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A B S T R A C T   

This paper reports on a Yb: YAG thin-disk laser based on a thermally-near-unstable resonator. The cavity length 
of the resonator is 3 m, which is 3.5 m less than the cavity length of a stable resonator, simplifying the oscillator 
structure and reducing the optical loss of the resonator cavity. The disk laser based on a thermally-near-unstable 
resonator achieves a laser output power of 38.3 W with beam quality approaching the diffraction limit. The laser 
center wavelength is 1.03 μm. The resonator becomes misaligned during the increase in pump power due to air 
convection, reducing laser output power. In this paper, one end mirror of the thermally-near-unstable resonator 
is replaced with a retro-reflector to compensate for the misalignment of the resonator. The laser output power of 
the resonator with retro-reflector increased to 81 W. The beam quality M2 factors in the × and y directions are 
1.03 and 1.14, respectively. retro-reflector significantly improves the operational stability of the laser.   

1. Introduction 

As an essential branch of solid-state lasers, thin-disk lasers can ach-
ieve high-power continuous wave laser and high pulse energy pulsed 
laser output[1–3]. It has significant advantages in realizing high repe-
tition rate, high pulse energy, and ultra-short pulse laser, mainly real-
ized by regenerative amplifiers and multi-pass amplifiers [4,5]. One of 
the regenerative amplifier’s cores is the amplifier resonator’s design. A 
resonator with a short cavity length and large fundamental mode vol-
ume is more conducive to amplifying high-energy lasers. A thermally- 
near-unstable resonator can satisfy this requirement[6]. The design of 
a thermally-near-unstable resonator with a cavity length of 3 m is based 
on a thin-disk crystal, which has good heat dissipation and a weak 
thermal lens effect. Compared to a stable resonator, a thermally-near- 
unstable resonator operates at the edge of the stable region, has a 
larger fundamental mode spot on the thin-disk, and has greater loss to 
higher order transverse modes, enabling high power, good beam quality 
fundamental mode laser output. The thermally-near-unstable resonator 
has a simple structure, low loss, and large mode volume, which requires 
a lower damage threshold for the end mirror. 

When the temperature of the thin-disk rises, the air convection 

generated in front of the thin-disk causes a misalignment of the reso-
nator cavities, a phenomenon known as the air wedge effect[7]. A 
resonator with a corner cone as an end mirror effectively solves the 
problem of resonator detuning. However, the corner cone will change 
the polarization state of the output laser[8,9]. Tom Dietrich et al. used a 
grating to compensate passively for resonator misalignment, but this 
compensation method changes the wavelength of the output laser[10]. 
Christoph Röcker et al. used a retro-reflector to compensate for the air 
wedge effect and achieve a 2 kW average ultrafast laser output[11]. 
However, the above work does not apply the retro-reflector to the 
resonator to compensate for the misalignment of the disk laser oscillator. 

This paper compensates for the air wedge effect of using a retro- 
reflector. Comparing the laser output characteristics of a thermally-near- 
unstable resonator with and without the retro-reflector verified the 
compensation effect of the retro-reflector. We replaced one of the end 
mirrors of the resonator with a retro-reflector. The same simulation and 
experiment found that the retro-reflector has a good compensation effect 
on the air wedge effect. The resonator with retro-reflector can obtain 
higher power and better stability output laser in the experiment. 

The output laser power of the thermally-near-unstable resonator 
with a cavity length of 3 m was 38.3 W, and the beam quality was near 
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the diffraction limit. The output power of the resonator with a retro- 
reflector reaches 81 W, and the beam quality M2 factors in the × and y 
directions are 1.03 and 1.14, respectively. The experimental results 
show that the retro-reflector effectively compensates for the resonator 
misalignment caused by air convection and improves the stability of the 
resonator. 

2. Design and simulation 

2.1. Design of thermally-near-unstable resonator 

The resonator cavity can be divided into stable and unstable reso-
nators according to the geometric deflection loss in the cavity. A cavity’s 
total transformation matrix of paraxial light is expressed in matrix T 
[12,13]. 

T =

[
A B
C D

]

(1) 

The stability condition of the cavity is related to the trace of the 
transformation matrix T. Whether the resonator is stable or unstable is 
determined by inequality. (2). 

