked as the old waveguide. The results
show that the output of waveguides with or without external absorption layer is similar.

Also using the old single clad waveguide replaces the new one for the actively Q-switching
operation experiments, as the waveguide absorbs pump power of 67.0W, the Q-switched average
output power is 12.9W and the pulse energy is 1.29mJ@10kHz. The corresponding optical-optical
efficiency is 19.3%. The results are also shown in Fig. 3(b), marked as the old waveguide.
Comparing the output results, the Q-switched optical-optical efficiency of the new waveguide
laser is 6.7% higher than that of the old waveguide laser at the maximum pump power. Changing
the Q-switched repetition rate to 2kHz and measuring the output of the old waveguide, as the
pump power is 68.0W and absorbed pump power is 34.0W, the average output power is 5.8W and
the pulse energy is 2.9mJ@2kHz, the optical-optical efficiency is 17.1%. The measured results
are showed in Fig. 3(c), marked as the old waveguide. The Q-switched optical-optical efficiency
of the new waveguide is 8.3% higher than that of the old waveguide. The experimental results
show that the crystalline waveguide with outside absorption layer is conducive to high-efficiency
Q-switched output, it works more effectively when the energy storage density is higher and the
storage time is longer.

The pulse width and repetition frequency of the output pulse sequence are measured with
a fast photo-detector and an oscilloscope at 10kHz for the new waveguide, as shown in Fig. 4.
The measured pulse width is 9.9ns at the maximum output power, corresponding peak power of
175kW@10kHz. The pulse sequence of the actively Q-switched laser has stable amplitude.
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Fig. 4. (a) Actively Q-switched pulse sequence. (b) Actively Q-switched pulse profile.

Although the cross-section of the crystalline waveguide core is rectangular, the far-field spot
of the output laser is nearly circular. The output beam quality of the Q-switched pulse at 10kHz
was measured by the knife edge method using a CCD camera, which is placed multiple positions
after a concave mirror with a radius of curvature of 175 mm and a PBS for attenuation. The beam
quality M2 value in x and y directions are 1.15 and 1.10 at the maximum output power (in Fig. 5).
It is verified that large core size rectangular crystalline waveguide Q-switched laser can generate
near diffraction-limited beam quality output. The crystalline waveguide core size is larger than
that of the fundamental mode core calculated by the traditional method [20]. For 330µm core
layer size where the waveguide includes fundamental transverse mode (E00

x,y) and higher-order
transverse modes such as E01

x,y, E10
x,y, E11

x,y and E02
x,y, E20

x,y, the main composition of the
output beam mode is belonging to the fundamental transverse mode. It also can be seen that the
core size of the crystalline waveguide in x, y directions are different, but the beam quality in x
and y directions are nearly the same. This is due to the increased number of oscillation times in
Q-switched laser pulse forming process, and the fierce mode competition.

Fig. 5. The beam quality and far-field spot shape of Q-switched laser.

4. Conclusion

In conclusion, we have demonstrated a large size rectangular core crystalline waveguide actively
Q-switched laser can generate high peak power pulse, with near diffraction-limited beam quality
and high optical-optical efficiency. By designing and fabricating a novel waveguide structure,
the reflection and transmission paths of parasitic oscillation are cut off, and the optical-optical
efficiency of the crystal waveguide actively Q-switched laser is significantly improved. When the
actively Q-switched laser is operated, the output pulse energy is 1.75mJ@10kHz, the pulse width
is 9.9 ns, the peak power is 175 kW, and the beam quality M2 value in x and y directions are
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1.15 and 1.10. The optical-optical efficiency of the waveguide laser is 26% with respect to the
absorption power of 67.0W. The experimental results show that the large core size rectangular
crystal waveguide Q-switched laser has the potential to further improve the peak power with high
optical-optical efficiency.
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