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A B S T R A C T   

To achieve stable and efficient amplification of seed laser, we report on a regenerative amplifier based on chirped 
pulse amplification and thin-disk technology, providing an average output power of 201.4 W at a repetition rate 
of 50 kHz before being compressed. A closed-loop control system is used to overcome the negative effects of air 
convection and thermal effects. The regenerative amplifier has a pulse duration of 1.28 ns, pulse amplitude 
stability of RMS = 2.78 %, spectrum bandwidth of 2.5 nm, and center wavelength of 1031.7 nm. The pulse 
duration can be theoretically compressed to 591 fs. The output power fluctuation of RMS = 0.51 % is delivered in 
an excellent output beam characterized by Mx

2 = 1.08 and My
2 = 1.01, and the optical-to-optical efficiency is 

20.9 %. According to the experiment results, the regenerative amplifier proposed in this study is a perfect pre- 
amplification unit for amplifiers used in the chirped pulse amplification approach because it can steadily produce 
a chirped laser output with high average power.   

1. Introduction 

Since the invention of the first ruby laser in history [1], laser tech
nology has progressed toward the production of ultra-fast lasers with 
high power and high energy. The laser pulse duration has continuously 
advanced from nanosecond (ns) to attosecond (as) level with the 
development of technologies like Q-switching [2] and mode-locking [3], 
together with the discovery and application of higher harmonic phe
nomena [4]. In 1985, the chirped-pulse-amplification (CPA) technology 
[5] was put forward as a solution to the problem of the component 
damage threshold limiting the further increase of the peak laser output 
power. In 1993, Giesen et al. at the University of Stuttgart in Germany 
invented the thin-disk-laser (TDL) technology [6], which effectively 
deals with the problem of thermal effects in the solid gain medium by 
using a thin-disk geometry as the gain medium. Laser output at kilowatts 
of average power and joules of pulse energy has been made achievable 
by regenerative and multipass amplifiers using thin-disk (TD) technol
ogy [7,8] for the advancement of frontier disciplines like the study of 

microscopic particle movement [9], strong physical fields [10], and 
laser electron acceleration [11]. Ultrafast and ultra-intense lasers have 
now become indispensable tools. It also plays a vital role in national 
defense and security [12] and national livelihood [13]. The pre- 
amplification unit of the amplifier in the CPA system has been 
designed in this paper as a regenerative amplifier based on thin-disk 
technology. It can effectively amplify the nanosecond seed pulses 
output from the oscillator. 

