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Abstract: Stimulated Brillouin scattering (SBS) is a third-order nonlinear process, which is phased conjugation
reflected in the SBS phase conjugation mirror (SBS-PCM). Therefore, it is a very useful tool for the compensation of
wavefront distortion induced by strongly thermally stressed active material, especially in high-power and high-energy
lasers. To maximize the effectiveness of SBS-PCM, many research efforts have been poured in both theoretically and
experimentally in the past decades. Several researchers have studied the liquid medium that is the best fit for SBS-
PCM in high power laser systems; some have investigated the geometry (such as two-cell structure, choice of the
optimum parameters, and the addition of a rotating wedge) of the system that will give the most appropriate desired
characteristics; while some researched the impurities of the selected liquid. This work presents a review of the factors
determining the performance of SBS-PCM, the applications of SBS-PCM in high power lasers, and recent scientific
achievements in the SBS-PCM high power laser systems. This work is proposed as a reference and guiding manual for
SBS-PCM-related experiments and research.
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With the increase in laser output power or pulse energy, a great amount of scientific and industrial applications, for
example, laboratory astrophysics''™”, high energy density physics!'*'"), fluid and plasma physics'"®, material processing!'*>",
basic research of inertial fusion™?"], require lasers delivering high-quality optical beams whose divergence must not exceed the
diffraction limit during beam propagation. However, beam quality keeps deteriorating with increasing pump power and
repetition rate because of the continuous increase of heat accumulation at the strong pumping. Stimulated Brillouin scattering
(SBS) has been hotly pursued for its unique ability to restore an aberrated beam to the original undistorted state in real-time
since its discovery in 1972 by Zel’dovich et al®. SBS phase conjugation mirrors (SBS-PCMs) have been successfully used to
compensate beam distortion™**! and control the phase conjugation-fidelity™**! caused by an optical phenomenon. Hence, it has
improved the performance of high-power lasers®?"*“% As a result of the SBS-PCM employed in high-power lasers, it can be
used in systems requiring high beam quality such as space communication, laser fusion, and LIDARM",

To obtain the best SBS-PCM performance in high-power lasers, the SBS medium with a high optical breakdown threshold
(OBT) and low absorption coefficient (AC) such as heavy fluorocarbon liquids must be adequately selected®*%. Among
various gain media such as solids, gaseous, plasma media and vortex beam™ ¢ 5% liquid materials have obtained more

popularity over other materials in SBS-PCM, due to their low cost, broad Brillouin linewidth, and easy design of liquid SBS

cells with nearly no restriction in volume (in both length and cross-section)™*"*!. However, particles in the selected medium
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easily absorb electromagnetic radiation and increase thermal accumulation thereby resulting in optical breakdown?**" 3" 3,
Hence, the selected liquid material required quality purification. Besides, the structural design and composition of the system,

such as the choice of lens focal length™2%5" 61 incorporation of a rotating wedge™ *" 1 and two-cell structure!*> !

, are
other key factors that also influence the SBS characteristics of an SBS-PCM system. To obtain the best SBS-PCM system, the
components of the system must be optimized.

Normally, a certain fraction of the pump energy is used to overcome the threshold energy of the SBS medium which varies
for different media. Except when the pump energy is greater than the threshold energy of the medium used in the SBS
experiment, no Stokes wave will be generated® . Owing to this property of the medium and the energy needed to generate an
acoustic wave, the spatial frequency of the Stokes wave is lower than that of the original pump wave (the frequency of the
Stokes wave is down-shifted). This paper also reports some scientific works that reduce this phenomenon to the barest
minimum using different approaches including self-generated density modulation and prepulse. Although many scientists and
engineers have successfully used phase conjugation mirrors to compensate for phase distortion, the thermal-induced
birefringence of the active medium by a photo-elastic effect causes an inevitable depolarization loss. This paper also reviews
some scientific works that benefited the reduction of this undesirable effect.

In high average power lasers, SBS-PCMs with liquid medium produce both high beam quality and high average power,
compensating for both static and dynamic wavefront distortions induced by thermal effects™® ** ““". However, at high pump
energy and high repetition rate operation, heat accumulation at the focal point is always a challenge associated with SBS-PCM.
Beam quality, energy reflectivity, phase fidelity, and other SBS parameters™’" are affected by the heat accumulation at the
focus point which always causes thermal defocusing. To improve the current scientific achievement in the attempt to develop a
laser system that simultaneously achieves high repetition rate, high energy reflectivity, and high beam quality, this paper
additionally provides a review of some research works in these areas.

The fact that there have been some reviews on SBS, recent advances in laser technology call for a review of more recent
works in the growing field of SBS-PCMs, as well as suggesting ideas for experimental designs and practical applications to
optimize the performance of the system. This paper reviews the working principles and applications of SBS-PCM, the
achievement of some recent SBS-PCM systems under different operating conditions, the SBS-PCM media suitable for high
power lasers, experimental methods, and design of SBS-PCM devices. This review intends to provide a guide for the selection
of SBS-PCM media, media purification, and experimental and geometric design that enables a highly stable and efficient SBS-
PCM system in applications.

