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Abstract: A new method using a rotating off-centered lens is proposed to reduce the heat 
accumulation at the focal spot of a stimulated Brillouin scattering phase conjugation mirror at 
high-repetition-rate operation. Theoretical simulation of the beam intensity pattern at the focal 
point indicates there is less coma-aberration using a rotating off-centered focusing lens than 
with a rotating wedge and a conventional lens. The resultant SBS output parameters using this 
new method are substantially improved comparable to those of a non-rotating conventional 
method for high-repetition-rate operation, while the former operates quite well for higher 
power and the latter operates only for lower input power. High reflected energy and a good 
beam pattern are demonstrated using the proposed method in the present experimental 
conditions of 50 mJ at 1 kHz. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

A high repetition rate laser system with a good beam quality and a sub-nanosecond pulse has 
many important applications in Light Laser Detection and Ranging (LiDAR) [1–3], medical 
laser cosmetology [4], high-resolution spectroscopy [5], etc. Stimulated Brillouin scattering 
(SBS) technology is widely used in laser systems as stimulated Brillouin scattering phase 
conjugation mirrors (SBS-PCM) and pulse compressions to improve the beam quality and 
compress nanosecond laser pulses down to sub-nanosecond pulses. The SBS-PCM is 
typically the simplest phase conjugate mirror for compensating the beam aberration in a laser 
system combined with a master-oscillator power amplifier (MOPA). For 10 Hz operation, a 
self-phase locked SBS-PCM system with 45 mJ energy was demonstrated through the 
combination of a rotating wedge and a concave mirror by H. Kong et al. [6]. For 100 Hz 
operation, a 3.36 J/ 7.1 ns laser system was achieved using a SBS-PCM for the dynamic 
wavefront distortion correction by J. Qiu, et al. [7], and then repetition rate was improved to 
200 Hz the following year [8]. For 500 Hz operation, Z. Fan et al reported a 500 W laser 
system with a 10 ns pulse using an ultraclean closed-type stimulated-Brillouin-scattering 
phase-conjugate mirror [9]. For kilohertz operation, the SBS-PCM was employed in a laser 
MOPA system to suppress the thermal phase distortion and compress the pulse duration by H. 
Kiriyama et al. and K. Tsubakimoto et al. [10,11]. SBS pulse compression also is a highly 
efficient and simple pulse amplification technology to obtain a sub-nanosecond laser pulse 
[12–14]. For 1 Hz operation, Y. Wang et al. reported a 393 ps compressed pulse using an 
interferometric scheme [15]. For 10 Hz operation, V. Kmetik et al. compressed a 10 ns pulse 
to 0.9 ns [16], and A. A. Tarasov et al. obtained a 400-750 ps pulse duration laser with 1.1 J 
using multi-pass SBS pulse compression [17]. For 20 Hz operation, N. F. Andreev et al. 
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compressed a 30 ns laser pulse with 1 J into a 1.7 ns compressed pulse with 75% energy 
conversion efficiency [18]. For 100 Hz operation, A. A. Shilov et al. obtained a 350 ps 
compressed pulse with 6.5 mJ and finally amplified the pulse to 36 mJ using a phase-
conjugation-pulse-compression mirror [19]. Thus far, a SBS phase-conjugation-pulse-
compression mirror has mainly been used at a repetition rate below kilohertz operation, and 
we are trying to obtain a laser pulse with good beam quality and short pulse width at a high 
repetition rate over 1,000 Hz. 

The main issue affecting the high-repetition-rate SBS phase-conjugation-pulse-
compression mirror is the thermal effect caused by heat accumulation at the focal point 
[6,11,20,21]. To resolve this issue, H. Yoshida et al. proposed two solutions, flowing liquid 
and moving focal spot [22]. For the flowing liquid method, the flow should be laminar to 
maintain a stable state, which is too complex and challenging to realize. For the latter method, 
the rotating wedge-plate method is necessary to rotate the focal spot, which is a highly 
efficient and simple method to alleviate heat accumulation at the focal point. However, for 
application of a rotating wedge, a focusing lens should additionally be used. This results in 
high surface reflection losses, significant coma-aberration, and large energy and pulse width 
fluctuations by multiple optical components. In this report, we propose a new method for SBS 
pulse compression producing higher energy conversion efficiency and simultaneously smaller 
coma-aberration for high-repetition-rate operation, using a rotating off-centered lens in place 
of using a combination of a rotating wedge and a focusing lens. 

