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Abstract
We demonstrate a high-power InnoSlab amplifier based on a multi-segmented composite ytterbium-doped yttrium
aluminum garnet (Yb:YAG) crystal. A systematic comparison was performed of the laser amplification output
performance of multi-segmented and conventional Yb:YAG crystals to demonstrate the feasibility of using gain media
with multiple doping concentrations in InnoSlab laser amplifiers. We achieved an amplified output of 245 W based
on the multi-segmented composite Yb:YAG crystal InnoSlab amplifier, with a beam quality of M2 = 1.21 × 1.25 and
an optical-to-optical efficiency of 38.9%. Thanks to the unique doping structure of the composite crystal, compared to
homogeneous dopant crystals, the average output power, optical-to-optical efficiency and beam quality were significantly
improved. Exceptional output power stability with a root mean square fluctuation of 0.11% and pointing stability of
approximately 7.5 μrad were achieved.
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1. Introduction

Ultrafast lasers characterized by high average power and
high repetition rates have been developed rapidly due to
their significant applications in both scientific and industrial
fields[1–3]. Considering the accompanying challenges is
an essential aspect with the increasing output power. The
wavefront distortion caused by uneven pump absorption
degrades the beam quality of the amplification output.
Among these challenges, thermal fracture represents the
most significant limitation to power scaling. Increases in
pumping power invariably result in rises in thermal stress,
which may cause fracture at the maximum stress point[4].
The reduction of the temperature gradient within the crystal
not only helps to prevent thermal fracture but also promises
high beam quality output. InnoSlab amplifiers, renowned
for their efficient thermal management and outstanding
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single-pass power amplification, have emerged as a highly
efficient solution to achieve this goal[5–9]. Efficient heat
dissipation is achieved due to the short distance between
the pumped gain volume and the large cooled mounting
surfaces. This effective heat dissipation also generates a
one-dimensional heat flow inside the laser crystal, thus
establishing a cylindrical thermal lens within the pumping
volume of the gain medium[8]. Remarkable results, including
output powers ranging from hundreds of watts to the kilowatt
range[5,10–13], have demonstrated their significant potential.

Ytterbium-doped yttrium aluminum garnet (Yb:YAG)
crystal is characterized by high quantum and Stokes
efficiency, combined with excellent thermal conductivity.
These properties position it as a highly suitable material
for high-power laser systems, facilitating its extensive
application in high-power lasers[10,11,14]. Conventional
Yb:YAG crystals exhibit numerous advantageous properties;
however, the pump absorption follows the Beer–Lambert
law, resulting in the nonuniform distribution of pump
energy along the propagation direction in conventional
uniformly doped crystals. As the pump power is increased,
the temperature gradient caused by nonuniform pump
absorption produces pronounced thermal effects, which
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decrease the efficiency and beam quality, and also increase
the potential risk of thermal fracture[15–17].

The composite crystal has been proven to effectively
mitigate issues arising from the pump nonuniform
absorption of a conventional uniformly doped crystal,
thereby reducing the adverse effect of thermal load[18–21].
Jiang et al.[22] demonstrated the first multi-segmented
neodymium-doped yttrium lithium fluoride (Nd:YLF) laser
delivering a maximum continuous-wave (CW) output power
of 35.5 W under a pump power of 105 W. The multi-
segmented crystal was designed to straightforwardly aim
for the minimum thermal stress without sacrificing the
overall laser efficiency. The multi-segment and multi-
concentration (MSMC) thulium-doped yttrium aluminum
garnet (Tm:YAG) crystal was designed. The results showed
that the MSMC structure can effectively alleviate the thermal
effect of Tm:YAG crystal[23]. Shen et al.[24] designed a
multi-segmented neodymium-doped yttrium orthovanadate
(Nd:YVO4) crystal and demonstrated a high-power all-solid-
state laser emitting 10.0 W single-frequency radiation at
1342 nm. The optimized design displayed a two times
lower thermal lens dioptric power compared to conventional
crystal designs. Huang et al.[25] demonstrated a high-
power master oscillator power amplifier with an output
power of 108 W under a total incident pump power of
244 W based on the multi-segmented Nd:YVO4 crystals.
Experimental results revealed that the gain medium with
multiple doping concentrations was practically valuable
for constructing a high-power laser without bringing in
significant thermal effects. Multi-segmented composite
doped crystals, obtained by bonding crystals with different
doping concentrations using a convenient fusion-bonding
technology, are widely used for laser output[26–29]. No
inorganic or organic bonding aid or adhesive is used during
the crystal fabrication. The segment end-faces were precisely
polished to a surface flatness of approximately λ/10, and
after both the segments were optically contacted, they
were heat-treated at a temperature a little below the crystal
melting point to enhance bond strength[4]. A composite
crystal with different doping concentrations provides more
homogeneous pump absorption along the pump propagation
direction, which helps to flatten the on-axis temperature and
stress distributions[4,15,25,30]. The multi-segmented composite
crystal facilitates the feasibility of laser amplification
systems, producing superior beam quality and average
power[23].

