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Abstract: We demonstrate a high-efficiency, high-average-power, CW master oscillator
power amplifier based on a conduction-cooled, end-pumped Yb:YAG slab architecture at
room temperature (RT). Firstly, the CW amplification property is theoretically analyzed
based on the kinetics model for Yb:YAG. To realize high-efficiency laser amplification
extraction for RT Yb:YAG, not only intense pump but also a high-power seed laser is of great
importance. Experimentally, a composite Yb:YAG crystal slab with three doped and two undoped segments symmetrically is employed as the gain medium, which is end-pumped by two
high-power, 940-nm diode lasers. A high-power, narrow-spectral-width, 1030-nm fiber seed
laser then double passes the composite slab to realize efficient power amplification. For 0.8kW seed input, maximum output power of 3.54 kW is obtained at 6.7 kW of pump power,
with the optical conversion efficiency of 41% and the highest slope efficiency of 59%. To the
best of our knowledge, this is the highest power and efficiency reported for Yb:YAG lasing at
RT except thin-disk lasers.
© 2016 Optical Society of America
OCIS codes: (140.3480) Lasers, diode-pumped; (140.3580) Lasers, solid-state; (140.3615) Lasers, ytterbium;
(140.3280) Laser amplifiers.
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1. Introduction
Because of its low quantum defect and broad absorption band, quasi-three-level Yb:YAG has
been studied extensively to develop high-efficiency, high-average-power, diode-pumped
lasers [1–5]. However, it is a great challenge to overcome the thermal population (~5%) of the
lower lasing level at room temperature (RT), due to the proximity of the lower lasing level to
the ground state [6,7]. To realize high-efficiency, high-average-power Yb:YAG lasers at RT,
intense pumping [1–5] is required, which becomes possible owing to the development of
high-efficiency and high-brightness diode pumps.
To date, several architectures have been demonstrated for RT high power and efficiency
Yb:YAG laser system, including the rod [3], the thin-disk [4] and the zigzag slab [5] structure
etc. In 2005, H. Bruesselbach and D. S. Sumida [3] reported a CW average-output-power of
2.65 kW from a single Yb:YAG laser rod pumped with 9 kW from 940-nm laser diodes with
the optical conversion efficiency of 28%. However, high-power rod lasers with good beam
quality are limited by seriously thermal effects. In 2007, the output power of one single thindisk has been increased to more than 5.3 kW with the maximum optical efficiency of more
than 65% [4]. The face cooling of thin-disk lasers minimizes the transversal temperature
gradient and the phase distortions transversal to the direction of the beam propagation.
Therefore, it seems as the highest power and efficiency scheme for high-beam-quality
Yb:YAG operation at RT. Nevertheless, the pump structures are usually quite complicated to
reflect the pump power to be absorbed well. Different from the rod and thin-disk structures,
zigzag slabs have the potential to provide high beam quality because zigzag propagation by
means of total internal reflections (TIR) eliminates thermo-optic path difference and
birefringence over the entire beam area [5,8,9]. In addition, a conduction-cooled, end-pumped
slab (CCEPS) decouples the slab absorption length from the two large cooling faces of the
slab, thus providing intense pumping and efficient cooling, which is important in quasi-threelevel lasers. In 2001, G. D. Goodno et al [5] demonstrated a CCEPS Yb:YAG laser at RT,
realizing 415 W of CW power and 30% optical conversion efficiency. The 940-nm pump
light was concentrated to 20 kW/cm2 at the 1 at.%-doped slab, and more intense pump was
limited by thermal gradient and accompanied mechanical tensile stress inside the gain
medium. Recently, it was shown that the crystal composed of multiple segments [10,11] with
different doping concentrations in the pump direction can flatten the longitudinal temperature
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and stress distributions to permit a higher pump power before the thermal fracture occurs,
which is favorable for developing RT high power and efficiency Yb:YAG lasers.
In this paper, we originally present a high-efficiency, high-average-power, CW master
oscillator power amplifier (MOPA) at RT based on a CCEPS Yb:YAG architecture. Firstly,
the CW amplification property is theoretically analyzed based on the kinetics model for
Yb:YAG. Different from a laser oscillator, to realize high-efficiency laser amplification
extraction for RT Yb:YAG, not only intense pump but also a high-power seed laser is
important. Experimentally, a composite Yb:YAG crystal slab with three doped and two undoped segments symmetrically is employed as the gain medium, which is end-pumped by two
high-power, 940-nm diode lasers. A high-power, narrow-spectral-width, 1030-nm fiber seed
laser then double passes the composite slab to realize efficient power amplification. Finally,
when the input seed power is 0.8 kW and the pump power 6.7 kW, maximum output power of
3.54 kW and 41% optical conversion efficiency are demonstrated.
2. Theoretical analysis
In this section, the CW amplification property is theoretically analyzed based on the kinetics
model for Yb:YAG [12–14], which is helpful for the optimization of the following
experimental parameters.
For Yb:YAG pumped at 940 nm and lasing at 1030 nm, the gain coefficient in stationary
CW condition is given by [12]
IP
( f 01 f11 − f 03 f12 ) − f 03
IPS
g = σ L ( f11n1 − f 03 n0 ) = σ L nd
.
I
I
1 + PS ( f 01 + f12 ) + LS ( f 03 + f11 )
IP
IL