2. Description of thermal problem 

To study the influence of the thermal effects of the SBS focused structure, the temporal 
temperature behaviors at the focal point are simulated under different repetition rates, as 
shown in Fig. 1. According to the heat conduction theory, the heat conduction equation 
containing heat source Q (r, z, t) is [23] 
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medium, Cp denotes the specific heat of HT110 liquid with 0.23 cal/(g·°C), ρ is the density of 
HT110 with 1.71 g/cm3, Kc stands for thermal conductivity with 0.065 W/m·K, Ep is the 
pump pulse energy, τ is the pulse width of the pump with 10 ns, T is the pulse repetition 
period, w is the input pump beam size with 6 mm, α is the absorption coefficient of a 1064 nm 
laser with 0.03 /m, and l is the SBS cell physical length of 20 cm. For the boundary 
conditions, the two end-surfaces of the medium cell are considered to be adiabatic, and the 
cell diameter is 4 cm. The outside of the cell is air, and the heat can be removed through the 
wall to the air. The wall of the cell contacts with the air, and it is assumed to be same as room 
temperature, 25 °C. Because the fluid simulation is difficult, the cell is treated as a solid, so 
that it is assumed that there is no natural convection, but natural conduction inside the cell. 
The pump light enters the SBS cell through a lens with a focal length of 15 cm. 

According to the unique solution, which satisfies the heat conduction eq. and boundary 
conditions, the temporal temperature behaviors at the focal point are simulated. Figures 1(a)–
1(d) represent the maximum temporal temperature with pump energy of 50 mJ at a repetition 
rate f of 1, 10, 100, and 1,000 Hz, respectively. It is obvious that the temperature at the focal 
spot is distributed in a zigzag manner over time. As shown in Fig. 1, as the deposited heat at 
the focal spot continuously accumulates due to insufficient time to disperse within a very 
small space, the temperature gradually increases with the operating time. The temperature at 

                                                                                              Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9896 



the focal spot eventually reaches a dynamic thermal equilibrium. It can be seen from Fig. 1 
that the higher the operating repetition rate is, the shorter the heat recovery time during one 
pumping period will be, and accordingly longer time will be required for the temperature to 
reach the thermal equilibrium. The temporal temperature at the focal spot of the high-
repetition-rate laser is much higher than that of low repetition rate operation. The maximum 
temperature at the focal spot can reach more than 120 K than the room temperature. However, 
the boiling point of HT110 medium is 110°C. The very high temperature above the boiling 
point can cause the jiggling effect of the beam pattern and thus affect the SBS process. 

 

Fig. 1. The temporal temperature behavior at the focal spot within SBS medium with a 
repetition rate of (a) 1 Hz; (b) 10 Hz; (c) 100 Hz; and (d) 1,000 Hz, respectively. 

Figures 2(a) and 2(b) present the maximum temperature corresponding to the repetition 
rate at an input energy of 50 mJ, and the input energy at a repetition rate of 1,000 Hz, 
respectively. From Fig. 2, the calculated critical repetition rate casing the maximum 
temperature above the boiling point of the HT110 medium is 650 Hz, and the calculated 
critical input energy causing the temperature to rise above the boiling point is 32.6 W. This 
very high temperature at a limited space within the medium is a key factor hindering the 
application of SBS pulse compression for high repetition rate operation and high power laser, 
which leads to a decrease of the reflected energy, broadened pulse width, and even distortion 
of the focal beam spot. Therefore, it is necessary to restrain heat accumulation at the focal 
spot for high repetition rate operation. 
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Fig. 2. The maximum temperature at the focal point with (a) different repetition rate at input 
energy of 50 mJ; (b) different input energy at 1,000 Hz repetition rate. 