Thin-disk technology was quickly used in regenerative amplifier 
systems due to its innovation and high-energy/high-average-power 
performance. C. Hominger et al. reported the thin-disk regenerative 
amplifier for the first time in 1997, in which a thin Yb:YAG crystal was 
used as the end mirror, generating pulse energies of 180 µJ at repetition 
rates of up to 750 Hz and 120 µJ pulses were obtained at 1 kHz, the 
amplified pulse duration was 2.3 ps, resulting in a pulse peak power of 
78 MW [14]. In 2001, Daniel Müller et al. obtained pulse energies of 4.5 
mJ at repetition rates of 1 kHz and 1 mJ at repetition rates of 10 kHz, 
based on the designed Yb:YAG thin-disk regenerative amplifier [15]. In 
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2007, Christian Stolzenburg and Adolf Giesen demonstrated a pico
second Yb:YAG thin-disk regenerative amplifier without a stretcher and 
compressor stage using Yb:YAG thin-disk crystal as a reflector in the 
regenerative amplifier, and the system achieved pulse energies of 2 mJ 
at repetition rates of 10 kHz and an average output power of 62 W with 
repetition rates up to 200 kHz [16]. In 2013, Catherine Yuriko Teisset 
et al. reported a thin-disk regenerative amplifier with pulse energies 
output higher than 50 mJ at repetition rates of 2 kHz, 40 mJ at 3 kHz, 
and 30 mJ at 5 kHz with pulse durations of 1.7 ps [17]. R. Fleischhaker 
et al. reported a sub-picosecond Yb:YAG thin-disk regenerative amplifier 
with a beam quality of M2 < 1.2 and an average compressed output 
power of 160 W at repetition rates of 800 kHz as well as 85 W at 100 kHz 
in the same year [18]. In 2015, Sandro Klingebiel et al. reported a thin- 
disk regenerative amplifier containing a single thin-disk gain medium 
delivering 220 mJ of pulse energy at a 1 kHz repetition rate with a pulse 
duration of 1.9 ps [19]. In 2016, Jakub Novak et al. presented a 
frequency-doubled picosecond Yb:YAG thin-disk regenerative amplifier 
with a compressed output pulsed duration of 1.2 ps and pulse energy of 
90 mJ at a repetition rate of 1 kHz, with energy stability of RMS < 0.8 % 
and beam quality of M2 < 1.2 [20]. Robert Jung et al. upgraded and 
optimized the thin-disk regenerative amplifier in the same year using a 
motorized adjustable end mirror for remotely controlled alignment with 
an output pulse energy of more than 300 mJ at a repetition rate of 100 
Hz with energy stability of RMS = 0.25 % and M2 = 1.04 [21]. Thomas 
Nubbemeyer et al. reported in 2017 that a regenerative amplifier using 
two thin Yb:YAG disks and a ring-type cavity, providing output pulse 
energies of 200 mJ at a repetition rate of 5 kHz, and the average output 
power of more than 1 kW is delivered in an excellent output beam 
quality of M2 = 1.1 with compressed pulse duration of 1.1 ps [22]. Peter 
Krotz and colleagues reported a circular regenerative amplifier based on 
a double thin-disk module in 2019 [23]. Before pulse compression, the 
output power was 1.9 kW at a repetition rate of 20 kHz, while the pump 
power was up to 5 kW. This regenerative amplifier’s output pulse en
ergies were 200 mJ at 5 kHz, 160 mJ at 10 kHz, and 95 mJ at 20 kHz. 
Also reported in the same year was a single thin-disk module regener
ative amplifier used as a preamplifier in a CPA system with an output 
laser pulse of 230 mJ at a 1 kHz repetition rate [24]. In 2021, Dong Jing 
et al. at Huazhong University of Science and Technology achieved a 
pulsed laser output with an average power of 44.2 W, a pulse duration of 
9.3 ps, and pulse energies of 220 µJ based on one thin-disk module 
regenerative amplifier [25]. The team achieved a laser output of 126 W 
at a repetition rate of 200 kHz and pulse energies of 0.96 mJ at 100 kHz 
based on the regenerative amplifier that two thin-disk modules con
nected in series simultaneously. In 2022, Jie Guo et al. at the Shanghai 
Institute of Optics and Fine Mechanics, Chinese Academy of Sciences 
reported a nonlinear pulse compression stage device containing a Yb: 
YAG thin-disk regenerative amplifier and a periodically layered Kerr 
medium, which output a laser pulse with 195 fs pulse duration, 54 W 
average power, and a beam quality close to the diffraction limit at a 
repetition rate of 200 kHz [26]. 

Thin-disk regeneration amplifiers have been achieving exciting re
sults since they were reported. In this paper, we report on recent de
velopments of a Yb:YAG single thin-disk regenerative amplifier in which 
a thin crystal is synchronized as a reflector in the resonant cavity. The 
ability of the regenerative amplifier to produce a stable laser output is 
attributed to the use of a closed-loop control system that actively cor
rects a slightly detuned resonant cavity back to a stable operating state. 
The highly reflective (HR) end-mirror position is adjusted by a motor
ized mirror holder that can be remotely controlled outside the cavity, 
creating a stable closed-loop system that compensates in real time for the 
negative effects that lead to cavity detuning. This negative effect is 
mainly caused by air convection and thermal effects [27]. In the simu
lation design, a folded long cavity with two spherical mirrors is designed 
by considering the damage to the cavity components caused by the spot 
size at different positions. In contrast, the number of seed laser round 
trips in the cavity is adjusted for experimental comparison to provide a 

reasonable round trip time for the seed laser. The amplified laser ach
ieved a stable output with an average power of 201.4 W at a repetition 
rate of 50 kHz before compression. In addition, the amplifier shows 
excellent power stability with 0.51 % (RMS) fluctuation and an excellent 
beam quality of Mx

2 = 1.08 and My
2 = 1.01. The optical-to-optical ef

ficiency is better than 20 % with the pulse amplitude stability RMS of 
2.78 % and the pulse duration of 1.28 ns before being compressed. The 
amplified laser has a spectral bandwidth of 2.20 nm at 1031.7 nm and a 
theoretically possible minimum pulse duration of 591 fs. 

2. Setup of the regenerative amplifier 

The optical setup of the Yb:YAG thin-disk regenerative amplifier can 
be seen in Fig. 1. It comprises a seed laser, a 48-pass pump source, an ns- 
level seed source, a Pockels cell (PC), a single thin-disk module regen
erative amplifier cavity, an optical isolator, a Faraday rotator, and a thin 
film polarizer (TFP). The seed laser is delivered by a commercial fiber 
master oscillator power amplifier emitting pulse energy of 10 µJ with a 
pulse bandwidth of 1.2 ns at repetition rates of 50 kHz after selecting the 
rate, and a double-lens combination (M14, M15) is used to collimate the 
seed laser for beam expansion. The seed laser is coupled into the 
amplifier for single round-trip transmission through the polarize and 
quarter-wave plate. The seed laser can be locked within the amplifier by 
adjusting the electrical pulse delay of the PC, and its round-trip time in 
the cavity depends on the electrical pulse width of the PC. Using a 
Faraday rotator with polarization to separate the seed laser and the 
output laser. 

