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Abstract

The current trends in stimulated Brillouin scattering and optical phase conjugation are overviewed. This report is formed by
the selected papers presented in the “Fifth International Workshop on stimulated Brillouin scattering and phase conjugation
2010” in Japan. The nonlinear properties of phase conjugation based on stimulated Brillouin scattering and photo-
refraction can compensate phase distortions in the high power laser systems, and they will also open up potentially
novel laser technologies, e.g., phase stabilization, beam combination, pulse compression, ultrafast pulse shaping, and
arbitrary waveform generation.

Keywords: Beam combination; Laser amplification; Laser oscillators; Optical fibers; Phase conjugate mirror; Phase
control; Pulse compression; Photorefractive nonlinear optics; Stimulated Brillouin scattering

1. PHASE CONTROLLED SBS-PCM AND ITS

APPLICATION TO A COHERENT BEAM

COMBINATION LASER (H.J. Kong, S. Park,

and S. Cha)

1.1. Introduction

People swiftly began researching the inertial confinement
fusion using a high power laser, but after more than 50
years, we are finally on the verge of a milestone. The Na-
tional Ignition Facility at Lawrence Livermore National

Laboratory is now delivering its full potential of 4.2 MJ
and it will be the first machine on earth that will achieve a
controlled ignition of fusion (Moses, 2009). On the other
hand, for practical inertial fusion energy, there is a race on in-
creasing the output energy of high repetition rate laser
(Zheng et al., 2008; Albach et al., 2008; Chanteloup et al.,
2010). Inertial fusion is not the only objective of lasers
with high power and high repetition rate. There are many re-
search fields that utilizes the high power and high repetition
rate laser such as laser acceleration of particles, high energy
density states of matter, laser induced plasma generation,
X-ray and extreme ultraviolet generation (Batanov et al.,
1972; Tajima & Dawson, 1979; Jin & Richardson, 1995;
Salamin et al., 2006). There are also many applications in
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industry such as laser processing of materials, laser peening,
next generation lithography using extreme ultraviolet, and
medical lasers (Spalding, 1978; Masse & Barreau, 1995;
Sumiyoshi et al., 1999; Salamin et al., 2008).
To increase the output energy of a laser while maintaining

its repetition rate, researchers tried many techniques. They re-
searched on laser materials (cryogenic Yb:YAG and ceramic
Nd:YAG), pumping methods (laser diode pumping), and ad-
vanced laser schemes (beam combining, fiber laser) (Zhou
et al., 1985; Barnes et al., 1990; Kong et al., 1997; Ikesue,
2002; Limpert et al., 2005; Lee et al., 2007; Kawanaka
et al., 2010). Among these, the most practical solution for
the laser fusion driver is the beam combination laser using
stimulated Brillouin scattering-phase conjugate mirror
(SBS-PCM) due to its unlimited scalability without thermal
problems (Kong et al., 1997, 2005b, 2005c, 2005d). Like
other beam combination techniques, it can be operated
with a high repetition rate over 10 Hz since only small ampli-
fiers are needed to obtain the high output energy. Also,
SBS-PCM can compensate a wavefront distortion automati-
cally and removes a need of complicated and expensive
deformable mirrors (Rockwell, 1988). Finally, the self-phase
locking of SBS-PCM enables the separate phase controlling/
locking of each beam lines (Kong et al., 1997, 2005b,
2005d); thereby the number of beams can be increased with-
out limit in the number of beams.
In this work, we introduce key concepts of the beam com-

bination laser using the SBS-PCM with necessary exper-
iments. After that, we present four beam combining results,
both with and without amplifiers. Recent progresses on a pre-
pulse technique of the SBS-PCM will also be showed.

1.2. Progresses and Experimental Results

1.2.1. Beam Combination Laser Using Self-Phase
Controlled SBS-PCM

The self-phase controlling/locking of SBS-PCM is the most
important feature of the coherent beam combination laser

using SBS-PCM. Since a phase conjugate wave of the
normal SBS-PCM is originated from an acoustic noise in the
medium, it has a random phase with respect to a phase of the
input beam (Rockwell, 1988; Boyd et al., 1990). Figure 1
shows the schemes of the self-phase locking. Feedback
mirror is installed at the back side of the SBS-PCM and the
interference between the original beam and the returning
beam makes an optical standing wave at the focus. The optical
standing wave ignites and generates a moving Bragg grating by
electrostriction at the right moment. The phase conjugate wave
of the self-phase controlled SBS-PCM is originated from this
moving Bragg grating and has a definite phase. It is proved
that the self-phase controlling/locking of SBS-PCM effec-
tively locks and controls the phase of the SBS wave with a
very simple optical configuration (Kong et al., 1997).
Figures 2 and 3 shows the proposed scheme of the coher-

ent beam combination laser using SBS-PCMs with the wave-
front dividing and the amplitude dividing schemes,
respectively. Cross-type feature of the scheme is treated heav-
ily in a previous review (Kong et al., 2007a) and we will
concentrate on the amplifier arm in this work.
When a beam enters the beam combination amplifier

stage, it is separated into several sub-beams. In the wavefront
dividing scheme, the input beam is divided spatially by an
apertures and prisms. In the amplitude dividing scheme,
the input beam is divided energetically by wave-plates and
polarizing beam splitters (PBSs). Each of the sub-beams
passes through an amplifier and a Faraday rotator. The Fara-
day rotator not only rotates the polarization of the beam, but
also compensates thermal depolarization induced by the am-
plifier in the double pass configuration (Han & Kong, 1995).
Finally, sub-beams are combined into the output beam
coherently.

1.2.1.1. Compensation of ThermalDepolarization. Thermally
induced birefringence (TIB) is one of the most significant
thermal effects seen in the amplifiers. It is known that among
four configurations given in Figure 4, only Figure 4d would

Fig. 1. (Color online) The proposed scheme of the self-phase controlling method. Counter-propagation beams from the feedback mirror
and incident beams make a standing density modulation in the SBS-medium. Standing density modulation locks the ignition position of
moving Bragg grating, and the Bragg grating locks the phase of the SBS-wave.
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completely compensate depolarization effect by TIBwith a 90°
rotated polarization (Han & Kong, 1995).
Figure 4 shows the experimental setup for the measure-

ment of the leak beam patterns and the depolarization
ratios using the four possible optical schemes in a double-
pass Nd:YAG amplifier with an SBS-PCM (Shin et al.,
2010a). The laser beam from the 1064 nm pulsed Nd:YAG
oscillator has a quasi-Gaussian shape with a beam diameter
of 8 mm. This beam is double-pass amplified using the
four possible schemes with the help of an SBS-PCM as a re-
flector. The electrical input energy to the pumping flashlamp
is adjustable from 0 to 37.5 J. After the laser amplification,
small depolarized part of the output beam passes through

the PBS with a p-polarization. An optical wedge is located
before the PBS and reflects a small amount of the beam.
An energy meter measures the energy and a charge coupled
device camera measures the beam pattern.