3. Experimental setup 

The experimental setup of SBS pulse compression employed in this research is shown in Fig. 
3. The pump beam source originates from an injection-seeded single-longitudinal-mode laser 
with a line width of 90 MHz at a fundamental wavelength of 1064 nm, which has a pulse 
width of 10 ns operating at a repetition rate of 10 Hz. The combination of a half-wave plate 
(HWP) and a polarization beam splitter (PBS) is used to control the input beam energy. The 
pump beam size is 5 mm. The beam is introduced into an amplifier cell with a length of 100 
cm through lens L1 with a focal length of 2 m. The beam is then focused into a 20 cm 
generator cell using a normal focusing lens L2 with a focal length of 15 cm (referred to here 
as method (1)), a rotating wedge and a normal lens L2 with 15 cm focal length (method (2)), 
and a rotating off-centered lens L3 (method (3)) as shown in Figs. 3(a) –3(c), respectively. 
The wedge angle is 5°, and its material is fused silica. We made our own custom lens, we 
named it as “off-centered lens” as shown in Fig. 3(d), by cutting off the plano-convex lens 
with the focal length of 15 cm. Its new center, a, is 6.4 mm apart from the center of the 
original lens. The diameter of the off-centered lens, b, is 1 inch. The cells are filled with 
perfluoropolyether liquid HT110. The reflected beam is separated by a system consisting of 
QWP and PBS. The sub-nanosecond pulse sample is then detected by a photodetector 
Thorlabs DET02 (1.2 GHz bandwidth; rise time: 50 ps; fall time: 250 ps). The signal 
waveform is recorded by a digital oscilloscope with a 3 GHz bandwidth. 

 

Fig. 3. Optical layouts of SBS pulse compressor with (a) normal focusing lens, (b) rotating 
wedge and normal focusing lens, and (c) rotating off-centered lens, (d) structure of the off-
centered lens. QWP, quarter wave plate; HWP, half wave plate; L1~3, focusing lenses. 

                                                                                              Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9898 



4. Theoretical simulation of the focal spot 

The ray tracing method is adopted to simulate the intensity patterns of the beam focal spot in 
Fig. 4 to compare the three methods. Our own program for this simulation was developed for 
this purpose using Microsoft visual C + +. The pump beam has a Gaussian intensity 
distribution pattern consisting of random 10000 rays. The pump beam size is 5 mm. The 
focus spot position is displaced by 7 mm in the radial direction within the SBS cell. In the 
simulation, the pump beam passes through the rotational axis of the normal focusing lens, 
wedge, and off-centered lens, respectively, as shown in Fig. 3. For Fig. 4(a), the lens is fixed 
and the beam propagates along the optical axis. For Fig. 4(b), the rotating wedge makes the 
focal spot rotating around the optical axis with radius of 7 mm. For Fig. 4(c), the off-centered 
lens makes the focal spot rotating around the optical axis with radius of 7 mm. 

 

Fig. 4. Optical system (a-c) and corresponding simulation results of the focal spot beam pattern 
(a1-c1) with 5 mm pump beam size when the focus is displaced by 7 mm from the lens center: 
(a, a1) normal focusing lens of 150 mm; (b, b1) wedge and normal focusing lens of 150 mm; 
and (c, c1) off-centered lens of 150 mm focal lengths. 

The beam patterns of focal spots using a normal focusing lens, rotating wedge and normal 
focusing lens, and rotating off-centered lens are shown in Figs. 4(a1), 4(b1), and 4(c1), 
respectively. The focal lengths of the lens are 15 cm in the three situations. The crosshairs and 
black circles in Figs. 4(a1)–4(c1) indicate the position of the focal beam spot from the beam 
spot center, and the Gaussian beam size when there is no distortion, respectively. There is no 
coma-aberration of the focal spot beam pattern in Fig. 4(a1) using method (1). The coma-
aberration of the focal spot beam pattern using method (2) is more serious than that of method 
(3), as compared in Figs. 4(b1) and 4(c1). In addition, the focus beam size using the rotating 
wedge is larger than that using the rotating off-centered lens. As the focus beam size gets 
larger, the pump power density becomes lower. Since the exponential growth rate of the SBS 
grating produced near its startup is proportional to the pump beam intensity at the focal beam 
spot, the SBS energy efficiency is also lower using method (3) than when using method (2). 
Furthermore, coma-aberration at the focal beam spot can weaken the SBS grating, reduce 
energy reflectivity, and decrease the wave-front fidelity. Therefore, the SBS pulse 
compression using the rotating off-centered lens can achieve a lower energy loss and smaller 
focus coma-aberration than in the case of using rotating wedge. 