1 Phase conjugation by SBS
Stimulated Brillouin scattering involves the interaction

between incident light, scattered light, and acoustic phonons

induced by electrostriction. This is the physical compression of a o5
medium owing to the large electric fields. Many high-power phase o,

conjugation resonators use SBSU'7?. SBS is a cubic power (¥3)

nonlinearity, y3 (o, = ws + wq) is the optical phenomenon W

generated as a result of the interaction of intense laser light with
elastic acoustic waves in materials such as solid, liquid, gas or Fig.1 Nonlinear SBS energy level diagram; wq s the phonon

, wy, is the incident light, e is the Stokes energy and 0Q is frequency, wg is the Stokes frequency, and e is the frequency

plasma

of the incident electromagnetic wave!™!

the phonon energy. Fig.1 is the energy level profile of this optical
phenomenon.

Zel’dovich et al., 1972 experimentally discovered phase conjugation in high-pressure methane gas. A focused strongly
aberrated light into a nonlinear medium generates a non-uniform SBS, that is, an acoustic wave. Under normal operating
conditions, the phase conjugation component of the Stokes wave can receive a linear gain €' times larger than any other

component™,
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In an SBS-PCM system, a high peak power pulsed laser is required instead of a continuous wave laser because: (1) the
SBS threshold is often high, that is, SBS depends upon power over a short time; (2) SBS-PCM behaves like a saturable

absorber; and (3) the Stokes frequency shift causes each mode to “lock” a mode of lower frequency.

2 Factors influencing the performance of SBS-PCM

Many scientific works have proven that beam quality deteriorates heavily with the higher operating power condition of the
SBS-PCM. In addition to improving the load and operating power conditions, many scientists have investigated the factors that
might be responsible for the side effects associated with the SBS-PCM system under high power operating conditions and
mentioned that the liquid medium, the level of impurities, and the geometry of the system (focal length of the focusing lens,
structure of the system, and introduction of a rotating wedge) influence the characteristics of the reflected energy and the
performance of the SMS-PCM system. This section reviews a few of these studies related to SBS-PCM using a liquid medium.
At high energy and high power, the AC, the gain coefficient (GC), and the OBT are the major factors affecting the fidelity and
reflectivity of liquid SBS medium®" 7",

2.1 SBS-PCM media

Hasi et al., 2008 reported some SBS media and studied the relationships between SBS characteristics of perfluoro-
compound (PFC) and perfluoropolyether (PFPE), and analyzed their chemical structures in detail. The SBS thresholds, the
OBTs, the ACs, and the Brillouin frequency shifts of some media such as FC-43, FC-87, HT-55, and DET were measured.
Furthermore, the Brillouin linewidth, phonon lifetime, and the GC of each medium were calculated. The results showed low
ACs and high OBTs which were good SBS properties for media suitable for high power lasers”.

Because of the unavailability of FC-75, it is necessary to find a substitute for it, and to obtain a better energy extraction
efficiency and beam quality. Kmetik et al. 2000 reported high energy optical phase conjugation through SBS in FC-72, FC-75,
and FC-77. These media were filtered with a millipore membrane of 25 nm pore size. The pulses energy of 73 J in near-IR-
1 um laser were phase conjugated without an optical breakdown using an SBS-PCM. This paper also reviewed the importance

of ultra-filtration in building efficient, safe, stable, and convenient SBS-PCM in the near-IR region®”,

Guo et al, 2012 designed an experiment to accurately CCD
measure the OBTs and ACs of PFCs and PFPEs media, studied I—‘—J
some SBS characteristics, and suggested suitable media for high = aftenuator

peak power SBS systems. The experiment is similar to Fig.2. Their ) BS SES cell

findings show that though there are differences between these “ A | *’_ I|

media, PFCs media generally have small AC and high OBT, and Nd: YAG /1/[|2 S iﬂ/ 4 ii . EM2
' =% lens

that FC-72 has the highest OBT among the PFCs. For the PFPE dump Ll\_/ll

family, OBT decreases and AC increases, as the average molecular T
weight (AMW) increases. The media with AMW lower than 1000 U £
(e.g., DET, HT-70, HT-135, and DO;) have small AC and high Fig.2 Experimental set-up for measuring SBS
OBT which are suitable for high power SBS-PCM systems. On the medium properties (e.g., OBT)*