(1)

The denotations adopted here are all the same as those defined in [12], where σL is the
effective stimulated-emission cross section, fij are the Boltzmann occupation factors for the
upper 2F5/2 and lower 2F7/2 manifolds, and n1 and n0 are ion number densities of the upper and
lower manifolds respectively, nd is the Yb doping density, and IP and IL are the pump and
laser intensities, IPS and ILS are the pump and laser saturation intensities, respectively. Then,
as to a laser amplifier, the power extraction efficiency can be defined as [12]
f 03
P
P −P
f 01 f11 − f 03 f12
ηex = ex = out in =
PST
PST
f 01
1+
f 01 f11 − f 03 f12
1−

IPS
IP
,
ILS
IL

(2)

where Pex is the laser power extracted from a volume element, Pin and Pout are the input and
output power from the same volume element, and PST is power stored in the upper laser
manifold. The extraction efficiency is a function of both IL/ILS and IP/IPS, and also
temperature-dependent Boltzmann occupation factors. In order to get net positive gain and
extraction efficiency > 0, the ratio IP/IPS must satisfy
f 03
IP
,
>
S
IP
f 01 f11 − f 03 f12

(3)

which is primarily determined by the thermal population of the lower lasing level, i.e.
material temperature [12].
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Fig. 1. (a) Calculated minimum IP/IPS for g > 0 as a function of material temperature and (b)
relationship between IL/ILS and IP/IPS for ηex = 50% when T = 300, 350 and 400 K respectively.