− 1 <
1
2
(A + D) < 1 (2) 

The resonator is stable when the resonator cavity (A + D)/2 satisfies 
the equation (2) condition. Otherwise, the resonator is unstable. 

When designing the resonator, it is necessary to consider the influ-
ence of the thin-disk diopter change on the laser mode in the resonator. 
As the pump power increases, the thin-disk crystal’s thermal lens effect 
changes the thin-disk crystal’s diopter. Therefore, measuring the diopter 
of the thin-disk crystal is very important for the resonator’s design. A 
wavefront sensor measured the diopter of the thin-disk in fluorescence 
mode and laser output mode. Fig. 1 shows the measurement results. 
When the pump power increased from 0 W to 1000 W, the diopter of the 
thin-disk varied from 0.005 m− 1 to − 0.02 m− 1 in fluorescence mode and 
from 0.005 m− 1 to − 0.005 m− 1 in laser output mode. Output laser mode 
is the multi-transverse mode. 

The gain medium in the resonator is a Yb: YAG thin-disk crystal. The 
radius of the pump spot on the thin-disk is 3.2 mm. When designing the 
resonator cavity, the radius of the fundamental mode spot on the disc is 
70 % to 80 % of the radius of the pump spot[14], and the corresponding 
fundamental mode spot radius ranges from 2.24 to 2.56 mm. We 
designed a 3 m cavity length thermally-near-unstable resonator ac-
cording to the range of variation of the thin-disk diopter. When the 
diopter of the thin-disk is − 0.0066 m− 1, the (A + D)/2 of the resonator is 
0.93, and the radius of the fundamental mode spot on the thin-disk is 

2.56 mm. The black dashed line in Fig. 2(a) shows the distribution of the 
fundamental mode in the resonator. 

When designing the resonator cavity, the radius of the fundamental 
mode spot on the thin-disk is simulated numerically with the change of 
the diopter of the thin-disk, as shown in the U-shaped curve in Fig. 2 (b). 
When the resonator cavity runs at the bottom of the U-shaped curve, the 
size of the fundamental mode on the thin-disk is almost constant, and 
this region is known as the thermally stable region. However, at this 
point, the fundamental mode spot size on the thin-disk is smaller, the 
higher order transverse mode diffraction loss is lower and easier to 
oscillate, and the resonator will produce a multi-mode laser output. As 
the thin-disk’s diopter decreases, the resonator work region moves along 
the U-shaped curve towards the edge of the left-hand stability zone. At 
this point, the radius of the fundamental mode spot on the thin-disk 
increases, and the higher-order transverse mode loss is significant. The 
laser can obtain a high power and high beam quality laser output. The 
resonant cavity running at the edge of the stable region is called the 
thermally near-unstable resonator. Our design of the thermally-near- 
unstable runs in the region surrounded by the black dashed line in 
Fig. 2(b). 

To understand the advantages of a thermally-near-unstable reso-
nator, we designed a stable resonator to compare it. Under the condition 
of equal spot size of the fundamental mode on the thin-disk, the cavity 
length is 3.5 m longer than the cavity length of the thermally-near- 
unstable resonator. The solid red line in Fig. 2(a) shows the distribu-
tion of the fundamental modes in the stable resonator. The minimum 
spot radius is 1.98 mm in the thermally-near-unstable resonator and 
1.21 mm in the stable resonator. 

2.2. Retro-reflector compensation for air wedge effect 

2.2.1. Simulation of a thermally-near-unstable cavity with retro-reflector 
Air convection causes a misalignment of the resonator cavity in a 

thin-disk laser. To correct the misalignment of the resonator, we used a 
retro-reflector to replace one of the end mirrors of the thermally-near- 
unstable resonator. When the diopter of the thin-disk is − 0.0066 m− 1, 
the radius of the fundamental mode spot on the thin-disk is 2.525 mm, 
and (A + D)/2 of the resonator is 0.71. Fig. 3(a) shows the distribution of 
the fundamental mode spot in the resonator. Comparing Fig. 2(a) with 
Fig. 3(a) finds that when the diopter of the thin-disk is identical, the 
radius of the fundamental mode spot on the thin-disk is the same in the 
resonator cavity with and without the retro-reflector. 