other hand, media with AMW greater than 1000 (such as HS-260, HT-270, and HT-230) have high AC and low OBT. This
implies that for PFPE series SBS media, the larger the AMW, the more the AC and the less the OBT. A new PFPE medium
could be obtained by mixing HT-230, HS-260, and HT-270 in careful ratio with different AMW. The measured energy
reflectivity of PFCs are very close; and due to the small GC of FC-70, its reflectivity is relatively low. There are large
differences in the energy reflectivity of PFPEs. At pump energy greater than 200 mJ, optical breakdown occurs and reflectivity
decreases™”. Wang et al., 2010 measured the reflectivity of acetone, CCly, FC-72, and HT-230 at varying input energy and
operating system of 10 Hz. FC-72 has the highest reflectivity of all the media studied. Its reflectivity is 70.5% at 100 mJ and
about 78.8% at 300 mJ©!, Being the medium with the highest breakdown threshold, about 66.3% reflectivity was still reported
at 450 mJ. This reveals that FC-72 is a good medium for high-power SBS because of its high GC, low AC, and large breakdown

energy.
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These media did not only increase the list of SBS media suitable for high power laser systems but also modify the
performance of the SBS system, thereby improving the foundation for the application of SBS-PCM in high-power laser
systems. The long list of PFCs and PFPEs provides a wide choice of media in practical applications. For example, the medium
with small GC is selected if a flat-top waveform beam with a high energy transmissivity is preferred”™; on the other hand, when
there is a need to generate Stokes light with a high energy reflectivity, a high GC medium is used"".

2.2 Purification of the SBS media

After the discovery of FC-72 as a gain medium with the highest OBT which makes it a good choice for high power laser
systems, Wang et al., 2010 studied the reflectivity of the FC-72 at different levels of purity and reported different amounts of
energy reflectivity at different levels of impurities. The reflectivity increased greatly after cleaning the liquid with 0.22 pm
aperture millipore membrane filters. The experimental result shows that for unfiltered medium, there is evidence of breakdown
at 160 mJ input energy and there is a rapid reduction in reflectivity with an increase of energy. At 300 mlJ, it is only 50.3%. For
a filtered medium with an aperture of 0.65 pm, 0.45 pm, and 0.22 pum, breakdown energies are 220 mJ, 270 mJ, and 350 mJ,
respectively and, notable increase in reflectivity of 62.8%, 70.8%, and 78.4% at 300 mJ", Wang et al. 2010, also cleaned the
SBS medium with a filter of 0.22 um aperture and reflectivity was evidently increased from 71.2% to 80%*". Xiongxin ef al.,
2017 used an ultra-filtration technology to filter FC-770, and obtained 98% energy reflectivity without optical breakdown under
repetition rate of 200 Hz and at pump energy ranging from 500 mJ to 1100 mJ. The good stability of the reflected energy shows
that ultrafiltration and good cleaning are useful methods of reducing thermal effect and improve the stability of SBS-PCM¥".,
Kang et al., 2018 used an ultraclean closed-type single SBS-PCM cell to reduce the micro-particles of the SBS-PCM medium to
40 nm which significantly improved the thermal load ability of the closed-type SBS-PCM system. The system reported 92%
energy reflectivity and no optical breakdown or serious thermal effects at 500 Hz pulse-repetition frequency (PRF) at about
120 mJ input or pump energy.,

2.3 Geometry of the system

As proven by some researchers, the geometry of the system which includes the choice of lens focal length, the introduction
of a rotating wedge, and the use of circulating two-cell structure are also some of the factors determining the performance of
SBS-PCM. As reported by Gvger et al., 2020, lens focal length had a great impact on load capacity. 50 cm focal length was
proven to be the most appropriate lens at 1 J input energy and 10 Hz repetition laser system. The experiment was conducted
with lenses of a different focal length of 10 cm, 15 cm, 20 cm, and 30 cm while other parameters like SBS-PCM medium, the
repetition rate of 10 Hz, input energy among others remain constant. It was reported that 30 cm focal length gave the highest
reflectivity of 66.3% at 100 mJ and 83.1% at 450 mJ while optical breakdown occurs at 500 mJ™. Wang et al., 2010 also
studied the effect of lens focal length on the reflectivity of an SBS-PCM system. It obtained reflectivity of 63.0%, 67.3%, and
70.4% for focal lengths of 7.5 cm, 20 cm, and 30 c¢m respectively at the input energy of 1 J and repetition rate of 10 Hz".
However, the result reported by Wang et al, 2019 was a little contradicting. At 50 mJ input energy, the reflected energy was
about 30 mJ for 10 cm focal length while that of 15 cm focal length was about 13 mJ at the same input energy and high
repetition rate. This result shows that the reflected power under the experimental structure with a focal length of 15 cm is much
lower than that of a focal length of 10 cm, indicating that a short focusing lens can obtain higher SBS reflection energy™™', the
changing trend is consistent with the trend under low repetition frequency.

