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Abstract: The stimulated Brillouin scattering (SBS) effect, a new approach to the combination of
solid-state lasers, can be actualized via coherent synthesis. In this paper, a solid-state laser based on
SBS passive phase locking, utilizing the master oscillator power amplifier (MOPA) structure at the
front end of the lasers, provides the amplification of the Stokes light subsequently generated. In order
to reduce the influence of thermal effects on beam quality, beam-split amplification has been adopted
with the same phase locking used by the back injection of the Stokes pulse. With the advantage of
the combined scheme, the energy extraction efficiency of SBS coherent combination can be reached
at 91.8% with coherent fringe visibility of 83%. Therefore, it provides a new way to improve the
brightness through realizing the coherent combination of multi-channel solid-state lasers.

Keywords: solid-state laser; stimulated Brillouin scattering; coherent combination

1. Introduction

High-energy pulsed laser systems are widely applied in laser processing, laser guid-
ance, neutrino and proton generators, and laser fusion drives [1–4]. The application of
chirp-pulse amplification technology has greatly promoted the development of short-pulse
width and high-intensity laser technology, and the resulting extreme state conditions pro-
vide development opportunities for investigating the interaction between light and matter.
However, due to the crystal growth process, the size of the laser crystal cannot be indefi-
nitely increased, which limits the enhancement of laser output energy [5]. Furthermore,
with the increase in the volume of the laser medium, the absorption efficiency of the pump
has been refined. Unfortunately, the output power will inevitably produce a large amount
of waste heat, which limits the improvement in beam quality and repetition frequency. For
example, the master oscillation power amplifier (MOPA) is used to amplify a beam of seed
signal light with high beam quality through each MOPA unit step by step. And the ampli-
fied energy and beam quality are limited by the working state of each stage amplification
unit, that is, the failure of any stage amplification unit will affect the laser output and even
damage the laser system. Therefore, it is difficult to achieve a laser system that meets the
same high power, high beam quality, and high reliability laser output by solely relying on
laser oscillator or power amplifier technology. Thermal lensing, thermo-optical wedge, and
thermally induced birefringence effects are inevitable, which lead to a serious decrease in
the average power of the output laser and the deterioration of the beam quality [6,7].

The coherent synthesis of multiple lasers is one of the most effective ways to obtain
high-brightness laser output, and it has gradually become a research hotspot in the field of
laser technology [8–10]. In order to achieve higher brightness output at high repetition rates,
high-energy laser systems must maintain good beam quality while increasing the laser
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output power. At present, the device mainly uses multi-channel laser synthesis focusing
to improve the output energy, especially when using coherent synthetic focusing; it can
double the power density of the focal spot to provide ultra-high power density electric
field extreme state conditions required for physical research, which will be an important
research direction in the field of high-energy short-pulse lasers in the future. However, how
to solve the phase locking, co-frequency resonance, and thermal management problems
between multiple beams of light with independent optical parameters (frequency, vibration
direction, polarization state and phase) in coherent synthesis laser systems are two key
technical problems involved in solid-state laser coherent synthesis systems [8].

The coherent beam needs to meet the four conditions of consistent center frequency,
narrow linewidth, same polarization direction, and good beam quality of the laser source.
Moreover, the directivity of each laser is required, and, finally, the phase lock of each
beam is required [9]. The above points, as long as one of them is not performed well, will
affect the effect of coherent synthesis. Depending on the phase-locking method, coherent
synthesis techniques can be divided into two categories: passive coherent synthesis [10]
and active coherent synthesis [11]. Passive coherent synthesis realizes the phase locking
of multiple lasers inside of the laser through the principle of self-organization, and its
implementation methods mainly include the interferometer mode [12], non-linear self-
organization mode [13], and evanescent wave coupling method [14]. Active coherent
synthesis uses a certain control algorithm to realize the phase locking of multiple lasers
outside of the laser through the phase modulation device, and the control methods used
mainly include the heterodyne method [15], adaptive phase-locked method, etc. [16]. Based
on corner cube, Cheng Yong. et al. [17] utilized mutual injection phase-locked technology
to realize six-channel laser coherent synthesis. It exhibited that the energy of the output
light is 15.3 J with a pulse width of 500 µs, the divergence angle is 1.7 mrad, and the
synthesis efficiency is as high as 95.6%. Utilized self-phase-locking technology, Hongjin
Kong et al. [18] adopted the wavefront segmentation of pump pulses and combining
with SBS-PCM. Using piezoelectric ceramic (PZT) feedback to adjust the distance between
the concave mirror and the SBS cell, the coherent synthesis of four beams was achieved.
However, it still requires the detection and modulation of the phase of the laser array and
the real-time adjustment of the PZT feedback mirror at the end of the SBS-PCM in each
laser path based on the test and calculation results to achieve coherent laser output, which
greatly increases the complexity of the locking system.