Figure 1(a) shows the calculated minimum IP/IPS for getting net positive gain as a function
of material temperature (T), with T varying from 100 to 500 K. At low temperature, the lower
lasing level becomes thermally depopulated, thus resulting in a low pump threshold [6,7]. For
T lower than 100 K, Yb:YAG can be regarded as a four-level laser system. Nevertheless,
much higher pump threshold is required with the increasing of T, and now Yb:YAG should be
treated as a quasi-three-level laser system. Figure 1(b) shows the relationship between IL/ILS
and IP/IPS for ηex = 50% when T = 300, 350 and 400 K respectively. Not only high pump
intensity but also an intense seed laser is needed to obtain an efficient amplification extraction
at RT or above. In addition, higher pump and laser intensities are needed with the increasing
of T. For Yb:YAG, IPS ≈29 kW/cm2 and ILS ≈10 kW/cm2. Therefore, as to T = 350 K, the
minimum pump intensity needed for g > 0 is about 3.3 kW/cm2, and IP > 9 kW/cm2 and IL >
15 kW/cm2 are required for ηex = 50%.
Based on the above analysis, cryogenic cooling is a potential way to develop lowthreshold and high-efficiency Yb:YAG laser outputs [6,7,15,16]. However, both high pump
and laser intensities are needed to realize high-efficiency lasing at RT. Then, for a laser
oscillator, the internal laser intensity is quite high thanks to the feed back by cavity mirrors,
and thus only intense pumping is needed to obtain high-efficiency laser output. Highly
efficient operation has been demonstrated based on Yb:YAG microchip lasers at RT [17–19].
S. Matsubara et al [17] reported nearly quantum-efficiency limited oscillation of 1-mm thick
Yb:YAG laser. The maximum pump intensity was about 0.3 MW/cm2 and the internal laser
intensity ~4.5 MW/cm2, far beyond the saturation intensity of Yb:YAG. Consequently,
maximum slope efficiency of 140% and optical efficiency of 89% were achieved at an
absorbed pump power of 850 mW. Different from the laser oscillators, the seed laser usually
passes several times or even just once through the gain medium as to a laser amplifier. Hence,
to realize high-efficiency laser amplification extraction for RT Yb:YAG, not only intense
pump but also a high-power seed laser is of great importance.
3. Experimental setup
The experimental arrangement for exploring the laser performance of the CCEPS Yb:YAG
MOPA is schematically depicted in Fig. 2(a). A composite Yb:YAG crystal slab with three
doped and two un-doped segments symmetrically is employed as the gain medium. The
dimensions of the composite slab are 82 mm (z) × 10 mm (y) × 1.8 mm (x) (length × width ×
thickness). The central 32-mm length of the slab is 1 at.%-doped Yb:YAG, diffusion-bonded
with two 18-mm long, 0.6 at.%-doped Yb:YAG and then 7-mm long, un-doped YAG end
caps. The two end faces of the slab are 45°-cut and anti-reflection coated at 1030 nm. The two
sides of the slab are roughened to suppress the amplified spontaneous emission (ASE) and
parasitic oscillation. To handle the large heat loads with minimal temperature rise, we place
water-cooled micro-channel copper coolers in thermal contact with the slab TIR faces. A 3-
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μm thick SiO2 evanescent wave coating is used to protect the TIR faces. The thickness of the
SiO2 coating is tailored to provide a transmission maximum at the 940-nm pump wavelength.
The slab is end-pumped by two 4-kW diode laser arrays, with an emitting area of 10 mm (y)
× 54 mm (x). The pump light is shaped by two slow-axis cylindrical lenses (fpy1 = 100 mm
and fpy2 = 50 mm) and focused by another fast-axis cylindrical lens (fpx = 140 mm), and
injected via TIR from the 45° end faces. To avoid the leakage pump power from one end hit
and damage the other pump diodes, two 45°-polarizers (Pp) and a λ/2 wave-plate are used in
the pump coupling system. The un-absorbed pump power is leaked out from the 45°polarizers and absorbed by two water-cooled Cu-absorbers. The pump coupling efficiency is
about 90% and the diameter of the pump beam at the input faces is about 5-mm width.
Maximum pump intensity of 40 kW/cm2 is available. Next, a homemade high-power, narrow
line-width fiber seed laser is used as the extracting signal beam of the MOPA. The maximum
output power of the fiber laser is about 1 kW, with the central wavelength of 1030.03 nm and
the line width of 0.08 nm, and the beam quality of M2 < 2. The central wavelength of the seed
laser coincides well with the peak-emission wavelength of Yb:YAG and the line width is
much narrower than the emission line-width of Yb:YAG (~6 nm) [1], which is favorable for
laser amplification. The diameter of the signal beam is about 6 mm (y) × 1.8 mm (x) at the
first input face of the slab after passing through an optical isolator and a beam shaping
system. The beam shaping system is comprised of four cylindrical lenses (fsy1 = 172 mm, fsy2
= 208 mm, fsx1 = 280 mm and fsx2 = 100 mm, with fsy1 + fsy2 = fsx1 + fsx2). The signal beam is
shaped in the x and y directions respectively, and the image planes are superposed at the first
input face of the slab. Whereafter, the signal beam passes twice through the slab via zigzag
path with the incidence angles of 45.3° and 35.7°. The output beam after the first pass is 4f
imaged before the second pass with the help of two spherical lenses (fs = 360 mm) and highreflectivity (HR) coating mirrors.

Fig. 2. (a) Schematic of the experimental setup, (b) the optical isolator and (c) the far-field
beam pattern of the signal beam after the optical isolator and beam shaping system.
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It should be pointed out that the output beam of the fiber seed laser is non-polarized. It is
difficult to implement optical isolation of such a high-power, non-polarized beam. Figure 2(b)
shows the configuration of the optical isolator, including two Faraday isolators and the
polarization beam combination system. The non-polarized signal beam is separated to P and S
polarized components by a quartz polarizer (Ps). And the P and S polarized components are
combined together newly at another quartz polarizer at last. The far-field beam pattern of the
signal beam after the optical isolator and beam shaping system was measured by a CCD
camera, as shown in Fig. 2(c). The upper figure shows the separate P and S polarized
components, and the lower one shows the well-combined beam. Finally, maximum signal
power of 0.8 kW is available at the input face of the slab, with the total propagation efficiency
of 80%.
4. Results and discussion
In the experiments, the coolant temperature for the slab was set to 15 °C and the pump
absorption efficiency was about 95%. The pump beam and the signal beam were aligned to
overlap in the middle region of the slab.