Wang et al., 2010 introduced a rotating wedge into an SBS-PCM system to scatter the focal spot in the pool which made
the focal point rotate with respect to the rotation of the wedge and discovered that the thermal gradient and the optical
breakdown that, were induced due to absorption around the focus point were reduced. Hence the SBS reflectivity and stability
were both improved®". Under the experimental conditions of 50 mJ at 1 kHz, Wang et al., 2019 used the rotating wedge
method in addition to other methods and reported a high energy conversion efficiency and a good beam pattern. With the
rotating wedge method, an energy reflectivity of about 78% was reported”. Wang ez al., 2010 also used a rotating wedge to
improve the load ability of the SBS-PCM and for the compensation of phase aberration™,

To optimize the influence of the rotating wedge on energy reflectivity, Wang et al., 2019*!and Li et al., 2008’ designed
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the wedge SBS-PCM (shown in dge SBS-PCM (shown in Fig.3(a)) 0" ppg 0" wedge, B

I,f'\ll amplifier cell If\l generator cell
w0 &

f
L

and came up with some ideas that (1) the laser focus points should

not overlap, (2) to spread the focal points, in other words, the reflectd beam "\_;l
e L1
EM

than 3 mm (R = 3 mm) and, (3) D should also be greater than 2 @

mm, shown in Fig.3 (b). In such a way, the thermal effect of the

thermal effect of the laser across a large area, R should be greater

system can be effectively mitigated®”. Where R is the distance
between the center position of the focal point after a deflection and
the center position of the focal point without deflection, and is also

the radius of focus rotation after a deflection. Ry is the radius of the

laser focus, and D is the distance between the focal points of two
adjacent pulses. (b)

Wang et al., 2010, designed a circulating two-cell structure Fig.3 (a) SBS-PCM system with a rotating wedge ™
(shown in Fig.4(a)) using FC-72 as the SBS medium and and (b) laser spot at focus plane !

experimentally studied its advantages over a traditional SBS-PCM

Nd: YAG

structure using the same medium. Maximizing the focusing lens laser
and the collimation lens to obtain maximum efficiency, lens focal

. SBS generator LZSBS amplifier
lengths of 30 cm and 150 cm were selected respectively. Compa- i S

—

ring the result with one-cell structure, the circulating two-cell - Tt

P2 P142

structure achieved higher energy load, good stability, and 84.7%
reflectivity™™. Jaberi et al., 2017 reported the effects of longitudinal - E2 El

modes structure on SBS energy reflectivity and temporal waveform ~ cireling liquid cell @

of the reflected pulse for a single and two-cell SBS-PCMs (shown

£ SBSAC M/ fi  SBSGC
in Fig.4(b)). The results show that when the laser oscillator . ;-:ﬁ SBS.GG: Ir{ ]
[ :i..-‘ ‘_-I_I L 0
operates in a multi-mode regime, the two-cell PCM has better D, D, D, U‘E*
performance in terms of energy reflectivity and waveform (W]

correction. However, 80% highest energy reflectivity was recorded  Fig. 4 (a) Experimental setup of the circulating two-cell structure™’,

when the laser operates in a double-mode structure’. (b) two SBS cell structure (right) and single cell setup (left) *!

3 Wavefront correction and fidelity

The waveform of the normal SBS wave generated in the SBS process usually shows a steep rising edge because, during the
creation of the acoustic wave, the pump wave loses the front path of its energy to generate the acoustic Brillouin grating. Hence,
the reflected wave is deformed®. The quest to successfully control the phase conjugation-fidelity of SBS with high pump
energy more accurately and conveniently has given birth to much research because high reflectivity and good phase conjugation
fidelity are required for high energy pump beams such as in beam combination systems. SBS-PCM has also been used with
double-pass amplification to mitigate this undesirable effect and provides output beam of high quality™***+¢%1 1t should also
be noted that the beam distortion will also increase greatly with constant amplification of the laser beam energy. This section
reports some scientific progress in eliminating this problem.

Kong et al., 2005 stated that it was possible to control the phase of a reflected wave of an SBS using a self-generated
density modulation that did not require any backward Stokes seed beam and, each beam was focused at different focal points
(shown in Fig.5). Hence, the system provided undisturbed phase conjugation and unlimited energy scaling. The interference
between the main beam and the low-intensity counter-propagating beam produced an electromagnetic standing wave which
induced the periodic self-generated density modulation at the focal area. The position of the acoustic wave was ignited by the
density modulation so that the phase of the reflected wave of the SBS could be controlled. Under a proper scheme of the self-

seeding methods and with the phase error less than 4/4, 96% success was obtained. Due to the scalability, simplicity, and
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Fig. 5 (a) Diagram of the unlocked case, (b) a concentric type produces weak density modulation
and (c) backward focusing produces weak density modulation™”

efficiency of the system, it can be applied to many beam combination systems for a high-power laser with a high repetition rate
(higher than 10 Hz) such as a laser fusion driver. Moreover, due to the pumping energy fluctuation, 100% success of the phase-
locking has not been achieved. If the curvature/reflectivity of the concave mirror is optimized and the output energy of the

pump laser is stabilized, it is possible to obtain 100% phase control. The medium used was FC- 7552,