Figure 5 shows the depolarization ratios versus the electri-
cal input energy for the four different optical schemes.
Figure 5 also shows the theoretical fits from the Jones
matrix calculation with a Faraday rotation angle of 44.3°.
Figure 6 shows the theoretically and experimentally obtained
leak beam patterns when the electrical input energy is 30.4 J.
The theoretical leak beam patterns are obtained from the
Jones matrix calculations and the fitted value. The results

Fig. 3. (Color online) The experimental setup of the beam-combined laser
system with the amplitude dividing scheme. The beam is divided by
PBSs. PBS= polarized beam splitter; FR= Faraday rotator; Amp= ampli-
fier; Q= quarter wave plate.

Fig. 2. (Color online) The experimental setup of the beam-combined laser
system with the wavefront dividing scheme. The beam is divided by
prisms. PBS= polarized beam splitter; FR= Faraday rotator; Amp= ampli-
fier; Q= quarter wave plate.

Fig. 4. (Color online) 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 a SBS-PCM (W=

wedged window; EM1 and EM2= energy meters; PBS= polarizing beam
splitter; QWP= quarter wave plate; AMP=Nd:YAG rod amplifier; FR=

Faraday rotator; L= lens). (a) QWP-AMP (quarter wave plate located
before the amplifier), (b) AMP-QWP (quarter wave plate located after the
amplifier), (c) FR-AMP (Faraday rotator located after the amplifier), (d)
AMP-FR (Faraday rotator located before the amplifier).

Fig. 5. (Color online) Experimental data and theoretical fits of the depolar-
ization ratios versus the electrical input energy to the Xenon flashlamp for
the four different optical schemes. (a) QWP-AMP, (b) AMP-QWP, (c)
FR-AMP, (d) AMP-FR.
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show a good agreement between the theoretical and exper-
imental results.

1.2.1.2. Feedback Control of Long-Term Phase Fluctuation.
Due to the air fluctuations and other effects, lengths of the
sub-beam paths are varying in long term. It can be seen as
slowly changing relative phase between the beams. A
typical time scale is much larger than the period of the
laser pulses (0.1 s).
To solve this long-term problem, we actively control the

beam path lengths using piezoelectric translator (PZT)
(Kong et al., 2006, 2008). At first, the relative phases
between the beams are measured from the interference pattern
between the sub-beams or by measuring the relative polariz-
ation components of the combined beam. Using the measured
relative phases, the position of the feedback mirror is adjusted
by applying the feedback voltages to the attached PZTs. Note
that the process is done between the pulses. Therefore expens-
ive real-time modules are unnecessary. The control of long-
term phase fluctuation extends the period of phase locking
from less than a minute to an hour or more.

1.2.1.3. Two Beam Combination Laser—Wavefront Dividing
Scheme. Figure 7 shows the experimental setup of the two

beam combination laser with the wavefront dividing scheme.
The laser beam is expanded by a beam expander, which
consists of a pair of lenses. The beam is expanded four
times and passes through the aperture. The aperture divides
the beam into two beams. Two beams pass through the
PBS, and one beam line is reflected from the prism and the
mirror to the SBS-PCM. Another beam propagates through
the PBS and the Faraday rotator. Two beams are reflected
from the SBS-PCMs, and the reflected beams are split by
the wedges. The length of the SBS cell is 300 mm, and
the radius of curvature of the feedback convex mirror is
300 mm. The charge-coupled device camera detects the
interference pattern of the two beams and calculates the
relative phase to make the input voltage into the PZT
controller. The PZT controller adjusts the position of the
feedback mirror with the PZT.
Without the long-term phase control, Figure 8 shows the

relative phase and the output energy measured during 1000
shots (100 s). It shows the slow varying relative phase and

Fig. 6. Theoretically and experimentally obtained leak beam patterns for the
four possible optical schemes when the electrical input energy to the Xenon
flashlamp is 30.4 J. (a) QWP-AMP, (b) AMP-QWP, (c) FR-AMP, (d)
AMP-FR.

Fig. 7. (Color online) The experimental setup for the long-term phase stabil-
ization assessment in the wavefront dividing scheme. PBS= polarizing
beam splitter; M=mirror; W=wedged window; FR= Faraday rotator;
CM= concave mirror; PZT= piezoelectric translator.

Fig. 8. The experimental results of the wavefront dividing two-beam com-
bination without long-term phase stabilization. (a) Mosaic intensity profile
of the horizontal lines from interference patterns during 1000 shots.
(b) The phase difference during 1000 shots.
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the output energy. With the long-term phase control, Figure 9
shows the relative phase and the output energy measured
during 1000 shots (250 s). The phase fluctuation is λ/28.8
in standard deviation, and the output energy is stabilized
near its maximum value.

1.2.1.4. Two Beam Combination Laser— Amplitude Dividing
Scheme. Figure 10 shows the experimental setup of the
two beam combination laser with the amplitude dividing
scheme. The laser beam passes through the isolator, the
PBS, the Faraday rotators, the half wave plate (HWP).
After that, the beam propagates through the PBS, the FR,
and the BS. The beam is split into two beams by the PBS
and reflected from the SBS-PCMs. The reflected beam is
split by the BS, passes through the quarter wave plate
(QWP), and is split into two beams again by the PBS. The

divided beams are measured in terms of their energy by the
detectors, D1 and D2.

Without the long-term phase control, Figure 11 shows the
relative phase and the output energy measured during 2500
shots (250 s). It shows the slowly varying relative phase
and the output energy. With the long-term phase control,
Figure 12 shows the relative phase and the output energy
measured during 2500 shots (250 s). The phase fluctuation
is λ/46.7 in standard deviation, and the output energy is
stabilized near its maximum value.

Fig. 9. (Color online) The experimental results of the wavefront dividing
two-beam combination with long-term phase stabilization. (a) Mosaic inten-
sity profile of the horizontal lines from interference patterns during 1000
shots. (b) The phase difference during 1000 shots. The standard deviation
of the phase difference is λ/28.8.

Fig. 10. (Color online) The experimental setup of the long-term phase
stabilization assessment with the amplitude dividing scheme without ampli-
fiers. ISO= isolator; FR= Faraday rotator; H= half wave plate; Q=Quar-
ter wave plate; BS=Beam splitter; PBS= Polarized beam splitter;
D1-D3=Detector.

Fig. 11. (Color online) The experimental results of the amplitude dividing
two-beam combination without long-term phase stabilization. (a) Phase
difference during 2500 shots. (b) Output energy during 2500 shots.

Fig. 12. (Color online) The experimental results of the amplitude dividing
two-beam combination with long-term phase stabilization. (a) Phase differ-
ence during 2500 shots. The standard deviation of the phase difference is λ/
46.7. (b) Output energy during 2500 shots. Maximum energy is 80.9 mJ, and
median energy is 77.1 mJ, Mean energy is 76.3 mJ.
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Figure 13 shows the experimental setup in which the Fara-
day rotators and the amplifiers are added to Figure 10. This
setup is designed to investigate the coherent beam combi-
nation characteristics during the laser amplification process.
Figure 14 shows the result with the PZT control during
2500 shots (250 s). The phase fluctuation is λ/22.5 and the
standard deviation of the output energy is 7.18%.