Fig. 3(b) shows the variation of the radius of the fundamental mode 
spot at the thin-disk in the resonator cavity with a retro-reflector. The 
resonator cavity still runs on the left edge of the U-shaped curve within 
the variation of the diopter of the thin-disk, indicating that the resonator 
cavity with the retro-reflector is still a thermally-near-unstable reso-
nator. As seen from the simulation results in Fig. 3, replacing one of the 
end mirrors in the thermally near unstable resonator with a retro- 
reflector does not affect the resonator’s laser output characteristics, 
which clearly shows the correction effect of the retro-reflector on the 
resonator. For pulsed light, the expanded intracavity spot facilitates the 
laser to achieve a higher energy laser output. In terms of end-mirror 
damage threshold, a thermally-near-unstable resonator is 2.68 times 
higher than a stable resonator. 

2.2.2. Simulation of the air wedge effect 
Using the ray tracing method in geometric optics simulated the effect 

of the air wedge on the resonator. We simulated the propagation of a 
Gaussian beam in a resonator cavity with and without a retro-reflector. 
We placed an air wedge vertically and a 10 mm × 10 mm rectangular 
image detector in front of the disk. The wedge angles of the air wedge 
were set to 0◦, 5◦, 10◦, and 15◦ to observe the deviation of the funda-
mental mode spot on the thin-disk. Fig. 4 shows the simulation results. 
Both resonators are free of misalignment when the air wedge is 0◦. When 
the angle of the air wedge increases to 5◦, there is no misalignment in the Fig. 1. Variation of disc optical focal length with pump power.  
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resonator with the retro-reflector. However, the resonator without the 
retro-reflector produces a significant misalignment. When the air wedge 
angle increases to 15◦, the resonator with retro-reflectors also becomes 
misaligned. It shows that replacing one of the end mirrors of the reso-
nator with a retro-reflector can effectively compensate for the 
misalignment of the resonator caused by the air wedge within a certain 
range. 

Fig. 2. (a) Fundamental mode spot distribution in the stable resonator and thermally-near-unstable resonator. (b) Variation of the radius of the fundamental mode 
spot on the thin-disk and the (A + D)/2 of the resonator with the diopter of the thin-disk. 

Fig. 3. (a) Fundamental mode spot distribution in resonator with retro-reflector. (b) Variation of the radius of the fundamental mode spot on the thin-disk and the (A 
+ D)/2 of the resonator with the diopter of thin-disk. 

Fig. 4. Position of the laser spot on the thin-disk in the resonator with and 
without the retro-reflector at different air wedge angles. 

Fig. 5. (a) Structure diagram of thermally-near-unstable resonator. (b) Struc-
ture diagram of resonator with retro-reflector. 
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3. Results and discussion 

3.1. Experimental setup 

Based on the simulation, we carried out verification experiments. 
Fig. 5(a) shows the schematic diagram of the structure of a thermally- 
near-unstable resonator with a cavity length of 3 m. M1 is an output 
mirror with a transmittance of 2.4 %, and M2 is a Yb: YAG thin-disk with 
a base mode spot radius of 2.56 mm. M3 is a concave mirror with a 
radius of 10 m, M4 is a planar reflection mirror, M5 is a convex mirror 
with a radius of − 9 m, and M6 is a planar mirror. The central wavelength 
of the pump light is 969 nm. 

To verify the compensation effect of the retro-reflector, we built a 
resonator with a retro-reflector, as shown in Fig. 5(b). Based on Fig. 5(a), 
the end mirror M6 in the thermally-near-unstable resonator is replaced 
with a retro-reflector, M7 is a convex mirror with a radius of curvature of 
− 9 m, M8 is a planar reflector, M9 is a concave mirror with a radius of 
curvature of 10 m, and M10 is a planar mirror. 

