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Abstract
A diode-pumped master oscillator power amplifier system based on a cryogenic Yb:YAG active-mirror laser has been

developed. The performances of the laser amplifier at low temperature and room temperature have been investigated

theoretically and experimentally. A maximum output energy of 3.05 J with an optical-to-optical efficiency of 14.7% has

been achieved by using the master amplifier system.
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1. Introduction

Solid-state lasers with high energy have been widely re-

ported in many application fields, ranging from materi-

als processing to remote sensing to laser-driven inertial

fusion[1]. For high energy laser oscillator and amplifier de-

sign, the amplified spontaneous emission (ASE), the thermal

effects of the laser material, and the laser-induced damage

threshold of the optics are the most important considerations.

In addition to relations to the physical character, such as the

quantum defect, concentration quenching, up-conversion,

etc., the thermal effects of laser materials have great relations

to the pump and cooling structure[2, 3]. Prevention of damage

to the optics can be achieved by scaling the laser gain

medium and laser spot size. In order to suppress the ASE,

reasonable design of the amplifier gain, the size and the

shape of the gain medium is necessary.

The development of laser diodes has promoted the interest

in Yb3+ doped laser gain media, such as YAG, CaF2,

Y2O3, and S-FAP[4–7]. In particular, Yb:YAG, with a long

fluorescence lifetime, broad emission band, low quantum

defect, and excellent thermo-mechanical properties, has been

considered to have great potential as a material to obtain high

energy, high efficiency, and short duration pulse laser output

using diode-pumped solid-state laser (DPSSL) systems[8, 9].
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Moreover, to obtain a much larger laser gain medium,

Yb:YAG ceramic has already attracted attention in the field

of high power lasers. However, the performance of an

Yb:YAG laser strongly depends on the temperature because

of its quasi-three-level nature. At room temperature, the

laser operation threshold of Yb:YAG crystal is high for the

reabsorption of a lower energy level. Imposition of a high

intensity pump or decrease of the laser material temperature

will allow this problem to be overcome[10–12].

Researchers have studied high energy DPSSL systems

at several hertz repetition rates during the last decade, for

example Mercury, Lucia, Halna, and Polaris. Mercury laser

systems delivered 61 J (10 Hz) at the Lawrence Livermore

National Laboratory (LLNL) with an Yb:S-FAP crystal and

cooled by high pressure helium flow[13]. With Yb:YAG

crystal, the Lucia laser system delivered 14 J (2 Hz) at

the LULI laboratory[14, 15]. The Halna laser system at the

Institute for Laser Engineering (ILE) delivered 20 J (10 Hz)

with a zigzag Nd:glass slab[16]. For the Polaris laser system,

12 J (0.05 Hz) was obtained from Yb:glass at the Institute

of Optics and Quantum Electronics of the Friedrich-Schiller

University (IOQ, Jena, Germany)[17–20].

In this paper, in order to apply a high energy pump source

with a Ti:sapphire laser to obtain ultrashort pulses, a diode-

pumped master oscillator power amplifier system based on

a cryogenic Yb:YAG/YAG active-mirror laser has been set

up for the first step. With a doping concentration of 4 at.%

for the Yb:YAG/YAG crystal and cooled by liquid nitrogen,
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Figure 1. Illustration of the pump and cooling structure of the active-mirror amplifier with a cryogenic cooled composite Yb:YAG/YAG crystal.

Figure 2. Scheme of the active-mirror amplifier setup.

3.05 J at an optical-to-optical efficiency of 14.7% has been

achieved at a cooling temperature of 155 K.

2. Experimental setup

Figure 1 shows the pump and cooling structure of the

active-mirror amplifier with cryogenic cooled composite

Yb:YAG/YAG crystal. Facet S1 is AR-coated at both 940 ±
15 nm (0◦) and 1030 ± 15 nm (15◦). The other end facet, S2,

is HR-coated at both 940 ± 15 nm (0◦) and 1030 ± 15 nm

(15◦) to reflect pump light and signal light. Meanwhile,

facet S2 is also used as the cooling surface and is wrapped

in indium foil (50 μm) and thin gold foil (0.3 μm). The

crystal is fixed in a copper heat sink which is cooled by liquid

nitrogen and sealed in a vacuum Dewar.

A diode-pumped master oscillator power amplifier system

based on a cryogenic Yb:YAG/YAG active-mirror structure

has also been constructed for further study of the laser

performance of Yb:YAG at low temperature (Figure 2). The

seed pulses with a pulse duration of 10 ns were generated

in a CW distributed-feedback Yb fiber laser following an

acoustic-optic chopper and optical fiber amplifiers which

produced nanosecond pulses with a 10 Hz repetition rate

and amplified up to 6 mJ in a regenerative amplifier[21].