1.2.2. Coherent Four Beam Combination Laser Using
SBS-PCM

Two beam coherent combination lasers can represent the
scalability that is one of the most important features of
the beam combination laser using SBS-PCM. Moreover,
the relative phase between the two sub-beams can be
measured by using simple interferogram between the
beams. On the other hand, four beam combination lasers
can also show that it can be expanded to have more sub
beams by successive splitting of the input laser beam.

Also, the phase measurement methods can be applied to
more complex beam combination systems.

1.2.2.1. Four BeamCombination Laser Amplifier—Wavefront
Dividing Scheme. A four-beam combined laser with the
wavefront dividing scheme was successfully demonstrated
both with and without amplifiers (Kong et al., 2009b; Shin
et al., 2010b). Figure 15 shows the experimental setup of
the four-beam combined laser with the wavefront dividing
scheme. A beam expander expands the size of the laser
beam by four times and a four-circular aperture shapes the
laser beam into the four circular beams. After passing
through PBS1, the beam is split spatially by three prisms,
P1, P2, and P3. Four beams are named beam 1, beam 2,
beam 3, and beam 4. Each sub-beam passes through
the amplifiers and the Faraday rotators. At the end of
each beam line, the self-phase controlled SBS-PCM
reflects the beam. Combined output beam is reflected from
the PBS1.
To measure the relative phase differences between sub-

beams, an optical wedge reflects a part of beam 1. We will
name it beam 0. On the other hand, using HWP2, a small
amount of the output beam passes through PBS2. This part
of the output beam forms an interference pattern with the ex-
panded beam 0. The relative phases are measured from the
interferogram, and the phase controlling electronics controls
the PZTs.
Figure 16 shows the output beam profiles and the interfer-

ograms. Figure 17 shows the measured phase distributions of
each sub-beams without amplifiers, and Figure 18 show the
measured phase distributions of each sub-beams with ampli-
fiers. When the amplifiers are not operating, the input energy
is 32.2 mJ± 0.3 mJ and the output energy is 9.9 mJ± 0.5 mJ.
The standard deviation of the phase difference between beam
0 and the four parts of output beam are measured to be λ/86.2,
λ/36.3, λ/35.8, and λ/43.4. When the amplifiers are operat-
ing, the input energy is 32.2 mJ± 0.3 mJ and the output
energy is increased to be 169 mJ ±6 mJ. The standard devi-
ation of the phase difference between the beam 0 and the

Fig. 15. (Color online) The experimental setup of the wavefront dividing
four-beam combined laser. PB1 and PBS2= polarizing beam splitters;
HWP1 and HWP2= half wave plate; P1, P2, and P3= 45° prisms; BS=
beam splitter; W=wedged window; FR1, FR2, FR3, and FR4= Faraday
rotators; C1, C2, C3, and C4= concave mirrors; PZT1, PZT2, and
PZT3= piezoelectric transducers.

Fig. 13. (Color online) The experimental setup of the long-term phase
stabilization assessment with the amplitude dividing scheme with amplifiers.
ISO= isolator; FR= Faraday rotator; AMP= amplifier; H= half wave
plate; Q=Quarter wave plate; BS= Beam splitter; PBS= Polarized beam
splitter; D1-D3=Detector; PZT= piezoelectric transducer.

Fig. 14. (Color online) The experimental results of the amplitude dividing
two-beam combination with long-term phase stabilization. (a) Phase
difference during 2500 shots. The standard deviation of the phase difference
is λ/22.5. (b) Output energy during 2500 shots. Maximum energy is 228 mJ,
and median energy is 211 mJ, Mean energy is 208 mJ.
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four parts of output beam are determined to be λ/68.8, λ/26.5,
λ/28.0, and λ/26.1.

1.2.2.2. Four Beam Combination Laser Amplifier —

Amplitude Dividing Scheme. A four-beam combined
laser with the amplitude dividing scheme was successfully
demonstrated (Kong et al., 2009a). Figure 19 shows the
experimental setup of the four-beam combined laser with
the amplitude dividing scheme. After passing through the
PBS, QWP changes the polarization of the laser beam from
p-polarization to circular polarization. Another PBS splits
the beam into two sub-beams. For each beam, the
polarization is rotated 45° by PBS. Finally, two more PBS
split sub-beams into four sub-beams. At the end of each

beam line, the self-phase controlled SBS-PCM reflects the
beam. Combined output beam is reflected from the first PBS.

To measure the relative phase differences between
sub-beams, beam splitters reflect a part of combining
beams. BS1 and BS2 reflect a part of the two beam combined
outputs. From the reflected beams of BS1 and BS2, the rela-
tive phases between two beams are measured. BS3 reflects a
part of the four beam combined output. From the reflected
beam of BS3, the relative phase between the two two-beam
combined beams is measured. The phase controllers control
the PZTs.

Figure 20 shows the measured phase differences between
the beams. Figures 20a and 20b shows the measured phase
differences between the two beams and Figure 20c shows

Fig. 16. (Color online) The exper-
imental results of the beam profile
and interferograms. (a) The output
beam profile. (b) The interferograms.
The large beam profile, noticed by
red arrow, is the reference beam.

Fig. 17. (Color online) The mosaic intensity profile of the horizontal lines from interference patterns and phase difference of the wavefront
dividing four-beam combined laser without amplifiers. (a) for ΔΦ01, (b) for ΔΦ02, (c) for ΔΦ03, and (d) for ΔΦ04.
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the measured phase differences between two-beam combined
beams. The standard deviations of the phase differences are
λ/34.3, λ/44.1, and λ/37.6. The fluctuation of the output
energy is 6.16%.

1.2.3. Recent Progresses on the Prepulse Technique

It is known that the front part of reflected pulse from
SBS-PCM is consumed to generate the moving Bragg grating
(Kong et al., 2005a; 2005c). To preserve the waveform of the
pulse, the prepulse technique is suggested and demonstrated
(Kong et al., 2005a; Beak et al., 2008; Yoon et al., 2009). In
the prepulse technique, an input pulse is split into the pre-
pulse and the main pulse. The prepulse has energy of about

the threshold energy of the SBS-PCM. The prepulse arrives
at the SBS-PCM earlier and ignites a moving Bragg grating.
The front part of the main pulse is highly reflected by the pre-
formed moving grating and the waveform of the reflected
pulse is preserved.

1.2.3.1. Relationship Between the Optimum Prepulse
Energy and the Delay Time for the Waveform Preservation.
Figure 21 shows the experimental setup for measuring the
waveforms of SBS waves with varying prepulse energy
levels and delay time. An input pulse has a pulse width of
7–8 ns and a repetition rate of 10 Hz. After passing
through an optical isolator, the input beam passes through
HP2 and is divided by PBS2 into two sub-beams — the
main pulse and the prepulse. The main pulse energy is
fixed at 10 mJ. The main pulse is reflected by PBS4 and
passes the delay line twice. A quarter wave plate (QP) in
the delay line rotates the polarization of the main pulse by
90°, so the main pulse passes through the PBS4. HP3 and
PBS3 play the role of adjusting the prepulse energy. HP4
and HP5 and the Faraday rotators (FR1 and FR2) rotate the
polarization by −45° and 45°, respectively, and thus the
main pulse with p-polarization and the prepulse with
s-polarization are combined at PBS5 with some time delay.
Finally, both pulses enter the SBS-PCM. The focal length
of the focusing lens is 15 cm. The reflected prepulse
retraces the path of the incident prepulse beam and is
dumped out at PBS3 because its polarization is changed
by HP4 and FR1. By the same reason, the reflected
main pulse is reflected by PBS4 and photodiode (PD)

Fig. 18. (Color online) The mosaic intensity profile of the horizontal lines from interference patterns and phase difference of the wavefront
dividing Four-beam combined laser with amplifiers. (a) for ΔΦ01, (b) for ΔΦ02, (c) for ΔΦ03, and (d) for ΔΦ04.