The used pump module is shown in Fig. 2 with a folded 4f structure, 
and the pump light is reflected 24 times by the Yb:YAG crystal. The 
pump spot on the gain medium has a diameter of 6.6 mm. The pump 
diode delivers up to 1.4 kW peak power at 969 nm wavelength from a 
fiber. This wavelength matches the zero-phonon line transition of the 
gain material and reduces the heat generation on the disks due to the 
reduced quantum defect. The single Yb:YAG (7 %) thin-disk modules is 
equipped with disks of a thickness of 215 µm and 12 mm diameter and 
the front and back surfaces of the Yb:YAG thin-disk crystal are covered 
with transmissive and highly reflective coatings for the pump and seed 
lasers, respectively. The Yb:YAG thin-disk crystal functions as an 
amplifier cavity mirror while providing the required gain for amplifi
cation of the seed laser and its equivalent radius of curvature − 58 m at 
the pump power of 962.4 W. The diamond is used as the backward heat 
sink of the gain medium, while the Yb:YAG thin-disk crystal is cooled by 
impinging water cooling at 20 ◦C. 

The regenerative amplifier cavity is depicted in Fig. 1. The PC in the 
resonant cavity contains two BBO (both 8 mm × 8 mm × 25 mm in size) 
crystals. To accommodate the whole amplifier setup onto an optical 
experiment platform, the beam path must be folded many times. The 
broadened and amplified ns-level seed laser is injected into the regen
erative amplifier cavity through the isolator, PC, seed beam spreading 
collimation system, Faraday rotator, and TFP. The 0◦ HR mirror M10 is 
mounted on a motorized mirror mount, controlled by an out-of-cavity 
piezoelectric controller (Thorlabs, KPZ101), which enables real-time 
position adjustment. The faint spot missed by the intracavity laser at 
the M10 position has been monitored by a position sensor (Thorlabs, 
DPD90A) placed behind the M10 to calibrate whether the intracavity 
laser transmission path has shifted. When the position sensor detects a 
change in the spot’s position, it will send this data to the computer. The 
computer delivers the adjustment data to the piezoelectric controller, 
which subsequently controls the motorized mirror holder to continu
ously optimize M10’s position. The piezoelectric control module is 
paired with a position sensor and computer-controlled to form a closed- 
loop system to ensure a stable operation of the regenerative amplifier. 
We determined the position of the motorized mirror holder by 
combining the closed-loop control effect of different positions, the 
adjustment range of the piezoelectric controller, and the reasonable 
positioning of optical components on the experimental platform. 
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Simulation gives the radius distribution of the fundamental trans
verse mode spot inside the cavity, as depicted in Fig. 3. The resonator 
mode was calculated using the ABCD matrix formalism and was 
designed to satisfy a requirement to decrease the peak power on the 
optics. When the regenerative amplified laser passes through the PC and 
Yb:YAG thin-disk crystal, the spot becomes more extensive, which helps 
avoid damage to the components inside the cavity. It can improve the 
gain extraction efficiency by matching the spatial pattern of the pump 
laser on the Yb:YAG thin-disk crystal. 

3. Results 

Since the gain obtained from the seed laser varies with the number of 
round trips in the cavity and the gain saturation is reached after a long 
round trip in the cavity, it has been experimentally determined that 145 
round trips (6709 ns round trip time in the cavity) are the suitable 

number of round trips for the system to output 201 W of stable power. 
Fig. 4(a) shows the average power of the output laser as a result of the 
pump power at different round trips in the cavity at a repetition rate of 
50 kHz; the average power of the output laser can reach 201.4 W when 
the pump laser is increased to 962.4 W. When the number of seed laser 
round trips in the cavity is higher than or <145, gain saturation occurs at 
low power output due to intracavity losses, and seed light cannot be 
amplified efficiently. Fig. 4(b) shows the average output power of the 
regenerative amplifier as the pump laser increases. As the output power 
increases to 201 W and remains constant (Fig. 4(b) at 20 min), the 
voltage indicative of the piezoelectric control module that controls the 
pitch change of M10 slowly increases. The voltage stabilizes after 40 min 
(30–70 min in Fig. 4(b)). When the voltage remains constant, it indicates 
that the regenerative amplifier can operate stably in this state without 
closed-loop adjustment. The closed-loop system is primarily used to 
compensate for the spot shift induced by the thermal air wedge effect 

Fig. 1. Setup of the single thin-disk module regeneration amplifier. 0◦ reflectors (M1, M5, M7, M9, M10), 34◦ reflector M3, Yb:YAG thin-disk crystal M4, concave 
mirrors M6 with a radius of curvature of 8 m, and convex mirrors M8 with a radius of curvature of − 5 m. They are integrated into a resonator of 6.9 m in length. The 
combination of concave (M6) and convex mirrors (M8) is used to achieve a relatively large beam diameter on the Yb:YAG thin disk. 