In this work, we report the first demonstration of the
multi-segmented composite Yb:YAG InnoSlab laser ampli-
fier, which can achieve high power amplification typically
challenging to obtain using a single bulk crystal in other
amplifier configurations. We have conducted a comprehen-
sive comparison of the output performance of the compos-
ite and conventional Yb:YAG crystal InnoSlab amplifiers.
The amplifier based on the composite crystal with multi-
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Figure 1. Schematic of the InnoSlab amplifier and crystal doping structure.

segmented doping concentrations of 2.0%, 3.0% and 2.0%
delivers enhanced performance, providing higher power and
superior beam quality amplification output. An amplified
output of 245 W is achieved using the composite crystal,
with a beam quality of M2 = 1.21 × 1.25 and an optical-to-
optical efficiency of 38.9%. The laser system demonstrates
notable output stability, with an output power root mean
square (RMS) fluctuation as low as 0.11% and pointing
stability of approximately 7.5 μrad.

2. Experimental setup

The configuration of the InnoSlab laser amplifier is illus-
trated in Figure 1. Two CW laser diode stacks centered
at 938 nm are used as pump sources. The pump radiation
is reshaped by a series of lenses into a homogenous line
of approximately 8 mm × 0.25 mm (1/e2) with a total
power of 630 W, characterized by a top-hat intensity dis-
tribution along the slow axis (X-direction) and a Gaussian
intensity distribution along the fast axis (Y-direction) with a
Rayleigh length of 8 mm. The polarization of the pump radi-
ation is along the Y-direction. A 2%-doped Yb:YAG crystal
grown in-house with dimensions of 10 mm × 12 mm ×
1 mm is used as the gain medium. The two 12 mm ×
1 mm end-faces are antireflection-coated at 940 and 1030 nm
and serve as the pump incidence surfaces, while the two
10 mm × 12 mm surfaces are clamped to a custom-designed,
water-cooled copper heat sink, ensuring efficient thermal
management. A dual-end and dual-pass pump geometry is
employed here to improve the pump absorption and intensity
through polarization control by means of thin film polarizers
(TFPs), a half wave plate (HWP) and reflective mirrors[10].
For a single-pass pump, the laser medium demonstrates an
absorption efficiency of 62%, whereas in the configuration
of the double-pass pump, the crystal achieves a single-pass
small-signal gain of 1.9.

A convex cylindrical mirror M3 with a radius of cur-
vature of 700 mm and a plane mirror M4, both coated
for high reflectivity at 1030 nm for 0◦ incidence, with the
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Figure 2. (a) Output power versus incident pump power for different injection seed power levels of the Yb:YAG amplifier. (b) Seed and amplifier output
spectra for different injection seed power levels of the Yb:YAG amplifier.

diameter of 0.5 inch and a damage threshold of 1 J/cm2,
form the amplification cavity with a length of 65 mm,
ensuring efficient mode matching. Two dichroic mirrors are
positioned between the mirrors and the crystal to guarantee
that the pump passes through the medium while facilitat-
ing six internal reflections of the seed, creating a seven-
pass amplifier configuration. The dichroic mirrors are 45◦
antireflective-coated at 940 nm and highly reflective-coated
at 1030 nm. The seed is provided by a commercial all-fiber
laser (Amplitude, Tangerine), with a central wavelength of
1032 nm, a bandwidth of �λ = 8.3 nm and a chirped pulse
duration of about 500 ps at a repetition rate of 175 kHz. After
passing through an optical isolator, the seed is shaped via
two spherical lenses L1 and L2 (both with a focal length of
200 mm) and coupled into the amplifier. The shaped beam
waist has a diameter of 2ω0 = 260 μm, with the waist
position at the cavity mirror M3.