Fig. 19. (Color online) The experimental setup of the amplitude dividing
four-beam combined laser. PB1= polarized beam splitter; HWP1 and
HWP2= half wave plate; QWP= quarter wave plate; BS1, BS2, and
BS3= beam splitters; CM= concave mirror; PZT1, PZT2, and PZT3=
piezoelectric transducers.
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measures the waveform of the main pulse. The signal from
the PD was measured by an oscilloscope operating with a
bandwidth of 500 MHz and a sampling rate of 500
Msamples/s.
Figure 22 shows the temporal waveforms measured at a

delay time of 15 ns. As the prepulse energy increases, the wa-
veform of the reflected pulse becomes more similar to that of
the input pulse. When the prepulse energy is more than 2 mJ,
the pulse shape is perfectly preserved. Figure 23 shows the
simulation and the experimental results of the minimum pre-
pulse energies required to preserve the waveform over the
prepulse delay time. The simulation result is obtained by cal-
culating the energy stored in the acoustic grating at the time
of the main pulse arrival. From the experimental result, we
can conclude that the optimum prepulse delay time is 15 ns
and the required prepulse energy at this delay is 2 mJ per
pulse.

1.3. Conclusion

In this work, we introduced the recent progress of the coher-
ent beam combination laser using the Self-phase-controlled
SBS-PCMs. We have constructed two-beam coherent combi-
nation laser and four-beam coherent combination laser both
the amplitude dividing scheme and the wavefront dividing
scheme. Furthermore, we have preserved the waveform of
the SBS wave pulses by pre-pulse technique. The research
on the key techniques of the coherent beam combination
laser has been completed. From these techniques, we can
make a 16 J at 10 kHz laser by 4 × 4 beam combination of
1 J at 10 kHz lasers for the laser machining by hologram, ex-
treme ultraviolet source for extreme ultraviolet lithography,
and so on, and a 2.5 kJ at 10 Hz laser by 5 × 5 beam combi-
nation of 100 J at 10 Hz lasers for the laser machining by
hologram, laser peening, the neutron/proton generator, and
the laser fusion. Also the key techniques of SBS-PCMs are
related with the self-navigation technique for the laser
fusion driver, so these techniques have various applications,
and the beam combination laser using the self-phase con-
trolled SBS-PCM is a key of the future dream laser generat-
ing an unlimited output energy/power with high repetition
rate operation.

2. TEMPORAL COMPRESSION BY STIMULATED

BRILLOUIN SCATTERING WITH HEAVY

FLUOROCARBON LIQUID AT 532-NM

WAVELENGTH PUMPING (H. Yoshida,

K. Tsubakimoto, H. Fujita, N. Miyanaga, and

M. Nakatsuka)

2.1. Introduction

The stimulated Brillouin scattering (SBS) in various solids,
liquids, and gases is a very powerful tool to build the

Fig. 20. (Color online) The phase difference of the amplitude dividing four-beam combined laser without amplifiers for 2500 shots and
energy distribution for 2500 shots. (a) for ΔΦ12, (b) for ΔΦ34, (c) for ΔΦ13, and (d) Energy distribution for 2500 shots.

Fig. 21. Experimental setup for the prepulse injection method. HPs= half-
wave plates; PBSs= polarizing beam splitters; ISO= optical isolator;
FRs= Faraday rotators; QP= quarter-wave plate; M=mirror; L= focusing
lens; PD= photodiode.
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phase conjugation mirror (PCM) in high-power laser systems
(Rockwell, 1988; Dane et al., 1994a; Yoshida et al., 1997,
1999, 2003, 2004; Kong et al., 2005b, 2005c, 2006,
2007a; Meister et al., 2007; Kappe et al., 2007; Yasuhara
et al., 2008). A PCM based on the SBS process can be suc-
cessfully used to compensate thermally induced phase distor-
tion in high power laser systems. A PCM is very efficient for
enhancing the laser beam quality especially in designing a
double pass laser amplifier systems. Also, the SBS process
can be applied for the high-efficiency pulse compression of
an energetic laser pulse.
The SBS compression of laser pulse has been investigated

theoretically and experimentally for various laser wave-
lengths and active SBS media (Dane et al., 1994a; Schie-
mann et al., 1997; Kmetik et al., 1998). The SBS
compressor provides enhancement of peak intensity of
pulses while maintaining its high energy, and make available
laser pulse duration of a few 100 ps. It is difficult to generate

mode-locking pulses without damage at high peak power. On
the other hand, this method of short-pulse generation is very
simple and can be used to achieve high brightness. The heavy
fluorocarbon satisfies the demands for SBS medium in the
view of excellent optical quality, low absorption in wide
spectral region from ultraviolet to infrared, a high threshold
of optical breakdown, good thermodynamic properties, and
desirable chemical stability. We previously reported that a
8 ns Nd:YAG laser pulse was temporally compressed to a
SBS phase conjugation pulse of 600 ps using a 1.7-m-long
cell FC-75 liquid (Mitra et al., 2006). A 13-ns Nd:YAG
laser pulse was temporally compressed to about 160-ps
phase-conjugated pulse in heavy fluorocarbon FC-40 liquid
at a 1064 nm wavelength (Yoshida et al., 2010). We are de-
veloping a high-average-power short pulse laser system
based on optical parametric chirped pulse amplifier
(OPCPA) technique. A few hundred ps 532-nm pulse laser
will be used to pump the OPCPA system.
For the first time to our knowledge, we demonstrated the

efficient compression of 10 ns pulse duration to 160 ps or
less at second harmonics of an Nd:YAG laser. The com-
pressed pulse brightness is about 56-fold higher than that
of the incident pulse. The heavy fluorocarbon liquid can
also be used as phase conjugators for high-average-power.

2.2. Experimental Results

The experimental layout of temporal SBS compression is
shown in Figure 24. The laser used was a linearly polarized
Q-switched Nd:YAG oscillator at single-frequency and
TEM00 mode operation. The amplified output was 10 ns
pulse of approximately 500 mJ at a 10 Hz repetition rate.
The beam quality was 1.5 times diffraction-limited. The
1064-nm output beam is externally doubled to 532 nm

Fig. 23. Required prepulse energy versus the delay time [the experimental
results (filled dots) and the simulation results (blank dots)].