Compared to the active phase-lock technology, more concisely, the passive method
does not need a complex circuit phase control system, including a phase detection device
and strict and complex algorithms. The overall structure is complex and needs to occupy
more space, and passive phase-locking technology is a method of self-phase adjustment.
Through the structure of some optical structures or optical characteristics, finally, it realizes
the phase-locking method of two beams or multiple beams. Therefore, we demonstrate a
passive phase-locking coherent combination method of solid-state lasers through a stimu-
lated Brillouin scattering effect. Meanwhile, it paves the way for the excellent performances
of lasers, including high pulse energy and repetition frequency.

2. Materials and Methods

The phase difference can be determined based on whether the two Stokes beams have
been coherent or not and the passive phase modulation method has been adopted. Simply,
it only needs a passive adaptive system and detailed settings for the overall optical path.
The passive phase-locking method used in this experiment was used to output Stokes
light using stimulated Brillouin scattering (SBS). Though back-injecting seed light, the
phases of the two Stokes beams could be locked with the same phase of the seed beam.
In the meanwhile, the coherent synthesis of two Stokes beams was to control the phase
difference. And the phase difference could be measured via the coherent combination
fringes by adjusting the optical path. And the phase difference could be adjusted based on
the distance of the optical path. For more detail, the closer the optical path was to the phase
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difference of the two beams, the smaller the phase difference. Coherent fringe visibility, as
the vital parameter used to characterize coherent combination, was produced by the two
Stokes beams after an encounter.

According to the coupled wave equation [19], the electric field components of pump
and Stokes light can be expressed via the following equations.
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where n is the refractive index of SBS medium, and EL and ES represent the amplitudes of
pump and Stokes. And ωL and ωS are the corresponding angular frequencies. ρ, qB, c, γ, ρ0,
ΓB, and α are the density amplitude in SBS medium, the wave vector of the acoustic field,
the speed of light, electrostrictive constant, and the density under medium equilibrium
state, respectively.
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In order to achieve better Stokes light waveform output, the generation cell was simu-
lated. In particular, the vital parameters for FC-770 include the medium refractive index
of 1.27, phonon lifetime of 0.57 ns, gain coefficient of 3.5 cm/GW, and the Brillouin fre-
quency shift of 1081 MHz, respectively. And the simulation results are shown in Figure 1,
and the waveform of the output Stokes light was obtained by changing the energy in-
jected into the media cell due to the returned Stokes pulse. The light was amplified by
extracting the injected pump light with the same, meaning that the output Stokes light
produced a steep front, and as the energy was extracted, the energy of the pump light
decreased, meaning that the waveform of the output Stokes light produced a certain degree
of tailing phenomenon.
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As shown in Figure 2, with the increase in the light energy injected into the pump,
the returned Stokes light energy became stronger and stronger, and its energy reflectivity
gradually increased. With the further improvement in energy injection, the trend of energy
extraction efficiency will further increase.
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In the simulation, the waist radius of a single laser was 9 mm, the output wavelength of
the sub beam was 1064 nm, the input power of each sub beam was 10 W, and the operating
mode was TM00. In order to move closer to the experiment, observation distances were
set at 100 m, 200 m, and 300 m, respectively. The interval between the two sub beams
was 2 to 14 mm. The interval distance was 4 mm, and the spot pattern, main peak width,
peak light intensity, etc. after beam merging were recorded. As shown in Figure 3, if
the distance between the two pump lasers was close enough, the two pump beams were
completely merged into one beam output, and the light intensity of the output laser was
the strongest point. In the meanwhile, if the distance between the two beams of light was
close enough, the energy of the two pump beams could be completely synthesized into
one combined beam. It indicated that the distance between the two beams of pump lights
had a more direct impact on the main peak output light intensity. With the increase in the
interval between the two optical beams, interference fringes gradually appeared. Therefore,
the further the distance between the two beams, the phenomenon with more interference
fringes increased, and the peak power of the main peak output decreased.