5. Experimental results 

5.1. Experiment of rotating off-centered lens and rotating wedge 

The influence of thermal effects on SBS compression can be neglected at 10 Hz operation. 
The output parameters of the SBS compression thus are compared among the three methods: 
normal focusing lens, rotating wedge, and rotating off-centered lens at 10 Hz operation, 
respectively. For the three setups in Fig. 3, the reflected energies, compressed pulse widths, 
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and their RSDs with respect to input energy are illustrated in Fig. 5. RSD is the abbreviation 
of “relative standard deviation”. As shown in Fig. 5(a), the reflected energy efficiency of 
81.2% with the method (3) is higher than that of the method (2). It is clear that the method (3) 
results in the same energy loss as the case of using the method (2). There are two reasons for 
this. First, the fewer number of optical components, the less surface reflection losses. Second, 
the large focusing beam size according to the simulation in Fig. 4(b1) decreases the reflected 
energy owing to the reduction of the power density at the focal point. Figure 5(b) shows that 
the RSD of reflected energy ~1.1% using the method (3) is obvious smaller than that (1.5%) 
of the method (2). One reason for this is small coma-aberration of the focus beam pattern, as 
shown in Fig. 4. Another reason is the experiment setup with fewer optical components can 
improve the accuracy of optical alignment. Thus, the rotating off-centered lens can be used 
instead of the rotating wedge and normal focusing lens for better reflected energy and RSDs. 

 

Fig. 5. SBS (a) reflected energy, (b) the RSD of the reflected energy, (c) compressed pulse 
width, and (d) the RSD of the pulse width using a normal focusing lens, a rotating wedge and a 
normal focusing lens, and a rotating off-centered lens. 

Figures 5(c) and 5(d) illustrate the compressed pulse width and RSDs with regard to the 
input energy. We can see from Fig. 5(c) that the pulse widths obtained with the three methods 
are the same when the input energy is above 40 mJ, while the input energy is below 40 mJ, 
the pulse width of the method (2) is the longest, that of the method (3) is middle, and that of 
the method (1) is the shortest. The energy loss of the method (3) with 2 reflective surfaces is 
smaller than the method (2) with 4 reflective surfaces. Thus, the input energy reached the 
generator cell of the method (3) is larger than that of the method (2). The compressed pulse 
width with higher input energy is shorter before the SBS pulse compression reaches the 
saturation condition. The pulse width of the method (3) is shorter than that of the method (2). 
Therefore, the rotating off-centered lens is an excellent means to reduce the thermal effects at 
the focal spot for high-repetition-rate operation. 
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5.2. Experimental verification for high-repetition-rate operation 

To verify the SBS compression effect when using the method (3) for high-frequency 
operation and to avoid the influence of the SBS amplifier in the two-cell structure, the 
experiment setup of the SBS generator described in Fig. 6 is employed. The pump beam is 
from Kumgang laser composed of a front-end (FE) and a pre-amplifier (PA), which has been 
described in detail in previous work [24,25]. The output energy of the PA is 50 mJ at a 
fundamental wavelength of 1064 nm. The laser has a pulse width of 8 ns operating at a 1 kHz 
repetition rate. The input pump energy is controlled by the combination of a HWP and PBS. 
The pump is then introduced into the SBS cell through a QWP and the rotating off-centered 
lens. The reflected beam is separated by a QWP and PBS. The reflected beam pattern is 
imaged near a beam profiling camera through a relay imaging system composed of L4 and 
L5, and is collected by a camera (WinCamD-LCM) made by DataRay Inc. 

 

Fig. 6. Experimental setup for SBS pulse compression using an off-centered lens at 1 kHz 
repetition rate. 

Figure 7 shows the reflected energy for 15 minutes under different input energy. The 
output power fluctuation is originated from the input power fluctuation. For input energy of 
30 mJ and 50 mJ at 1 kHz, the SBS reflected power is 5.3 mJ ± 0.6 mJ and 11.2 mJ ± 1.0 mJ 
with the method (1), and 16.6 mJ ± 0.7 mJ and 26.3 mJ ± 0.8 mJ using the method (3), 
respectively. The reflected power using the method (3) is increased to 3.13 and 2.35 times 
compared to the case of using the method (1) with input energy of 30 mJ and 50 mJ, 
respectively. The energy RSD is reduced to 3.0% from 8.9% under the input energy of 50 mJ. 
Thus, the method (3) can obviously increase the reflection power and decrease the energy 
RSD. 