Fig. 22. Reflected waveforms when td= 15 ns: (a) Epre= 0 mJ, (b) Epre=

1.5 mJ, (c) Epre= 1.8 mJ, and (d ) Epre >> 2 mJ.
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with a KTiOPO4 (KTP) crystal. KTP was chosen as the non-
linear crystal because of its high effective nonlinear coeffi-
cient. The laser light was focused into a SBS cell through a
variable attenuator using a combination of a half-wave
plate and a thin-film polarizer. The reflected laser beam
was separated using a dielectric thin-film polarizer and a
quarter-wave plate.
We have fabricated a long cell for liquid phase conjugation

mirror of length 1.5 m and diameter 4 cm. Windows of the
cell had antireflection coating at 532 nm. These cells were
filled up with FC-40 liquid. Before filling we filter the
liquid by using Millipore filters of pore size 0.020 μm.
This filtering was important to increase the optical break-
down threshold. The circularly polarized laser beam was fo-
cused inside the cell by a lens with focal length of 500 or
1000 mm. The absorption coefficient of FC-40 liquid at
532 nm wavelength was about 1 × 10−5 cm−1. Experiments
on SBS compression were performed using a combined
generator-amplifier system. The circularly polarized laser
beam was transmitted through the 1.5-m long SBS cell,
and was focused into the other 1.5-m long generator using
a lens of focal length 750 mm. The pulse shapes of the
pump and reflected beams were monitored using a Hamamat-
su R1328U-51 biplanar phototube (rise time; 55 ps) and a
Tektronix CSA7404 signal analyzer (analog bandwidth;
4 GHz and rise time; 100 ps). The reflected energy was
directly measured with a power meter. The SBS backward
reflectivity from the FC liquid was also compared with
the total reflection from a conventional thin-film mirror
(R= 99.5%).
The SBS gain coefficient was independent of the pumping

wavelength in the transparent medium. The FC-40 was re-
ported to be 2 cm/GW at 1064 nm. The phonon lifetime
τB and Brillouin bandwidth ΔnB depend inversely on the
pump wavelength assuming that τB∝ λp

−2 and ΔnB= 1/2π
τB. The phonon lifetime τB is proportional to λp

−2, so that
τB at 1064 nm is one-fourth that at 532 nm. FC-40 liquid
with a fast SBS relaxation time was selected from a lot of
heavy fluorocarbon. The τB value at 1064 and 532 nm for
FC-40 were approximately 250 and 70 ps, respectively.

Because SBS begins from a leading edge of the propagat-
ing pulse, an optimum reflection is expected for a spatial
length of the pulse, (c/2n) τπ, where τπ is the pulse width
(full width at half maximum (FWHM)) and n is the refractive
index of a FC liquid. For a 10 ns pulse and a refractive index
n= 1.28, the interaction length Lin was taken as 117 cm. The
optical path length of the Brillouin cell, L= 150 cm was
chosen over 117 cm to satisfy the condition L> Lin.

The SBS compression reflectivity for several focal lengths
in a FC-40 liquid is shown in Figure 25. A maximum intrin-
sic SBS reflectivity of over 90% was obtained at incident
energy of over 100 mJ. The SBS threshold of about 5 mJ
was observed. On the other hand, the Brillouin generator-
amplifier system that consist of L= 1500 mm amplifier and
f= 750 mm generator was obtained a maximum SBS reflec-
tivity of 35% at an incident energy of about 200 mJ. This
system controls the energy entering the Brillouin generator
to prevent optical breakdown. A SBS reflectivity using f=
1000 mm lens was slightly lower than that using f=
500 mm lens. It confirms that the SBS process can be effec-
tive if the coherence length of the optical pulse is equal to or
longer than the length of the Stokes field region. In practice,
it denotes that the coherence length of the SBS pump pulse
should be longer than the confocal length of the focused
SBS pump beam divided by a refractive index. The band-
width of the laser oscillator used here is 250 MHz and so
that the coherence length Lc is about 120 cm. The interaction
length L in the SBS material using f= 500 nm or=
1000 mm was 64 cm and 128 cm, respectively. In the case
of the 500-mm-focal-length lens, a condition Lc> L was sat-
isfied; however, in the case of the 1000-mm-focal-length
lens, this condition was marginal.

The SBS compressed-pulse duration using several differ-
ent focal lengths is shown in Figure 26. In the case of the

Fig. 24. The experimental layout of temporal SBS compression.

Fig. 25. SBS reflectivity measured at 532 nm pumping.
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500-mm focal length, the compressed pulse width was 250 ps
at incident energy of 200 mJ. The maximum compression
ratio is about 40-fold higher than that of the incident pulse
of 10 ns. In the case of the 1000-mm focal length, the mini-
mum pulse width of 350 ps was obtained at 30 mJ input
energy, but the compressed pulse width slowly increased.
The pulse width at incident energy of 200 mJ was increases
in length of 1.5 ns. The Stokes pulse duration depends on the
pumping energy, and the compressed minimum pulse width
of the Brillouin generator-amplifier system at over 100 mJ
reached 160 ps or less. However, the Stokes pulse showed
substantially wider pulses as the incident energy increased
to 200 mJ. This results from the leading edge of the amplifier
Stocks incident pulse interacting with the low energy leading
edge of the Gaussian pumping pulse.
The typical shapes of compressed pulses are shown in

Figure 27. A slow falling time of the compressed pulse
was observed owing to the reduced intensity in the peripheral
part of the spatial profile. The pump beam was highly com-
pressed at the center of the beam, while the compression

effects were much less at the wings. The pulse shape of the
reflected beam was a mixed pulse that combines a fast
rising time at the center and a slow falling time at the wing
of the pulse. The SBS compressed-pulse duration using a
focal length of 500 mm observed the dumping waveform
for falling edge because the interaction length of 63 cm is
shorter than the necessary length of L= 117 cm. In a focal
length of 1000 mm and two cell method, the compressed
pulse shape consist of a steep leading edge and a sharp falling
edge because the interaction length of the Brillouin cell was
about 117 cm. The experimental observations of phase
jumps and amplitude fluctuations in SBS were reported
(Afshaavahid et al., 1998) No special pulse compression
geometric conditions such as short focal length have an
affect on the length of the Stokes-pump interaction. The
noise of SBS process results in the fluctuation in the
Stokes pulse due to energy interchange between Stokes and
pump pulses. The damping time corresponds to the SBS
phonon lifetime.
The fluctuation of the pulse width greatly depends on the

focusing condition of the SBS generator. Figure 28 shows the
time fluctuation of input pulses and SBS compression pulses.
The jitter timing of SBS compression pulses was about 500
ps and similar to that of the incident Q switched. The focus-
ing condition depends on the input beam quality of shot to
shot and the environmental condition of SBS amplifier.
The focusing ability of SBS generator decreases with the
vibration in the enclosed liquid and the convection flow by
an environmental temperature. The SBS phase-conjugation
ability corrected these perturbations, but it is necessary the
SBS cell have good insulation for focusing condition of the
SBS generator.
In this experiment on pulse compression in FC-40, there is

a possibility that the process of stimulated Raman scattering
(SRS) competes with SBS. At maximum input energy SRS is
weak and does not influence SBS. The nonlinear effects,
such as self-phase modulation and self-focusing, were not
observed because the nonlinear refractive index (1 ×
10−7 cm2GW−1) of Fluorinert liquid is too low and the
beam quality of SBS compression pulse is similar to that
of the incident pulse. It will be necessary to measure a non-
linear effect in the future.