The structure of the main oscillation power amplifier was used, as shown in Figure 4.
And the whole device consisted of a seed source, a phase conjugate mirror dielectric cell,
a unidirectional single-channel amplifier, a stimulated Brillouin collinear amplification
dielectric cell, a beam synthesis system, and multiple isolators. The seeder could output
an energy of 600 mJ, a pulse width of 10 ns, and a wavelength of 1064 nm. The resonant
reflector used in the three-side resonance was composed of two mirrors, with different
transmittances as the output mirror. This structure could have a strong inhibitory effect on
the neighboring resonant cavity due to the use of a two-part transmittance coupling mirror.
On the other hand, it increased the output energy of the resonant cavity, allowing the laser
to withstand greater energy. The working principle of a torsion pendulum cavity was to
convert the linearly polarized light and circularly polarized light in the cavity into each
other through two quarter-wave plates. It allowed the laser beam to propagate uniformly
in the gain medium, thereby suppressing the spatial hole burning effect. For the laser beam,
the amplification method mainly involved using a single lamp pump amplification method.
In the state of lamp pumping, the cooling effect on both sides of the laser medium was
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uneven, meaning that the crystal produced a thermal effect, which would have a great
impact on the beam quality. Therefore, in order to reduce the impact of the amplified
thermal effect on the beam quality, the seed source amplifier and the two single lamp pump
amplifiers were placed in opposite directions. And the laser underwent deformation after
the first stage of amplification. The amplification was compensated after the second stage
of amplification, meaning that the output of the amplified laser energy was distributed as
uniformly as possible. The laser produced by the seed derived laser was divided into two
beams through a splitter mirror. The first beam was used as pump light to produce Stokes
light, and the second beam was amplified at an amplification stage to increase its energy
and used to amplify Stokes light.
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In the experiment generating the Stokes beam, FC-770 was used as the generation
medium [5], the structure of generating the Stokes beam was a single SBS cell structure,
and the window mirror of the traditional media cell was adopted with the same parameters
as the simulation part. Although this structure could ensure that most of the laser energy
passes through the window mirror and would not produce large refraction after passing
through the window mirror, due to the limitation of the coating process, the pump light
energy could not completely pass through the medium cell, and some of the light was still
be partially reflected by the window mirror. The surface was reflected, and although the
reflected pump light energy was low, it still affected the returned Stokes beam, resulting
in an inability to accurately measure the energy and beam profile of the Stokes light.
Therefore, a new type of media cell structure was adopted, that is, the glass tube with
a certain inclination angle on the end face was used as the Stokes light production pool.
After that, the pump light reflected by the window surface would be reflected to the optical
platform and would not be returned to the incident light path by the window mirror. The
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transmitted pump light would produce Stokes light through the action of SBS, and Stokes
light would be reflected and output along the incident light path, and in this way, it would
effectively work. In addition, the effect of the returned pump light on the returned Stokes
light was noted.
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Therefore, the seed light path was adjusted as follows: the seed passed through the
beam splitter mirror. In particular, the first beam of light passed through the isolation
system, and after passing through a quarter-wave plate, the P polarized light was converted
into circularly polarized light and focused into the SBS cell through a lens, and SBS occurred
in the cell to produce a circularly polarized Stokes light with high beam quality. After
passing through a half-wave plate again, the Stokes light was converted into P-polarized
light, and it was again divided into two beams by a beam-splitter (T/R = 5:5). After passing
through a quarter-wave plate, P polarized light was converted into circularly polarized
light. Injected into two SBS media cells, it absorbed the amplified pump energy and passed
through a quarter-wave plate again to convert circularly polarized light into the S polarized
state again. The polarized light was output from the entire optical path system, and the
output light was adjusted through the optical path and injected into the same polarizer at
the same time for the final polarization beam output.

Originally, the Stokes beam from the seed source was divided into two beams by
a beam-splitter (T/R = 1/1), and two beams of light were amplified through different
amplifiers. After passing through a polarizer and a quarter-wave plate, the light changed
from P polarization state to S-polarized light. It was injected into the SBS medium pool to
generate Stokes light. The pump was amplified by different amplifiers, and the amplified
pump was converted into circularly polarized light by a quarter-wave plate in the media
cell to achieve collinear amplification. And the pump light that could not be extracted
passed through the SBS media cell. After being converted into S-polarized light through
a quarter-wave plate again, it was reflected out of the optical path by the polarizer and
entered the light absorption system. The amplified Stokes beam was converted into S-
polarized light by a quarter-wave plate, reflected through the polarizer, and output through
the final beam clamping system.
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3. Results and Discussion

The beam combination system in the experiment consists of a mirror, a half-wave
plate and a polarizer. In detail, the half-wave plate is used to adjust the polarization state
of each beam. Functionally, it can convert the S-polarized light into P-polarized light.
After being injected into the polarizer, together with the unconverted S polarized light, the
combined beam output with the same phase and the two Stokes beams after amplification
are injected in the polarizer. The optical path difference can be adjusted by a set of coupling
mirrors, which are fixed onto a set of sliding tables. In order to manipulate the optical path
difference, the coupling lens group is adjusted by moving the position of the frame on the
slide table. Therefore, to change the optical path difference and adjust the two beams of
light, the optimal beam has been fixed through the position of the coupling lenses.