Some other scientists have experimentally proved that it is SBS.PCM 13 PBS2  PBSI ex‘ﬁﬁger
feasible to recover the high spatial frequency of optical images with { A Vel fl 0]
the use of a prepulse™ *“! in an SBS. Beak ef al., 2008 proposed - M/!SK Path2 HV!’P LHl lL|2
and used a prepulse method (shown in Fig.6) and obtained an : 1
increase in the amplitude of 41% compared to the normal SBS :—_' M2 /Ml

CCD PBS3

scheme at a spatial frequency of 0.027 mm™'. The system uses three

pulses: prepulse, main pulse, and phase-conjugation pulse. The Fig. 6 A sample experimental setup for a prepulse system. PBS:

. . . . polarizing beam splitter; HWP: half-wave plate; L1: planoconcave
prepulse is used to create the acoustic grating and the acoustic

lens; L2 and L3: planoconvex lens; M: mirrors; W: wedge;
grating scattered the main pulse to produce the phase-conjugation SBS-PCM (FC75, 30 cm long) Y

waves. Thus, the high spatial frequency of the main pulse is recovered. One important fact to note is that the beams involved in
the prepulse scheme are independent of the polarization state. The acoustic grating can only be generated by the prepulse.
Brillouin-enhanced four-wave mixing (BEFWM) technique was also studied and the same 41% increase was measured at the
same spatial frequency®!. The waveform of the reflected wave depends on both the prepulse energy and the time delay™ *!
between the main pulse and the prepulse. Under the experimental condition of 10 Hz repetition rate and a time delay of 5 ns, the
prepulse energy of 5 mJ was found to give the best result for FC-75. It is supposed that the prepulse energy should be equal to
or greater than the threshold energy of the SBS medium which is different for several kinds of media. This method can easily be
applied to an SBS system employed in an optical image system, and it can also be conveniently applied to develop a multistage
system employing serially connected many SBS cells for high-power laser applications.

Using a single cell SBS generator, Wang et al., 2009 experimented with high energy SBS and achieved maximum energy
of 3.42 J. The research further studied the fidelity of the system and discovered that for low pump energy, the fidelity of more
than 0.9 high value was achieved but a significant fluctuation in the reflected beam was noticeable when the pump energy was
greater than 1.5 J. This influenced the fidelity and it gradually decreased to 0.5 at the pump energy of 3.42 J. At high pump
energy, both fidelity and reflectivity exhibit the same property of great fluctuation and the fidelity becomes more unstable as the
saturation state of reflectivity increases. At a saturated reflectivity regime, optical breakdown occurs at high input energy that
greatly exceeds the SBS threshold, which is responsible for the fidelity instability. The SBS medium used is FC-72%4, At the
pulse energy of 500 mJ and 10 Hz operating frequency, studying the strength of SBS-PCM in compensating for the wave-front
aberrations in a high-power laser, Wang et al., 2009 obtained a mean wave-front fluctuation of 0.54 (with a phase differences of
0.22) which increased to 8.64 after transmitting through a random phase plate (RPP) and this was reduced to 0.94 when SBS-
PCM was used instead of a high reflection mirror. This shows that the SBS-PCM compensates for the wave-front distortion
induced by the RPP. It was measured that the reflectivity becomes stable at about 70% and instability changed from + 4.1% to +
0.9%. Though the compensated wavefront distortion was not 100%, 0.64 mean value was obtained (with a phase difference of
0.32), which was close to the value of the original wavefront distribution. The results show that when there are no other

nonlinear effects such as optical breakdown, the reflectivity of the SBS-PCM is very high and stable®”.
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4 Other applications and scientific works on SBS-PCM

Jaberi ef al., 2015 analyzed the spectral of a double-pass amplifier with a two-cell SBS mitror and compared the result to
that of a conventional mirror. Both numerical simulations and experimental results revealed that SBS-PCM Stokes had unique
spectral behaviour, with the beating between Fourier components of the input field clearly reduced. The theoretical work shows
that lower pumping energy produced a more effective result when using the SBS-PCM to filter the Fourier components. The
result agreed with the experimental work which shows that low energy Fourier components and high frequency produce a better
output field filtration when using the SBS-PCM™, Therefore, when SBS-PCM is used as a turning mirror in a double pass
pulse amplifier, it produces a short duration profile highly free from beating. More so, amplifiers with phase conjugating beam
combiner and reflector provide a temporal pulse compression and compensation of spatial aberrations, which makes it an
attractive approach for high energy laser drivers.

Tsubakimoto ef al., 2016 developed a high-average-power green laser system based on the second harmonic conversion of
a laser diode-pumped master oscillator Nd:YAG power amplifier. The system used an SBS-PCM as a high-reflectivity-mirror to
double-pass the scheme. This compressed the pulse duration, reduced the thermal phase distortion, removed the continuous-
wave (CW) noise and amplified spontaneous emission (ASE), and improved the beam quality. As such, the SBS-PCM helped to
improve the harmonic conversion efficiency by a factor of 2. The SBS-PCM reflectivity for 10 Hz input was higher than that of
the high-average-power laser, and for an input pulse energy of 45 mJ (average power of 127 W), the maximum reflectivity
observed was 44%. 670 W with a pulse width of 7.9 ns was the fundamental beam output power. 335 W with a 4.8 ns pulse
width was the second harmonic beam output power and, with the use of LiB;O5 (LBO) crystal, 80 mJ pulse energy was
produced®™.