3.2. Experimental results 

3.2.1. Experimental results of the thermally-near-unstable resonator 
In this paper, we first carried out the thermally-near-unstable reso-

nator experiments. As shown in Fig. 5(a), an experimental optical path 
was built. We adjusted the resonator at an output power of about 30 W. 
Then the pump power was reduced to 0 W. After that, the pump power 
increased from 0 W. we didn’t adjust the resonator during the pump 
power increase. During laser output, we used a camera to record the 
change of the laser spot position on the thin-disk. Fig. 6(a) shows the 
variation of the output laser power with the pump power, and the 
highest power of the output laser is 38.3 W for the thermal near unstable 
resonator at the pump power of 310 W. The beam quality of the output 
laser is measured using the CMOS camera at this power, as shown in 
Fig. 6(b). The beam quality M2 factor in both the × and y directions is 
less than 1.1. The output laser mode is always fundamental in increasing 
the pump power. A thermally-near-unstable resonator with a thin-disk 
as the gain medium can achieve good beam-quality laser output. 

The illustration in Fig. 6(a) shows the deviation of the laser spot on 
the thin-disk during the pump power increase. When the laser extracts 
the thin-disk’s stored energy, the extracted area’s fluorescence becomes 
weaker, so the shaded part in the illustration represents the location of 
the laser spot. As the pump power increases, the laser spot gradually 
deviates from the center of the pump region. When the pump power 
reaches 360 W, the laser spot on the thin-disk is at the upper left of the 
pump region. The output laser power drops to 26.3 W. Fig. 6(c) shows 
the variation of the output laser power with time, which fails to achieve 
stable operation during the power increase. 

3.2.2. Experimental results of the thermally-near-unstable resonator with 
retro-reflector 

To verify the correction effect of the retro-reflector in the resonant 

cavity, we chose to compensate for the laser deflection in the vertical 
direction. Based on the thermally-near-unstable resonator, a retro- 
reflector replaced one of the end mirrors of the resonator. Fig. 4(b) 
shows the resonator with a retro-reflector. The laser output power of the 
resonator with retro-reflector varies with the pump power, as shown in 
Fig. 7(a), and the laser output power is 81 W at the pump power of 465 
W. The laser spot on the thin-disk shifted to the left. The laser spot does 
not move significantly in the vertical direction. The output power of the 
laser is improved by 42.7 W compared with the thermally-near-unstable 
resonator. Fig. 7(b) shows the beam quality of the output laser, and the 
beam quality M2 factors in the × and y directions are 1.03 and 1.14, 
respectively. Fig. 7(c) shows the variation of output power with time for 
the resonator with a retro-reflector. When the laser output power is 81 
W, the laser can operate more stably, and the power drops from 81 W to 
60 W after 10 min. The stability is improved compared with the 
thermally-near-unstable resonator. The thin-disk’s laser spot appeared 
shift to the left, causing the laser power to drop. 

The experimental results comparing the resonator without and with 
retro-reflectors show that adding retro-reflectors compensates for the 
resonator misalignment caused by the air wedge. A resonator with a 
retro-reflector enhances the stability of the laser without changing the 
output characteristics of the laser. 

3.3. Discussion 

Due to the misalignment of the resonator, the maximum output 
power obtained by the thermally- near-unstable resonator is 81 W. If the 
resonator misalignment caused by the air wedge effect can be 
completely compensated, the thermally-near-unstable cavity gain me-
dium based on the disc can achieve higher laser output power than 81 
W. At the pump power below 1000 W, the thin disk used in the exper-
iment can meet the operation requirements of the thermally-near- 
unstable resonator. However, the thermal effect of the resonator under 
high-power operation will affect the stability of the laser. The thermal 
lensing effect of the thin-disk becomes more severe with a further in-
crease of pump power, making the thermally-near-unstable resonator 
become an unstable resonator. The thin-disk laser will have the prob-
lems of increasing loss, decreasing output power, and deteriorating 
beam quality. If the thermal effect of the thin-disk laser can be better 
managed, the thermally-near-unstable resonator will be more widely 
used. The pulsed pumping approach can effectively decrease the thermal 
effect of the thin-disk, and the thermally-near-unstable resonator has 
advantages in pulsed laser amplification and pulsed laser generation. 