To prevent unnecessary back reflection from the amplifier

stage, the regenerative amplifier was followed by an optical

isolator system which consisted of two Brewster polarizers,

one 45◦ rotator and two half-wave plates (HWPs). The size

of the laser beam was shaped to 5.5 × 5.5 (mm) in order to

ensure the best matching with the pump light. A four-pass

preamplifier was realized using reflection mirrors (M2, M3)

and a quarter-wave plate (QWP). The size of the composite

Yb:YAG/YAG was Φ25 × 6.5 (mm). In addition, the thick-

ness of the doping part was 3.5 mm with a doping concentra-

tion of 4 at.%. The laser diode stack (LD1) with a maximum

output power of 2.95 kW at a center wavelength of 940 nm

was available as the pump source. Lens 1, made up of one

plano-convex lens with a curvature radius of 165 mm and

thickness of 5 mm, was designed to compress the fast axis

beam. Meanwhile, a plano-convex group (lens 2 and lens 3),
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with a curvature radius of 70 mm and thickness of 15 mm,

was used to shape the slow axis beam. All of these three

lenses were AR-coated at 940 ± 15 and 1030 ± 15 nm. After

four-pass amplification, the laser beam was output from the

polarizer and expander two times. At the same time, a

spatial filter system was used to filter the higher order mode

laser. The same isolator system was loaded between the

preamplifier and the master amplifier.

For the master amplifier, three Yb:YAG/YAG modules

were sealed in one Dewar with the same pump and cooling

structure. The laser diode stacks (LD3, LD4, and LD5)

could deliver 6.5 kW output power. Lens 4, made up of one

plano-convex lens with a curvature radius of 220 mm and

thickness of 7 mm, was designed to compress the fast axis

beam. Meanwhile, a plano-convex group (lens 5 and lens 6),

with a curvature radius of 82 mm and thickness of 12 mm,

was used to shape the slow axis beam. All of these lenses

were AR-coated at 940 ± 15 and 1030 ± 15 nm.

3. Laser experiments and results

Figure 3 shows the output energy versus the pump energy

at different cooling temperatures for an injection energy

of 6 mJ. The spot size of the injection signal light is

5.5 × 5.5 (mm). As shown in Figure 3, the gain is not

obvious because of the reabsorption at room temperature

and will increase with decrease of the cooling temperature

until 155 K. Below 155 K, the gain no longer increases

because of the lateral ASE. At 155 K, a maximum output

energy of 196 mJ is obtained with a pump energy of 2.95 J

at 10 Hz. In order to evaluate the results of the experiment,

a simulation of the preamplifier was made according to the

laser rate equations. In order to reduce the complexity, the

lateral ASE was not considered in our calculation. As shown

in Figure 3, the simulation results match the experimental

results excellently for temperatures of 200, 250, and 300 K.

However, at 155 K, the experimental result deviates further

from the simulation result with increase of the pump energy,

which indicates that the lateral ASE is serious at 155 K.

Figure 4 shows the output energy of the master amplifier

after four-pass amplification. In order to reduce the influence

of lateral ASE and parasitic oscillation, we roughened the

side of the Yb:YAG crystal at the master amplifier. Before

the signal pulse was injected into the master amplifier, the

laser beam was expanded to 11 × 11 (mm). At 155 K, a

maximum output energy of 3.05 J at an optical-to-optical

efficiency of 14.7% was achieved for an injected pulse

energy of 180 mJ. To evaluate the scaling amplification of

the active-mirror structure amplifier, a simulation was made

for the master amplifier based on the laser rate equations.

As described in Figure 4, for the same cooling temperature,

the experimental result is slightly lower than the simulation

result, the same growth can be obtained and the result shows

that the output energy can increase linearly with a much more

powerful pump.
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Figure 3. The output pulse energy of the preamplifier after four-pass

amplification independent of the pump energy at a 10 Hz repetition rate

at different cooling temperatures.
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Figure 4. The measured and simulated pulse energy of the master amplifier

after four-pass amplification independent of the pump energy at a 10 Hz

repetition rate and injected pulse energy of 180 mJ.

4. Conclusion and outlook

In conclusion, we have shown nanosecond pulse amplifica-

tion to the 3.05 J level at a repetition rate of 10 Hz. The

seed pulses with a pulse duration of 10 ns were generated in

an Yb fiber laser and amplified up to 6 mJ in a regenerative

amplifier. The four-pass amplification system cooled by liq-

uid nitrogen boosted the energy up to 180 mJ (preamplifier)
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Cr:YAG

Yb:YAG Ceramic

Figure 5. Edge-cladding Yb:YAG ceramic to improve the ASE suppression.

and 3.05 J (master amplifier) respectively. In future work,

the optical transmission, pump and cooling structure will be

further optimized to obtain a much higher energy output. In

particular, an edge-cladding Yb:YAG ceramic (Figure 5) will

be designed to improved the ASE suppression. Cr:YAG,

which is commonly used for passive Q-switching, will be

used as the edge-cladding material[22].
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