Qiu et al., 2016 developed a high beam quality and high repetition rate Nd:YAG nanosecond laser operated at joule-level
of input energy. It should be noted that the beam distortion associated with high power laser would be more pronounced with
constant amplification of the laser beam energy. High-quality laser beam output was achieved through the use of a PCM that
compensated for the phase distortion associated with the high-power laser system. The thermal disturbance of the optical
components and the laser amplifier caused deformation, wavefront aberration, and non-uniformity which could be repaired by
the SBS phase conjugation and achieve an amplified homogenous beam output of high quality close to the diffraction limit. The
system achieved a gain of 1.53 J output energy from 8.19 pJ single pulse energy injected by a single longitudinal mode seed
operated at 200 Hz repetition frequency. 7.41 ns pulse width, 9 mm diameter, 1.2% energy stability (RMS), far-field beam spot
of 1.32 times the value of the diffraction limit, and less than 13 prad far-field beam spot angular shift were the characteristics of
the output laser™.

For the past few decades, overcoming the power limit of available lasers has been a challenge in laser technology. As such,
scientists and engineers have been making great efforts to discover a means of employing both rotating wedge and self-phase
locking in the SBS-PCM system. However, in 2016, a coherent four-beam combination system (shown in Fig.7) that utilized the
self-phase locking of an SBS-PCM with a system of a rotating wedge was developed™. This optical configuration enabled a
coherent beam combination of kW-level high-power lasers. Its usefulness and phase-locking strength on the beam-combination
laser were practically demonstrated. The measured relative phases between the beams were less than 4/24.7. The design of the
system allows for scalability and can also be applied to a MOPA based coherent beam combination laser system. Hence, a
dream (ultra-high-power) laser is feasible.

Although PCMs have been proven effective in compensating for phase distortion, the thermally induced birefringence of
the active medium by a photo-elastic effect causes an inevitable depolarization loss. Using Jones matrix calculations, the
depolarization loss in a double-pass Nd:YAG rod amplifier with an SBS-PCM was studied®. Moreover, leak beam patterns
and the depolarization ratios for four possible optical schemes (composed of a quarter-wave plate or a Faraday rotator) were
theoretically and experimentally obtained. The experimental setup is shown in Fig.8. From the experimental findings, the
increase of the depolarization ratio of the AMP-FR scheme to the electrical input energy is the lowest and that of the QWP-
AMP scheme has the highest value, while the depolarization ratio of the other schemes increases as the electrical input energy

increases. The results of the two methods (theoretical and experimental) reveale that a Faraday rotator located after the amplifier
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is an effective way of abating the depolarization.

5 Recent scientific breakthroughs on high energy
reflectivity, high beam quality, and pump width of
SBS-PCM
5.1 Using a rotating off-centered lens at 1 kHz and 50 mJ

At high pump energy and high-repetition-rate operation, heat
is always accumulated at the focal point of an SBS-PCM. To
reduce this effect and increase energy reflectivity, Wang et al.,
2019 proposed and used a rotating off-centered lens to reduce this
negative effect at the focal spot of an SBS-PCM. The beam
intensity pattern at the focal point was simulated theoretically.
When compared with a rotating wedge and a conventional lens, the
result of a rotating off-centered focusing lens showed reduced

coma-aberration. The new method, a rotating off-centered focusing

40]
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Fig. 8 Experimental setup for the measurement of the leak beam
patterns and the depolarization ratio for the four possible optical
schemes in a double-pass Nd:YAG rod amplifier with an
SBS-PCM. W: wedged window; AMP: Nd:YAG rod
amplifier; FR: Faraday rotator !

lens, operates very well at high input power while a non-rotating conventional method operates well at lower input power. As

such, the SBS output parameters of the new method are much better than those of a non-rotating conventional method for high-

repetition-rate operation. In the experimental conditions of 50 mJ at 1 kHz, the new method reported high reflected energy

which means a better energy conversion efficiency and a good beam pattern®®”,

The rotating off-centered lens showed an energy reflectivity of 81.2% which was higher than that of a rotating wedge

(about 78%). It was found that the rotating wedge and rotating off-centered lens resulted in the same energy loss for the

following reasons. (1) According to the simulation result, large focusing beam size decreased the reflected energy due to the

reduction of the power density at the focal point. (2) The less surface reflection loss in the rotating off-centered lens method was

attributed to a fewer number of optical components. The relative standard deviation (RSD) profile showed the value of ~1.1%
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when rotating off-centered lens was used while that of a rotating wedge was ~1.5% which was much larger than the previously
mentioned method. Reduced coma-aberration of the focus beam pattern and the few optical components which improved the
accuracy of optical alignment were responsible for the differences in the values obtained from the two methods. From the RSD
values above, it was clear that the rotating off-centered lens method was more stable compared with the method of a rotating
wedge.