In the experiment, the retro-reflector compensated the laser devia-
tion in the vertical direction well, but the laser deviation in the hori-
zontal direction existed both before and after compensation, indicating 
that the deviation in the horizontal direction was independent of the 
deviation in the vertical direction. The air wedge effect in the horizontal 
direction and the change of the disk surface shape are both possible 
causes of the horizontal misalignment of the laser. The next step of the 
study is to analyze and determine the causes of the laser deviation in the 

Fig. 6. (a) Variation of output power with time. (b) Beam quality. (c) Variation of output laser power with time.  
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horizontal direction and improve the design of the retro-reflector to 
obtain better compensation. 

4. Conclusion 

In this paper, a thermally-near-unstable resonator is designed based 
on a disk gain medium, and the laser output characteristics of the 
thermally-near-unstable resonator are obtained experimentally. The 
thermally-near-unstable resonator achieves a fundamental mode laser 
output with a power of 38.3 W near the diffraction limit. The highest 
laser output power of 81 W was obtained experimentally for the reso-
nator with a retro-reflector. The beam quality M2 factors in the × and y 
directions were 1.03 and 1.14, respectively. According to this experi-
mental result, it can be found that the thermally-near-unstable resonator 
has a larger fundamental mode volume and the minimum spot in the 
resonator is larger than that of the stable resonator. The thermally-near- 
unstable resonator based on the thin-disk gain medium can be used to 
achieve high energy amplification of ultrashort pulse lasers, such as 
regenerative amplifiers. 

The thermally-near-unstable resonator misaligned during the laser 
output due to the air wedge effect. The laser spot on the thin-disk 
gradually deviates from the pumping region, reducing laser output 
power. To compensate for the air wedge effect, we used a retro-reflector 
to replace one of the end mirrors of the thermally-near-unstable 
resonator. 

We simulated the stable region of a resonator without and with a 
retro-reflector. The changing trend of the size of the fundamental mode 
spot on the thin-disk in the two resonators is consistent with the diopter 
of the thin-disk. The simulation found that resonator with a retro- 
reflector has enhanced anti-detuning capability. 

The compensation effect of the retro-reflector on the air wedge effect 
was verified experimentally by observing the deviation of the output 
laser power from the laser spot on the thin-disk without adjusting the 
resonator to increase the pump power. The maximum power of the 
fundamental mode laser output from the thermally-near-unstable reso-
nator is 38.3 W. The laser spot on the thin-disk is shifted to the upper left 
of the pumping region. In comparison, the maximum power of the 
fundamental mode laser output from the resonator with retro-reflector is 
81 W. The laser spot on the thin-disk is shifted to the left of the pumping 
region. The resonator with retro-reflection can achieve more stable 
operation in 10 min, but the thermally-near-unstable resonator cannot 
achieve stable operation. Experiments indicate that the retro-reflector 
can passively compensate for the shift of the laser spot in the vertical 
direction. 

Funding 

Innovation major project of Changchun Institute of Optics Fine 

Mechanics and Physics Chinese Academy of Sciences (No. 
E10302Y3M0); Jilin Province Youth Growth Science and Technology 
Program Project (No. 20220508041RC). 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

References 

[1] McDougall S D, Barnowski T, Ryu G, et al. Advances in Diode Laser Bar Power and 
Reliability for multi-kW Disk Laser Pump Sources; Proceedings of the Conference 
on High-Power Diode Laser Technology XVIII, San Francisco, CA, F Feb 02-04. 
https://doi.org/10.1117/12.2545995. 

[2] T. Nubbemeyer, M. Kaumanns, M. Ueffing, et al., 1 kW, 200 mJ picosecond thin- 
disk laser system [J], Opt. Lett. 42 (7) (2017) 1381–1384. 

[3] S. Nagel, B. Metzger, D. Bauer, et al., Thin-disk laser system operating above 10 kW 
at near fundamental mode beam quality [J], Opt. Lett. 46 (5) (2021) 965–968. 

[4] R. Jung, J. Tummler, I. Will, Regenerative thin-disk amplifier for 300 mJ pulse 
energy [J], Opt. Express 24 (2) (2016) 883–887, https://doi.org/10.1364/ 
OE.24.000883. 

[5] J. Fischer, A.C. Heinrich, S. Maier, et al., 615 fs pulses with 17 mJ energy generated 
by an Yb:thin-disk amplifier at 3 kHz repetition rate [J], Opt. Lett. 41 (2) (2016) 
246–249, https://doi.org/10.1364/OL.41.000246. 