Fig. 26. The compressed pulse duration measured at 532 nm pumping.

Fig. 27. The oscilloscope traces of the typical incident and reflected waveforms at several focal length.
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2.3. Conclusion

In summary, a heavy fluorocarbon liquid, such as FC-75 and
FC-40, had been successfully demonstrated as a SBS com-
pressor at a 532-nm wavelength. A 10 ns Nd:YAG laser
pulse is temporally compressed to a 160 ps or less phase con-
jugated pulse and maximum SBS reflectivity of about 90%
without any damage was observed. The brightness of the
compressed pulse was about 56-fold higher than that of the
incident pulse. Damage-free operation of a heavy fluorocar-
bon liquid as a better phase conjugate material could lead to
the construction of laser-diode pumped, all-solid-state laser
system. The generation of sub-ns pulse is useful for precise
material processing and extreme ultraviolet lithography.

3. HIGH-INTENSITY LASER PULSE

COMPRESSION AND AMPLIFICATION BY

STIMULATED BRILLOUIN SCATTERING

(Y. Wang, Z. Lu, Z. Zheng, and Y. Zhang)

3.1. Introduction

High-peak-power high energy pulse lasers of hundreds pico-
seconds play an important role in the fields of inertial con-
finement fusion (ICF) (Kong et al., 2005, 2007a),
diagnostics of plasma by means of Thompson scattering
(Mao et al., 2001) and produce of X-ray radiation for litho-
graphy (Endo, 2004). Especially in the field of ICF, shock
ignition is a new concept for direct-drive laser ICF that was
proposed by Betti et al. (2007). Compared with the standard
direct drive central ignition and fast ignition, shock ignition
presents overwhelming advantages (McCrory et al., 2008).
It does not require any complex cone-in-a-shell targets or
high power chirp pulse amplifier lasers. However, it is a
key difficulty to obtain the high-energy and high-power
laser pulse with a hundred picoseconds width in the ICF
laser driver to achieve shock ignition. Stimulated Brillouin
scattering (SBS) is a particularly useful tool to compress a
long pulse because of its power compatibility (Wang et al.,
2010), high energy reflectivity and high compression ratio
(Yoshida et al., 2009). Applied SBS pulse compressor and
amplifiers to the high-energy laser system is an efficient

way to obtain high intensity picosecond pulses. In this
work, we have demonstrated high-energy laser pulse com-
pression and amplification by SBS using a two-cell
scheme. A higher energy experiment will be demonstrated
in the one-hundred-joule Nd: phosphate glass laser system
(Ostermeyer et al., 2008) in the future.

3.2. Experimental Setup and Design

The experimental setup is shown in Figure 29. A short Stokes
seed pulse is obtained by a two-cell SBS generator and then
amplified in the Brillouin amplifier.

The laser used in the experiments was a linearly polarized
single frequency Q-switched Nd:YAG oscillator (PRII9010,
Continuum Inc.) with 8 ns pulse duration and 6 mm beam
diameter. The pulse was split by the polarized plate P2.
One pulse was seeded into the two-cell generator to produce
the Stokes seed pulse. And the other pulse was used as the
pump pulse. A compact SBS generator-amplifier setup was
used as the picoseconds Stokes generator. In the generator,
Lens 1 was a long focal lens (1000–1500 mm) and Lens 2
was a short focal lens (300–500 mm). The length of generat-
ing cell 1 and generating cell 2 were 800 mm and 1000 mm,
respectively. In the amplifier, the pump pulse propagated
through the amplifying cell before the Stokes seed was re-
flected by M3 and then encountered with the Stokes seed
in the amplifying cell. The amplified Stokes pulse was ex-
ported by the polarized plate P3. To achieve optimal ampli-
fying result, the encounter time was changed by moving
the high reflected mirror M3. The pulse shapes were moni-
tored using a Tektronix DPO7254 oscilloscope (bandwidth
2.5 GHz) and a fiber coupled ultrahigh speed photo detector
(18.5 ps, New Focus).

3.3. Experimental Results and Discussion

FC-72 was chosen as the SBS medium in the experiment.
The length of the cells and the focal length of Lens 1 were
fixed. And the focal length of Lens 2 was set as 300 mm,
600 mm, and 750 mm, respectively. Figure 30 shows the
compressed pulse duration changing as the input intensity
increasing.

SBS is a nonlinear process and so the compressed pulse
duration is not changing linearly as increasing the input in-
tensity. For different focal length of Lens 2, the stability of

Fig. 29. (Color online) Optical layout of SBS temporal-pulse compressor
and amplifier.

Fig. 28. The time fluctuation of input pulses and SBS compression pulses.
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compressed pulse duration changes obviously. With shorten-
ing of the focal length of Lens 2, the compressed pulse width
is becoming increasingly unstable. When the focal length of
Lens 2 is 750 mm, the compressed pulse duration is stable at
about 1ns with the input intensity 20–40 MW/cm2. When
the focal length of Lens 2 is 600 mm, the compressed
pulse duration is stable with the input intensity
20–30 MW/cm2. When the focal length of Lens 2 shortens
to 300 mm, the compressed pulse duration is not stable at
any input intensity in the experiment.

The energy reflectivity with different focal length of Lens
2 is shown in Figure 31. It is effective to improve the energy
reflectivity by lengthening the focal length of Lens 2.
The optimal pulse width of compressed pulse and the
highest energy reflectivity occurs at different pump intensity.
The highest energy reflectivity is nearly 80% in the
experiment.
It is very difficult to achieve sub-nanosecond pulse by

changing focal length of Lens 2 with FC-72 because the
phonon lifetime of FC-72 is 1.2 ns. We choose several

Fig. 30. (Color online) The results of compact SBS generator-amplifier pulse compression with different focal length of Lens 2: (a) f 2=
300 mm, (b) f 2= 600 mm, (c) f 2= 750 mm.

Fig. 31. The energy reflectivity of different focal length of Lens 2 in compact SBS generator-amplifier scheme: (a) f 2= 300 mm, (b)
f 2= 600 mm, (c) f 2= 750 mm.
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media that have a shorter phonon time as the SBS medium in
the generator cell 2. They are HS260 (phonon lifetime:
0.1 ns), FC-43 (phonon lifetime: 0.2 ns) and DET (phonon
lifetime: 0.7 ns). The result was shown in Figure 32. In the
experiment, the focal length of Lens 2 was fixed at
300 mm. The optimal compressed pulse duration is 760 ps
with DET, 490 ps with FC-43 and 312 ps with HS260.
The energy reflectivity of our experiment is shown in

Figure 33. The energy reflectivity is unstable and is not
high with DET and HS260. The energy reflectivity
with FC-43 is higher than the other two media and can
achieve 80%. The reason is that the gain coefficient of
FC-43 is higher and the Stokes shift of FC-43 is close to
the Stokes shift of FC-42. In the generating cell 1, a
Stokes seed with short duration is excitated by a shorter
phonon lifetime medium and in the generating cell 2 the
Stokes seed is amplified efficiently by another higher gain
medium.
In a word, to achieve a Stokes pulse with 200 ps pulse dur-

ation, we should choose the appropriate media of the cell1
and cell 2. Meanwhile, a reasonable compressor structure is
important so that the compressor will operate in an optimal
condition.