Fig.9 is the reflected energy for input energy of 30 mJ and 50 mJ at 1 kHz repetition rate for about 15 min. Due to the
fluctuations in the input power, the output power is also observed to exhibit some fluctuations. The SBS reflected power for
rotating off-centered lens is 2.35 times compared with the case of using a normal focusing lens, and under the input energy of
50 m], the energy RSD value is decreased to 3.0% from 8.9%. Thus, for good reflected energy and RSDs, the rotating off-
centered lens could be used instead of the rotating wedge that still employs a normal focusing lens. However, as the injection
pump energy increases, the heat accumulation at the focal point also increases. Hence, the strength of the rotating off-centered

lens reduces with an increase in pump energy.

30 30
(a) e TOtAting off-centered lens (b)
25 L normal lens 25 WW
E, =30 mJ@1 kHz
E m e E . rotating off-centered lens
S, 20+ S, 20+ 11
& _ & normal lens
s s BWWWW 2 sl E, =50 mJ@1 kHz
< <
£ £ M ‘
3 10} 3 0 WW
=] =]
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Fig. 9 Reflected energy with rotating off-centered lens and normal lens'!

5.2 Using an ultraclean closed-type SBS-PCM at 500 Hz

In the quest to improve the reflectivity and the beam quality of the reflected beam of an SBS-PCM system, Kang et al.,
2018 proposed and used an ultraclean closed-type single-cell SBS-PCM to achieve high pulse energy, high beam quality, and
high average power laser system at high repetition rate. The micro-particles (impurities) of the SBS-PCM medium were reduced
to 40 nm. This greatly improved the thermal load ability of the closed-type SBS-PCM. Without a scanning wedge plate, the
paper achieved 92% high reflectivity and no optical breakdown or serious thermal effects at a 500 Hz pulse-repetition frequency
(PRF). A single polarized output, about 1.1 J pulse energy, approximately beam quality (M?) of 2, and 550 W output power
were reported. Maximum output power pulse-width was compressed from 30 ns to around 10 ns and thermal phase distortion
was compensated™,
5.2.1 Influence of the closed-type SBS-PCM cleanliness on thermal effects at 500 Hz

When light falls on the SBS cell under high pulse repetition frequency (PRF), the impurity particles absorb a certain
amount of light causing thermal distortion that results in an increase in SBS threshold and broadening of the focal waist. This
reduces phase-conjugation fidelity and SBS energy stability. This section reports the impact of cleanliness on factors like pulse-
waveform stability and beam cross-section (spatial distribution and intensity). A high-quality purification technique based on
ultra-cleaning and ultra-filtration of the closed-type SBS-PCM is used to effectively suppress the thermal effect. If there are
many small sizes particles in a closed-type SBS cell, under PRF operation, the phase-conjugation fidelity and pulse-waveform
stability would be affected. This technique removes microparticles larger than 40 nm which increase the heat load capacity of
the closed-type SBS-PCM. At pulse repetition rates up to 500 Hz, there are no optical breakdown or obvious thermal effects .
Using this type of SBS-PCM, both high fidelity and stability can be obtained.

The transmitted and reflected beams of the normal SBS-PCM are distorted by the big size particles present in the SBS
medium. It is observed that the heat flux of the medium caused dynamic changes in the distortion of the beam. This indicates

that the stability of SBS reflected energy and the fidelity of the SBS phase conjugation reduced rapidly. The influence of the
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SBS thermal effect is greatly reduced when the clean SBS-PCM is used at 500 Hz. Good phase-conjugation fidelity and energy
stability are characteristic of the reflected beam.
5.2.2 Reflectivity of closed-type SBS-PCM at different repetition rates
Due to thermal effects in the SBS medium, SBS reflectivity decreases with an increase in PRF. Fig.10 shows the setup
used to measure the reflectivity of the closed-type SBS-PCM for different repetition rates.
injection energy

polarizer /

[ |
45 SBS-PCM

relection energy

Fig. 10 Closed-type SBS-PCM used to measure reflectivity at varying repetition rates. RT: quartz rotator; SF: spatial filter

The reflectivity of an SBS-PCM is the amount of energy it reflects based on the energy injected into the SBS cell. At a
PRF of 200 Hz and an input pulse energy of 160 mJ, a maximum reflectivity of 94% was recorded. The threshold energy of the
SBS was approximately 3.0 mJ. At a PRF of 500 Hz and an input pulse energy of 120 mJ, a maximum reflectivity of 92% was
observed. This reduced input energy is due to the thermal stress limit of the laser crystal. The threshold energy remains
unchanged. These results show that closed-type SBS-PCM minimized thermal degradation effects even at 500 Hz repetition
rate.