[6] Feng Y, Bi Y, Xu Z Y, et al. Thermally-near-unstable resonator design for solid state 
lasers; Proceedings of the Conference on Laser Resonators and Beam Control VI, 
San Jose, Ca, F Jan 28-30, 2003 [C]. https://doi.org/10.1117/12.472930. 

[7] J.P. Negel, A. Voss, M.A. Ahmed, et al., 1.1 kW average output power from a thin- 
disk multipass amplifier for ultrashort laser pulses [J], Opt. Lett. 38 (24) (2013) 
5442–5445, https://doi.org/10.1364/OL.38.005442. 

[8] Lu C Y, Wang X B, Sun B, et al. Design of directional prism resonator made DPL 
operate in TEM00 mode with thermal stability; Proceedings of the Conference on 
High-Power Lasers and Applications III, Beijing, Peoples R China, F Nov 08-11, 
2004 [C]. https://doi.org/10.1117/12.575887. 

[9] Mao S Q, Cheng Y, Wang X B, et al. A kind of highly stabilized solid-state lasers 
with directional prism reflector; Proceedings of the 1999 International Conference 
on Industrial Lasers (IL99),Wuhan,Peoples R China, F Oct 25-27.https://doi.org/ 
10.1117/12.361186. 

[10] T. Dietrich, S. Piehler, C. Rocker, et al., Passive compensation of the misalignment 
instability caused by air convection in thin-disk lasers [J], Opt. Lett. 42 (17) (2017) 
3263–3266, https://doi.org/10.1364/OL.42.003263. 

[11] C. Rocker, A. Loescher, F. Bienert, et al., Ultrafas green thin-disk laser exceeding 
1.4 kW of average power [J], Opt. Lett. 45 (19) (2020) 5522. 

[12] Kogelnik H, Li T. Laser beams and resonators [J]. Applied Optics,5(10)(1966): 
1550-+. https://doi.org/10.1364/AO.5.001550. 

[13] A.E. Siegman, Unstable optical resonators [J], Appl. Opt. 13 (2) (1974) 353–367. 
[14] A. Giesen, J. Speiser, Fifteen years of work on thin-disk lasers: results and scaling 

laws [J], IEEE J. Sel. Top. Quantum Electron. 13 (3) (2007) 598–609, https://doi. 
org/10.1109/JSTQE.2007.897180. 

Fig. 7. (a) Variation of output power with time. (b) Beam quality. (c) Variation of output laser power with time.  

J. Yu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S1350-4495(23)00080-4/h0010
http://refhub.elsevier.com/S1350-4495(23)00080-4/h0010
http://refhub.elsevier.com/S1350-4495(23)00080-4/h0015
http://refhub.elsevier.com/S1350-4495(23)00080-4/h0015
https://doi.org/10.1364/OE.24.000883
https://doi.org/10.1364/OE.24.000883
https://doi.org/10.1364/OL.41.000246
https://doi.org/10.1364/OL.38.005442
https://doi.org/10.1364/OL.42.003263
http://refhub.elsevier.com/S1350-4495(23)00080-4/h0055
http://refhub.elsevier.com/S1350-4495(23)00080-4/h0055
http://refhub.elsevier.com/S1350-4495(23)00080-4/h0065
https://doi.org/10.1109/JSTQE.2007.897180
https://doi.org/10.1109/JSTQE.2007.897180

	Realization of thermally-near-unstable resonator thin-disk laser and compensation of air wedge effect
	1 Introduction
	2 Design and simulation
	2.1 Design of thermally-near-unstable resonator
	2.2 Retro-reflector compensation for air wedge effect
	2.2.1 Simulation of a thermally-near-unstable cavity with retro-reflector
	2.2.2 Simulation of the air wedge effect


	3 Results and discussion
	3.1 Experimental setup
	3.2 Experimental results
	3.2.1 Experimental results of the thermally-near-unstable resonator
	3.2.2 Experimental results of the thermally-near-unstable resonator with retro-reflector

	3.3 Discussion

	4 Conclusion
	Funding
	Declaration of Competing Interest
	Data availability
	References