To facilitate succeeding application experiments, further
beam shaping and spatial filtering are implemented. The
amplified output is transformed into a circular beam by a
spherical mirror M6 with a radius of curvature of –400 mm
and two cylindrical lenses L3 and L4 (both with a focal length
of 150 mm). A water-cooled pinhole, positioned at the beam
focus, is used as a spatial filter, which improves the beam
quality but introduces a power loss of approximately 6.4%.

3. Results and discussion

Figure 2(a) illustrates the amplified output versus the inci-
dent pump power for different injection seed levels (1, 5,
10 and 20 W). A maximum output power of 211 W is
achieved with an injection seed power of 20 W at the
pump power of 630 W after seven-pass amplification, cor-
responding to an optical-to-optical efficiency of 33.4%. The
spectral characteristics of both the injected seed and the
amplified output for different seed power levels, at the pump

Figure 3. Output beam quality of the Yb:YAG amplifier measured with
a commercial instrument (Ophir BeamSquared, BSQ-SP920). The inset
displays the near-field beam profile.

power of 630 W, are depicted in Figure 2(b). The full
width at half maximum (FWHM) spectral bandwidth of
�λ = 8.3 nm from the front end is reduced to 3.1 nm.
Increasing the seed power results in a slightly broader output
spectral bandwidth, because lower injection seed powers
experience a higher amplification gain, intensifying gain
narrowing. The seed laser is centered at 1032 nm, while the
amplified output exhibits a blue-shifted central wavelength
of 1031 nm, corresponding to the stimulated emission center
wavelength of Yb:YAG crystals. Detailed characteristics of
the beam profile were analyzed using Ophir’s beam quality
analyzer (Ophir BeamSquared, BSQ-SP920), facilitating the
measurement of the beam quality at a maximum output
power of 211 W. The filtered beam quality of the output,
characterized by the beam quality factors Mx

2 = 1.34 and
My

2 = 1.23 in the two orthogonal directions, is presented in
Figure 3, while a beam quality factor of M2 = 1.41 × 1.30 is
recorded when not filtered.
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Figure 4. (a) Output power versus incident pump power for different injection seed power levels of the composite Yb:YAG amplifier. (b) Seed and amplifier
output spectra for different injection seed power levels of the composite Yb:YAG amplifier.

In the following experiments, the multi-segmented
composite Yb:YAG crystal is employed to achieve higher
amplification output power with high beam quality. In
Figure 1, the schematic of the doping structure of the
composite Yb:YAG crystal is presented. The crystal
implemented in this section has augmented the doping
concentration in the middle segment. The crystal features
a doping concentration layout of 2% + 3% + 2%, with
dimensions of 10 (2.5 + 5.0 + 2.5) mm × 12 mm ×
1 mm correspondingly. Within such a doping configuration,
the crystal exhibits an equivalent doping concentration of
2.5%, and through simulation analysis, a relatively uniform
temperature distribution can be achieved. In the simulation,
the heat source distribution within the crystal can be
determined according to the distribution characteristics
of the pump in the crystal, and the crystal temperature
distribution can be obtained based on the finite element
analysis. It is noteworthy that this simulation model can be
referred to in Ref. [9]. This doping concentration design has
the potential to enhance the efficiency of pump absorption
and promote more uniform pump energy distribution,
thus facilitating high-power and high beam quality laser
amplification. For a single pump pass, the crystal achieves
an absorption efficiency of 73.3%, while the single-pass
small-signal gain in the double-pass pump reaches 3.4.
The two critical values are notably higher than those of
the conventional Yb:YAG crystal employed in the earlier
analysis, paving the way for the subsequent enhancement of
amplified output power.

The output power as a function of pump power for different
injection seed levels (2, 5, 10 and 20 W) is characterized,
as shown in Figure 4(a). With 20 W seeding, a maximum
output power of 245 W is obtained at the pump power of
630 W, corresponding to an optical-to-optical efficiency of
38.9%. The single-pass small-signal gain demonstrates a
notable enhancement, increasing from 1.9 of the conven-

tional Yb:YAG crystal to 3.4 of the composite Yb:YAG
crystal, enabling higher amplification under identical pump
and seed conditions. The output power improves from 211
to 245 W, while the optical-to-optical efficiency increases
from 33.4% to 38.9%. The high gain capability also produces
210 W output power from only 1 W injection seed, a feature
particularly advantageous for amplifiers operating with low-
power seed sources. Figure 4(b) shows the pulse spectra of
both the injected seed and amplified output at different seed
power levels at 630 W pump power. The stretched pulse
seeding the amplifier has a spectral bandwidth of 8.3 nm,
which is subsequently reduced by the gain-narrowing effect
to 2.4 nm. With an increased injection seed power, the
spectral bandwidth of the output is broadened from 1.9 nm
at 2 W injection seed to 2.4 nm at 20 W injection seed.