Figure 5a shows the change in Stokes light energy reflected back with the increase
in the pump light energy injected into the generation SBS cell. In order to achieve high
energy reflection, the focal length of the lens and the length of SBS cell are fixed at 80 cm
and 60 cm, respectively. When the pulse width of the injected pump light is 10 ns, the
reflectivity of the injected pump light increases with the increase in injected energy. With
400 V of input voltage, the pump light energy is 51 mJ, the reflected Stokes light energy is
40.3 mJ, and the energy reflectivity is about 77.1%. When the input voltage is set to 900 V,
the pump energy is 428 mJ, the Stokes energy is 388 mJ, and the energy reflectivity is 90.7%.
Moreover, the beam profile of the injected pump light was improved to some extent via
the action of SBS-PCM, and the energy distribution of the laser spot output became more
uniform [20,21].
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In the Stokes light amplification experiment, the generated Stokes beam is separately
injected into two amplification cells for amplification, and the injected Stokes light is
amplified by extracting the energy from the injected pump light; the energy change in the
two is shown in Figure 6. The Stokes beams are amplified by extracting the energy of the
pumped light. The energy changes in the two are shown in Figure 6. Figure 6a,b show the
magnification curves of the first and second beams, respectively. Due to the influence of
thermal effect, the laser center of the amplified pump becomes unstable. As a result, Stokes
light cannot extract more pump energy, and the extraction efficiency of Stokes light energy
becomes lower and lower. Finally, the energy extraction efficiency of the two channels
decreased from the maximum of 85.3% and 85.9% to 71.8% and 71.7%, respectively, and the
final output energy increased from 446 mJ and 474 mJ to 800 mJ and 797 mJ, respectively.
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The coherent beam combining with SBS passive phase-locked technology, as one of the
self-organizing phase-locked and overlapping coupling beam-combining methods, plays
a vital role in achieving mutual influence between multiple lasers and phase-matching
conditions. However, an increase in the number of lasers will inevitably lead to an increase
in the energy injected into the medium pool, and an increase in energy density will increase
the probability of electrical breakdown. It causes the quality of the combined output laser
beam to deteriorate. The backward seed injection passive phase-locked beam-combining
structure ensures that the phase of the signal light does not change during amplification,
playing a stable phase difference role. Moreover, the use of the backward seed injection
structure can effectively reduce the breakdown threshold, thereby achieving higher energy
extraction efficiency. The use of phase conjugation mirror technology can effectively control
the phase difference of the generated signal light. By organizing all of the above methods,
this experiment proposes to use phase conjugation mirror technology to compensate for
the wavefront distortion generated by the pump light and use the characteristics of phase
conjugation mirror to achieve the phase locking of the signal light. Using the wavefront-
splitting method, the signal light is divided into two beams, which are then injected into
the SBS medium pool as seed light to achieve re-amplification. Finally, the beam-combining
device is used to achieve beam-combining output.

As shown in Figure 7, to further evaluate the beam quality of coherent synthesis, two
beams after coherent combination with the condition of SBS phase locking in the near beam
(a) and the far beam (b) and the interference fringes (c) without phase locking have been
measured. Indeed, through the backward injection of Stokes beams, the phase difference
between two beams with the approximately equal beam optical path has been compensated
for, satisfying the phase-locking condition. In this way, the phase difference between the
two beams can be further controlled; therefore, two beams can be maintained through phase
locking through backward injection. Moreover, the laser output pulse energy of 1245 mJ
with the repetition frequency of 10 Hz has been obtained through coherent combination.
Meanwhile, the output energy of the two beams behind the polarizer is 652 mJ and 704 mJ,
respectively, and the beam combining efficiency is as high as 91.8%. The reason for this
outcome is that SBS effect can not only satisfy phase locking above the injected seed light
phase, but can also compensate for thermal distortion. In particular, with the assistance
of backward injection, coherent synthetic lasers exhibit high stabilities, including pulse
energy, beam quality, and directional stability. As the vital parameter to character coherent
combination, the coherent fringe visibility of the two beams has been measured as high
as 83%.
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4. Conclusions

In this paper, a solid-state laser based on stimulated Brillouin phase-locked coupling
was developed, the amplification mode adopted the collinear amplification mode was used,
and the pump participating in beam binding was matched via SBS-PCM phase conjugate
mirror technology. The light is optimized to make the energy distribution inside of its spot
more uniform, and the resulting high-beam quality Stokes light is divided into two beams
of similar energy through the beam-splitter to participate in amplification, passing through
the SBS cell. The collinear amplification method achieved more than 70% energy extraction
efficiency, and 1.245 J was obtained via the coherent combination. With the increase in the
beam quality of the laser output, the coherent fringe visibility of the two beams of light can
reach 83%.
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