Fig. 3. Amplifier output power and optical conversion efficiency as a function of pump power
when the input signal power is (a) 0.55 kW and (b) 0.8 kW, respectively.

Figure 3 shows the amplifier output power and optical conversion efficiency when the
input signal power is 0.55 and 0.8 kW, respectively. As Pin = 0.55 kW, the signal beam power
is reduced to 0.2 kW after passing twice through the un-pumped slab. This is caused by the
reabsorption of the Yb:YAG at the lasing wavelength, due to thermal population of the lower
lasing level. Until the pump power is up to 1.36 kW, the signal beam gets a net positive
amplification. Then, the output power increases almost linearly relative to the pump power.
Meanwhile, slight increase of the slope efficiency is observed with the increase of the pump
power, which can be explained by Eq. (2). Though the pump-induced temperature rising is
harmful for efficient amplification, the enhancement by the increase of both pump and signal
intensities brings about the increase of the extraction efficiency. Finally, 2.7 kW of power
output at 1030 nm is obtained at 6.7 kW of pump power, with the optical conversion
efficiency of 32% and the highest slope efficiency of 45%. Higher pump was limited by the
temperature rise of the rough sides of the slab, about 90 °C at the pump power of 6.7 kW. The
amplifier performance for Pin = 0.8 kW is similar to that of Pin = 0.55 kW. Maximum output
power of 3.54 kW is obtained at 6.7 kW of pump power, with the optical conversion
efficiency of 41% and the highest slope efficiency of 59%, which is the highest power and
efficiency reported for Yb:YAG lasing at RT except thin-disk lasers [4]. The increase in
optical efficiency of about 9% relative to that of Pin = 0.55 kW is much higher than the
theoretically calculated value (based on Eq. (2)) of 2%, which can be explained by the
stronger ASE-suppression and lower temperature for higher signal input of Pin = 0.8 kW. It
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was observed that the temperature rise of the slab reduced from 90 to 63 °C at 6.7 kW of
pump power.

Fig. 4. (a) The fluorescence distribution induced by the pump beam and (b) the optical path
difference information of the slab along the y direction at the pump power of 2.5 kW (without
signal inputting).

It should be mentioned that the output beam was quite unstable with the increasing of the
pump power under signal inputting. This is caused mainly by two aspects. First, obvious
transversal mode-hop of the fiber seed laser was observed during the increasing of the signal
power. Secondly, there exists a strong focus in the middle region of the slab along the width
(y) direction, mainly resulted by the super-Gaussian intensity distribution of the pump beam.
The fluorescence distribution induced by the pump beam is shown in Fig. 4(a), which truly
indicates the intensity distribution property of the pump beam in the slab. The optical path
difference (OPD) information of the slab was measured by a Shack-Hartman wavefront
sensor and a He-Ne laser at the pump power of 2.5 kW (without signal inputting), as shown in
Fig. 4(b). Except for a strong focus in the middle region of the slab, the wavefront at the
edges is poor due to the temperature rise of the rough sides of the slab. The poor wavefront is
unfavorable for the overlapping of the pump and signal beams, and thus partly affects the
power extraction of the amplifier.
5. Conclusion
In summary, a high-efficiency, high-average-power output is demonstrated based on a
CCEPS Yb:YAG MOPA at RT. Theoretically, the CW amplification property is analyzed
based on the kinetics model for Yb:YAG. Both intense pump and seed are needed to realize
high-efficiency laser amplification extraction for RT Yb:YAG. Experimentally, under 0.8-kW
signal input, maximum output power of 3.54 kW is obtained at 6.7 kW of pump power, with
the optical conversion efficiency of 41% and the highest slope efficiency of 59%. Higher
efficiency may be realized if more intense pumping and signal extracting are available.
Furthermore, increasing the slab width and pump power while maintaining the same power
density and thermal loads should provide straightforward power scaling to tens of kilowatt
level. However, there are still many problems to be solved in our experiments, including the
improvement of the transversal mode-stability of the 1030-nm fiber seed laser, the
optimization of the pump uniformity and the design of the slab sides and so on, which will be
researched in our future work.
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