The amplification of the Stokes seed with hundreds pico-
seconds pulse duration was investigated in the experiment.
As a seed, the duration of the Stokes pulse is stabilized at
0.5 ns. FC-72 is selected as the amplifying medium. The
length of the amplification cell is 800 mm and 1500 mm.
The energy amplification ratio η is defined as

η =
Eamplified − Eseed

E pump

where Eamplified is the energy of amplified Stokes seed in the
amplifying cell, Eseed is the energy of Stokes that output from
the generating cell and Epump is the pump energy.

The result of the experiment is shown in Figure 34.
The energy amplification ratio is decreasing with the
pump intensity increasing. The reason is that the duration
of the pump pulse is 8 ns much longer than the Stokes
seed with duration of 0.5 ns and the encounter length of
the two pulses is not optimal in the experiment. Mean-
while, it was observed that the pulse duration of the am-
plified Stokes seed was broadened significantly. The
results indicated that the pump pulse was not depleted
completely by the Stokes seed. In the future the ratio of

Fig. 32. (Color online) The pulse compression result with different medium: (a) HS260, (b) DET, (c) FC-43.

The Current Trends in SBS and phase conjugation 131



the pump duration and the Stokes duration and the ampli-
fication scheme should be optimized to enhance the con-
version efficiency.

3.4. Conclusion

The influence of input intensity on SBS compression and re-
flectivity is significant. By choosing the proper configuration
and input intensity, the stable and efficient reflectivity with a
high compress factor can be obtained. Using a compact SBS
generator-amplifier scheme and choosing the medium with
low phonon lifetime as generator medium and high gain
coefficient medium as amplifier medium, the compressed
pulse duration of 312 ps is obtained. It is indicated by the am-
plifying experiment that it is a way to obtain the pulse of hun-
dreds picoseconds with high energy.
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4. LATEST DEVELOPMENT IN THE SBS PCM

BASED SELF-NAVIGATION OF LASER DRIVERS

ON INJECTED PELLETS (M. Kalal, O. Slezak, and

H.J. Kong)

One of the most difficult challenges to deal with in the direct
drive inertial fusion energy (IFE) integrated approach is con-
nected with the need of simultaneous irradiation of injected
pellets with thermonuclear fuel inside the reactor chamber
by many dozens (or even hundreds) of powerful laser
beams. Sophisticated tracking of injected pellets’ trajectories
is necessary for prediction of the place most suitable for
interaction with the driver beams in order to achieve necess-
ary irradiation symmetry and subsequent fuel compression.
For the direct drive scheme, the following set of parameters
is being currently considered: pellets about 4 mm in diameter
should be delivered into the virtual sphere of about 5 mm in
diameter and located around the center of the reactor chamber
about 10 m in diameter. Combined precision of tracking and
aiming should be about 20 μm. Navigation technologies
developed so far (despite their gradual progress) are still out-
side the required margin even in the case of fully evacuated re-
actor chambers — as some time consuming adjustment of

Fig. 33. The energy reflectivity of the compact SBS generator-amplifier with different medium: (a) HS260, (b) DET, (c) FC-43.

Fig. 34. The energy amplification ratio with different length of the amplification cell: (a) L= 800 mm, (b) L= 1500 mm.
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heavy final optics for every shot and every laser beam is
always necessary. This fact is also partially responsible for a
rather tight margin (±500 μm) on the pellets successful deliv-
ery into the above mentioned virtual sphere.
In reality, there are even more serious obstacles further

complicating this direct drive IFE scheme — even putting
its practical feasibility in doubts. Among the most serious
ones is the insufficient predictability of the injected pellets’
trajectories resulting from their expected interaction with
remnants of previous fusion explosions due to the considered
5–10 Hz repetition rate. This might be one of the reasons
why the indirect drive scheme seems to be currently con-
sidered as a more serious IFE candidate — having the corre-
sponding hohlraum targets by three orders of magnitude
heavier compared to their direct drive counterparts, thus al-
lowing for much more reliable prediction of their trajectories.
In order to deal with these direct drives laser navigation dif-
ficulties, a new approach was recently proposed employing
the stimulated Brillouin scattering-phase conjugate mirror
(SBS-PCM) technique (Zel’dovich et al., 1972; Brignon
et al., 2003). In the first presentation of this approach
(Brington & Huignard, 2003), it was predicted that a fully
automatic self-navigation of every individual laser beam
on injected pellets with no need for any final optics adjust-
ment could be developed. As a byproduct, a higher number
of less energetic (thus easier to design) lasers could be em-
ployed. This idea was undergoing a gradual improvement
in its theoretical design (Kalal et al., 2007b, 2008b; Oster-
meyer et al., 2008a) and subsequently it started to be tested
also experimentally — proving the principle (Kalal et al.,
2008, 2010a).
The current design of the SBS-PCM approach to the direct

drive IFE is outlined in Figure 35 where one particular laser
channel is displayed during the three distinct stages of its
operation.

The SBS-PCM based IFE approach has one crucial advan-
tage over the classical one: even if the pellets will inevitably
reach for every injection slightly different (and difficult to pre-
dict with the accuracy required) position within the prescribed
area (if missed the shot will be declared as unsuccessful), their
subsequent displacement from the position in which they will
be illuminated into the position in which they will be irradiated
would always be the same (provided, that the injection speed
will not vary substantially from shot to shot). For the pellet in-
jection speeds, about 100 m/s (in practice they might be sev-
eral times higher) and 1 μs delay times corresponding to
300 m distance traveled by each laser beam outside the reactor
chamber (to reserve enough room for a large number of dri-
vers), typical displacements between illumination and
irradiation would be about 100 μm (or higher).

It should be noted that in comparison with the previous
design presented in (Kalal et al., 2007b) the seeding laser
beam is now entering the reactor chamber through the
same entrance window as used by the corresponding
irradiation beam, thus improving the chamber robustness.
In this new scheme, the custom-made mirror (CMM)
design deserves to be discussed in more detail. In fact, all
what will be written in this respect is also valid for the
design of the final mirror from (Kalal et al., 2007b), where
no details were provided. Properties required from CMM
are determined to a large degree by an issue connected
with the non-converted higher harmonic which could pene-
trate the target chamber. This part of the returning beam
will not be deflected by target displacement compensation
system (TDC), thus potentially damaging the symmetry of
the pellet irradiation. More details to this issue can be
found elsewhere (Kalal et al., 2010b).