Fig. 2. Schematic diagram of the pump module of the thin-disk regeneration amplifier.  
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[27] and the unstable ambient airflow as output power increases. Once 
the system reaches thermal equilibrium, the output power becomes 
more stable, indicating that the laser crystal thermal lens effect and the 
hot air wedge effect significantly impact the regenerative amplifier’s 
operation stability. During a period of about an hour, the output power 
stability RMS of 0.51 %. 

At maximum output power, the CinCam CMOS – 1201 was used to 
measure the spot radius (1/e2) and fit the beam quality factor M2. As 
shown in Fig. 5, the beam quality factors of Mx

2 = 1.08 and My
2 = 1.01, 

indicate an excellent, almost diffraction-limited output beam. In 
contrast, the data of pulse duration, long-term stability, and spectral 
characteristics are all measured while the regenerative amplifier is 
operated at 201.4 W. The pulse bandwidth of the output beam is 1.28 ns 
(Fig. 6(a)), and the pulse amplitude stability is 2.78 % （RMS） over 
about 30 min. The center wavelength is 1031.7 nm, whereas the spectral 
breadth (FWHM) is 2.5 nm (Fig. 6(b)). Also, the measured output laser 
center wavelength and spectral width change varied with output power 
(Fig. 7), and it was discovered that the output laser center wavelength is 
essentially stable in different output power cases (The wavelengths are 
mainly distributed at 1031.4 nm and 1031.7 nm, which is due to the 
lower detector resolution) and the simultaneous observation of gain 
narrowing occurs at low power output. Fig. 7(b) shows that the gain 
narrowing mainly occurs during the laser’s low power output period. In 
the 1997 report by C. Henninger et al. [28], gain narrowing was seen. 
This is due to different spectral components that have different gains and 
the restricted bandwidth of the gain medium. 

4. Conclusion 

In conclusion, we demonstrated a regenerative Yb:YAG thin-disk 
laser amplifier with 201 W of average output power at 50 kHz repeti
tion rates. The amplifier can deliver this average output power over at 
least several hours, and output power fluctuation is 0.51 % (RMS) during 
a period of about an hour. The beam quality measurement at this 
average output power showed a near-diffraction-limited beam with Mx

2 

= 1.08 and My
2 = 1.01. The optical-to-optical efficiency of up to 20.9 %, 

and a pulse duration of 1.28 ns at 1031.7 nm. The system presented here 
is a reliable amplification unit for a CPA, thanks to its high stability and 
excellent beam quality. 

The improvement of the laser output power of the current ultrafast 
thin-disk regenerative amplifier is impacted by the cavity design. The 

Fig. 3. Calculate the design mode of the resonator configuration. Spot size at 
different positions in the resonator, the vertical red lines denote positions of 
BBO crystal and Yb:YAG thin-disk crystal and the vertical blue lines denote 
positions of two end mirrors. 

Fig. 4. The measurements were conducted using the Ophir 1000W-BB-34-V3 
power meter at a repetition rate of 50 kHz. (a) The average power of the 
output laser with pump power for the different number of round trips of the 
seed laser in the cavity. At a 50 kHz repetition rate, a maximum output power of 
201.4 W was achieved. (b) The output power of the regenerative amplifier at a 
repetition rate of 50 kHz Over 1 h, RMS = 0.51  %. Fig. 5. The beam quality factor M2 of the output laser measured at the average 

power of 201.4 W and a repetition rate of 50 kHz. The camera used for the test 
is CinCam CMOS – 1201. 
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damage threshold of the cavity components (especially the BBO crystal 
in the PC) is also a key reason for limiting further increases in output 
power. It is essential and urgent to improve the damage threshold of the 
BBO crystal. A further consideration for the thin-disk regenerative 
amplifier is how to improve its operating stability, which can be 
approached in different ways, such as reducing the optical path jitter 
caused by the external environmental influence, minimizing or resolving 
the thermal effect of the regenerative amplifier, and employing a cavity 
design that is both practical and efficient. 
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