5.3 Using an ultra-filtration technology SBS-PCM at 200 Hz with joule-level energy

The characteristics of SBS-PCM working under joule-level pump energy and 200 Hz repetition rate were studied
experimentally. The SBS medium used that worked in high-power conditions was FC-770. After exceeding the threshold value,
the SBS-PCM pulse output energy linearly depends on the pulse input energy. As input energy increases to a certain value,
reflectivity growth becomes slow till saturation. At 100 W pump power without a rotating wedge, 98% reflectivity was recorded
without optical breakdown under 200 Hz and pump energy from 500 mJ to 1100 mJ because of the unique preparation process
and ultra-filtration technology used for the SBS-PCM medium. The width of the incident and reflected pulse increases with
pump energy. At 800 mJ pump energy, the seed pulse width is 40.3 ns and the reflected beam pulse width is 38.8 ns. At certain
pump energy, reflected pulse width becomes approximately equal to incident pulse width. At about 800 mJ pump energy, the
quality of the laser beam improved to 1.42 times after the double-pass amplification, and the near-field patterns were also
reduced. The result shows good reflectivity stability which implies that ultra-filtration and good cleaning are successful ways of
reducing thermal effect and improving the stability of SBS-PCM™",

In Fig.11, a Faraday rotation, a half-wave plate, and a PBS are placed between AMP6 and L4. Faraday rotator is used to

rotate pump beam polarization; half-wave plate for adjusting polarization direction of pump beam and PBS to split beam.

SBS-PCM

PBS HP AMP6 AMP5

27]

Fig. 11 Fraction of the light pathway for testing SBS reflectivity"

5.4 Using Fluorinert FC-75

The SBS reflectivity of an SBS-PCM cell using Fluorinert FC-75 as the SBS medium was measured. The SBS threshold
energy of FC-75 was found to be about 5 mJ. A maximum SBS reflectivity of approximately 69 % was obtained at a 48 mJ
incident energy™". The maximum input power to the SBS cell was 280 W at 25 kHz without degradation of the reflecting laser

beam. Scientists also found that as incident energy increased, SBS reflectivity increased gradually'*2"*" and the reflecting point
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in the cell moved towards the cell entrance. As a result, optical breakdown did not occur because the focusable intensity during
focus did not increase. They obtained an average output power of 500 W at 15 kHz. This system consisted of six 0.7 mm
diameter YAG amplifiers. The amplified output pulse width decreased from 15 ns to 8 ns with 68 % reflectivity at a 100 mJ
output energy. A typical spot size for the SBS-PCM return beam was about 1.5 to 2 times diffraction-limited. The near field

pattern of reflected beam results is very smooth without the higher spatial components.

Table 1 Some scientific achievements in SBS-PCM reflectivity

max. reflectivity (%) input energy/mlJ frequency/Hz output Pulse width/ns medium year reference
98 800 200 38.8 FC-770 2017 [27]
95.2 900 170 20 FC-770 2017 [52]
94 160 200 10 FC-770 2018 [26]
93 600 200 9.3 FC-770 2020 [46]
92 10 500 14 HT-270 2019 [61]
92 120 500 10 FC-770 2018 [26]
88 220 10000 8.5 HT-70 2014 [86]
84.7 600 10 - FC-72 2010 [60]
81.2 50 1000 - HT-270 2019 [25]
78.4 300 10 - FC-72 2010 [51]
75 7.36 50 50 FC-75 2005 [63]
69 48 25000 8 FC-75 2011 [41]
60 130 1000 28 FC-75 2003 [87]
44 45 15000 - FC-75 2016 [38]

6 Conclusion

This paper presents a review on the recent achievements in SBS-PCM systems operating under high pump power laser: the
working principles, the applications of SBS-PCM, and the factors influencing the performance of an SBS-PCM system in a
high-power laser. It has been found that (1) HT-270, FC-72, DET among others are good liquid media for high power laser due
to their high optical breakdown energy, high GCs, and low ACs; (2) The lower the level of impurities in the medium, the better
the performance of the liquid. For instance, an SBS liquid medium with an impurity level lower than 40 nm performed far better
than that of 0.22 um; (3) the design of the system, particularly the presence of a rotating wedge plate, helps to scatter the focal
points in the cell, reducing the chance of optical breakdown and consequently improve the performance of the system. The
summary of the breakthroughs ever reported in SBS-PCM reflectivity operating with high power laser is shown in Table 1.

During the creation of the acoustic wave, a certain amount of the pump energy is used to generate Stokes wave, hence the
waveform of the Stokes wave produced in the SBS process is deformed. It is also reported that the SBS-PCM has excellently
controlled the phase conjugation-fidelity of SBS with high pump energy more accurately and conveniently, producing high
energy reflectivity and good phase conjugation fidelity. Hence it is applied in high energy pump beams such as in beam
combination systems, high energy laser drivers, SBS systems employed in an optical image system, laser ranging for detecting
space debris, etc. A dream laser (ultra-high-power lasers) is achievable. The design of the beam combination system that allows
scalability makes it possible. Furthermore, this also finds application in a MOPA based coherent beam combination laser

system.
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