 

Fig. 7. Reflected energy with normal lens and rotating off-centered lens under input energy of 
(a) 30 mJ and (b) 50 mJ at 1 kHz. 
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To represent the improved energy intuitively, an improvement factor is defined as the 
ratio of SBS reflected energy using the method (3) to the reflected energy using the method 
(1). The improvement factor with respect to the input energy is shown in Fig. 8. The black 
dots indicate the improvement factors under different input energy. The red line is the fitting 
curve of the measured data. With an increase of the input energy from 5 mJ to 20 mJ, the 
improvement factor decreases from 32 to 4.8 rapidly. Furthermore, increasing the input 
energy to 50 mJ, the improvement factor gradually reduces to 2.1. It is shown that the ability 
of the method (3) to relieve the thermal effects becomes weaker with an increase of the 
injection pump power because the accumulated heat rises. 

 

Fig. 8. Improvement factor (the ratio of the reflected energies with method (3) and method (1)) 
with respect to input energy at 1 kHz. 

The relationship between the SBS energy efficiency and the rotating speed of the off-
centered lens is shown in Fig. 9. With an increase of the rotating speed, the energy efficiency 
rapidly reaches its maximum value of 31%, 57%, and 66% with input energy of 10 mJ, 30 
mJ, and 47 mJ, respectively, and maintains stable. As shown in Fig. 9(b), the dash lines 
indicate the critical rotating speeds at which energy efficiency reaches 98% of their maximum 
values. The critical rotating speeds with the input energy of 10 mJ, 30 mJ, and 47 mJ are 3.5 
r/min, 6 r/min, and 12 r/min, respectively. The relative movement between the successive 
pulses at the focal spot is 2πrn/f, where r is the rotating radius of the laser beam at the focal 
spot with 5 mm, n is the rotational speed of the off-centered lens, and f is the pulse repetition 
rate (1,000 Hz). Thus, the critical relative displacements between the successive pulses at the 
focal spot are 1.83 μm, 3.14 μm, and 6.28 μm with the input energy of 10 mJ, 30 mJ, and 47 
mJ, respectively. It is obvious that with an increase of the input energy, the critical rotating 
speed becomes larger, and the critical displacement between the successive pulses at the focal 
spot also increases. This indicates that the heat at the focal spot accumulates with an increase 
of the input energy. 

                                                                                              Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9902 



 

Fig. 9. Energy efficiency with respect to rotating speed under different input powers. 

The reflected beam patterns with the method (1) and the method (3) are shown in Fig. 10 
under different pump powers, respectively. Figures 10(b) and 10(c) illustrate the beam pattern 
with the normal lens, which shows a poor beam shape due to the very high temperature at the 
beam focal spot. Also, there is almost no reflected beam at the input energy of 10 mJ @ 1 
kHz. Figures 10(d)–10(f) represent the beam profiles using the rotating off-centered lens at 
input energy of 10 mJ, 30 mJ, and 50 mJ at 1 kHz, respectively, and all of them show the 
good beam profiles are seen for all cases. 
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Fig. 10. Spatial profiles of (a) pump beam, reflected beam (b, c) without and (d, e, f) with 
rotating off-centered lens at different pump powers. 

6. Conclusion 

The temporal temperature behaviors at the focal spot for different repetition rates are 
simulated, and the results show that heat accumulation increases linearly as the repetition rate 
increases. To resolve this problem, a rotating off-centered lens is applied to reduce the heat 
accumulation at the focal spot for high-repetition-rate operation and improve the beam quality 
with less coma-aberration. The intensity patterns at the focal spot were simulated by the ray-
tracing method for three setups: (1) normal focusing lens (without rotating wedge), (2) 
rotating wedge and normal lens, and (3) rotating off-centered lens. The coma-aberration at the 
focal spot using method (3) is distinctly smaller than that obtained when using method (2). 
Experimental results show that the reflected energy, the pulse width, and RSDs using method 
(3) are much better than those obtained using method (2). In addition, at a repetition rate of 1 
kHz, the experiment have verified that method (3) can compensate most of the beam pattern 
distortion caused by thermal effects and other nonlinear effects. Also, the reflected energy for 
method (3) is twofold greater than that of method (1) at the input power of 50 W. These 
experimental results demonstrate that the rotating off-centered lens method is a very effective 
and simple method for high-repetition-rate SBS technology. For the rotating off-centered lens 
method, there is no limit in the optics itself for the upper limit of the input laser power, but 
the absorption of the liquid will increase the temperature and decrease its reflectivity if the 
input power increases. 
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