For the composite crystal, the amplifier output beam qual-
ity is characterized as M2 = 1.21 × 1.25 at a pump power
of 630 W and output power of 245 W, as illustrated in
Figure 5. The beam quality without filtering was measured
to be M2 = 1.39 × 1.29. Compared with the conventional
Yb:YAG amplifier, the composite crystal produces a more
regular output beam profile, owing to the more uniform
pump distribution and temperature field. The beam quality is
improved, and the beam modes in both orthogonal directions
are more consistent.

As illustrated in Figure 6, the output power of the compos-
ite crystal is compared to that of the conventional Yb:YAG
crystal at a series of injection seed powers, with a con-
stant pump power of 630 W. At equivalent levels of injec-
tion seed, the composite crystal demonstrates considerably
higher output powers in comparison to the conventional
Yb:YAG crystal, a phenomenon attributable to higher pump
absorption and single-pass gain. This phenomenon is partic-
ularly notable at lower injection seed powers, where a more
pronounced slope is exhibited in the output power curve of
the conventional Yb:YAG crystals. With the enhancement
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Figure 5. Output beam quality of the composite Yb:YAG amplifier mea-
sured with a commercial measurement device.

Figure 6. Output power of the conventional Yb:YAG and composite
Yb:YAG amplifiers with different injection seed power.

of the injection seed power, the discrepancy between the
two gradually mitigates. This phenomenon corresponds to an
elevated extraction of energy from the upper energy level of
the crystals, giving rise to a corresponding reduction in the
disparity between the two crystals. Upon reaching approxi-
mately 15 W of injection seed, the slopes of the output power
curves for both crystals exhibit a notable decrease, indicating
saturation of the laser output.

The laser system demonstrates notable stability with
respect to both output power and pointing. The output power
stability is measured with RMS fluctuations as low as 0.11%
over a 1-hour period, as shown in Figure 7. The maximum
and minimum output powers during the testing period are
245 and 243 W, respectively. A 30-minute test on the output
pointing is also conducted, and the details are presented
in Figure 8. The output pointing values of the composite
crystal in the X and Y directions are measured to be 7.33 and
7.76 μrad, respectively. Improving the stability of both
the output power and the pointing allows this amplifier
to be applied more effectively as a component source in
coherent beam combining and a driving source for high-flux

Figure 7. Output power stability of the composite Yb:YAG amplifier in
1 hour.

Figure 8. Output pointing stability of the composite Yb:YAG amplifier.

high-order harmonic generation if combined with post-
compression.

4. Summary

In this paper, we have demonstrated the multi-segmented
composite Yb:YAG (2.0% + 3.0% + 2.0%) InnoSlab laser
amplifier delivering an average output power of 245 W
from a 20 W injection seed at 175 kHz, achieving an
optical-to-optical efficiency of 38.9%. The high single-pass
small-signal gain of 3.4 enables the production of 210 W
amplified output from only a 1 W injection seed, making
this configuration particularly beneficial for low-power seed
sources. In addition, the laser exhibited excellent beam
quality, M2 = 1.21 × 1.25. We significantly boosted the
output efficiency, output power and beam quality of the
composite crystal compared to the laser amplification output
of the conventional Yb:YAG crystal, with the output power
of 211 W from a 20 W injection seed, the optical-to-optical
efficiency of 33.4% and the beam quality of 1.34 × 1.23. The
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composite Yb:YAG crystal amplifier demonstrates excellent
output stability, with an output power RMS fluctuation as
low as 0.11% and pointing stabilities of 7.33 and 7.76 μrad,
respectively. Improving the stability of both the output power
and the pointing allows this amplifier to be applied more
effectively as a component source in coherent beam combin-
ing and a driving source for nonlinear optics applications.
In this work, the enhanced laser amplification performance
achieved based on the composite Yb:YAG crystal highlights
the promising potential of the composite crystal for efficient
high-power pulse amplification.
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