It was already explained that the SBS-PCM approach ex-
hibits the self-navigation properties. However, these nice fea-
tures can become useful only under the expectation that the

Fig. 35. (Color online) (a) at the right moment (determined by careful tracking) when the injected pellet is approaching its best interaction
position, a low energy seeding laser pulse (glint= red line) is sent to illuminate the pellet; (b) reflected seeding laser pulse is collected by
the focusing optics and amplified on its way to the SBS PCM cell; (c) amplified pulse is reflected by the SBS PCM cell, amplified once
again, converted to higher harmonic (blue line), and automatically aimed at the moving pellet by the target displacement compensation
system (TDC) for its final high power irradiation. TDC is a completely passive system having its optical components appropriately de-
signed for every individual channel taking advantage of their index of refraction dependence on the wavelength. The custom-made
mirror (CMM) design depends on the selected set-up and is discussed in detail in the main body of the work.
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low energy illumination of the pellet took place as required.
Our approach to this issue is the following: when the high
energy irradiation of the injected pellet is regarded as poten-
tially realistic (sometimes in the future, whatever would be
the actual technology employed), it should be much easier
to achieve illumination only with very low energy laser
beams. Therefore, we do not regard this as an issue we need
to deal with. Instead, we are proposing for consideration
another, even much simpler idea: to avoid any need for glint
lasers different aiming from shot to shot at all. In this
approach, two scenarios could come into consideration: (1)
using the glint laser spot size sufficiently smaller than the
pellet diameter (say about 2 mm) to make sure that in the
case of acceptable delivery the whole laser spot will always
fit on the pellet surface; (2) using the glint laser spot size suf-
ficiently larger than the pellet diameter so the pellet would
always fit inside of that beam as a whole. The collection
angle of the low power first harmonic (illumination stage)
and the high power higher harmonic focusing on the pellet
(irradiation stage) can be designed as fully independent (see
Fig. 2 in Kalal et al. (2007a) or Ostermeyer et al. (2008)).
The illumination schemes considered above deserve some

comments to be made. It should be emphasized that for the
purpose of the SBS-PCM approach, so far these schemes
were verified experimentally only in case of a single laser
beam (more details will be provided further in this work).
And there are several issues worth mentioning that might
come into consideration while evaluating these schemes suit-
ability in case of high number of the beams (typically about
1000). For example, under this scenario, a massive overlap-
ping would be taking place (issue of hot spots). However,
it is assumed that such a high number of glints could provide
more illumination symmetry to the target. In combination
with the potential surface plasma effect, the whole target
might look (in an ideal case) like a point source to the
optics placed well outside of the chamber. Further investi-
gation is thus needed to resolve these issues.
One of the main advantages of this self-navigating illumina-

tion/irradiation concept is the fact that the optical elements
taking care of each particular laser beam shift can be especially
designed once for all. Featuring nomoving parts (at least on the
high power side) this technique can significantly simplify
design of lasers and the beam transport optics allowing for sub-
stantial increase in the number of laser beams employed. Every
laser beam can operate as an independent driver with much
lower energy per pulse, thus making the required repetition
rate easier to achieve. With many laser beams available, any
shape of the final irradiating pulse should be realizable by con-
sidering neighboring drivers as creating a required pulse shape
when combined together on the pellet surface using different
delays, and amplifications of individual drivers. More details
concerning these issues can be found in Ostermeyer et al.
(2008). However, the issue of the pulse shape might be also
dealt with themore usualway as done e.g., onNational Ignition
Facility (NIF) (i.e., obtained directly from the sophisticated
oscillator). Or it could be a combination of both ways.

In designing individual laser drivers, several key par-
ameters need to be taken into consideration: (1) to keep the
energy of initial illumination of the injected pellet low
enough to ensure that no harm (e.g., preheating) would be
done to the pellet itself, (2) amplification achieved by the
chain of amplifiers would be sufficient to bring the energy
of the pulse to the level about 1 J before entering the
SBS-PCM cell (this particular value was selected to ensure
that the actual SBS-PCM reflection will be performed for
the energy values with low dependence of the reflection
coefficient on the incident energy in order to minimize the
energy fluctuation), (3) the final energy of the pulse for
the pellet irradiation would be about 1 kJ (this effectively
assumes about 1000 individual channels). As an important
parameter to also be taken into consideration is the energy
extraction efficiency from individual amplifiers.
In order to test this SBS-PCM approach to IFE, a new

series of experiments was performed. Diagram of the exper-
imental setup used for verification of the proposed design is
shown in Figure 36.
Compared to the successful experiments realized earlier

(Kalal et al., 2008a, 2010a), which confirmed the self-
navigation principle (the change of the trajectory achieved
by the incorporated conversion to the second harmonic —

green line), in these new experiments, a complete individual
laser channel setup was assembled — including the pellets
realized by the static steel balls 4 mm in diameter. This
kind of pellets was deliberately chosen as capable to with-
stand much higher illumination energies compared to the
real ones as the higher illumination energies became necess-
ary due to the insufficient amplification available in the laser
channel (with only two amplifiers employed). The laser was
working in the Q-switched regime with the pulse length of
8.66 ns. It should be noted that during these tests the laser
channel energies were much lower compared to the real
ones ( just below 1 J after amplification and frequency con-
version). In the SBS cell, a heavy fluorocarbon liquid
FC-75 was used for the SBS generation. It is a well-known

Fig. 36. (Color online) Schematics of the experimental setup used for veri-
fication of the SBS PCM approach to IFE. As the steel ball was stationary the
amplified beam was on its way back to the target deflected in order to verify
the displacement feature of the scheme.
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SBS material which gives high reflectivity and excellent fide-
lity (Yoshida, 1997).
In this context, the injected pellet survival conditions in

the period between its low energy illumination and sub-
sequent high energy irradiation were also studied. The
upper limits on the acceptable amount of energy absorbed
during the illumination stage for the direct drive pellets
with parameters close to those currently considered (4 mm
in diameter, 45 μm thick polystyrene shell, 200 μm thick
fuel layers) were calculated. In these calculations, it was
simply assumed that the target material absorbed some part
of the laser energy (most likely only a very small part of
that energy) at the boundary of the cryo-layer. The mechan-
ism itself of this absorption was not considered. It was found
that this absorbed energy, which leads to the cryogenic layer
temperature increase by 1 K (from 17 K to 18 K) in the area
of cryo-layer/shell wall contact during 1 μs, is about 6 mJ in
the case of (deuterium-deuterium (DD) and 14 mJ in the case
of deuterium tritium (DT) (see Kalal et al. (2010b)). Knowl-
edge of these energies is crucial for a proper design of indi-
vidual laser channels— in particular, their total amplification
needed for high quality SBS-PCM reflection. The acceptable
energies obtained are about ten times higher than those con-
servatively estimated in our very first laser channel design
(see Slezak et al., 2008).
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5. 68 W PHASE CONJUGATE PICO-SECOND

ND:YVO4 LASER SYSTEM BASED ON A

TANDEM BOUNCE AMPLIFIER (M. Ashihara,

T. Yoshino, K. Hayashi, Y. Tokizane, M. Okida,

K. Miyamoto, and T. Omatsu)

5.1. Introduction

High average power pico-second lasers have received much
attention in several fields, such as nonlinear optics, laser
ablation, and micro-fabrication. A side-pumped bounce am-
plifier based on a neodymium-doped vanadate (Nd:YVO4 or
Nd:GdVO4) slab is a promising solution for developing
high-average-power pico-second lasers, since it is capable

of creating high single-pass gain (>1,000) without a regen-
erative amplifier geometry.

In particular, a phase conjugate master oscillator power
amplifier (PC-MOPA) system formed by a bounce amplifier
and a phase conjugate mirror, organizing self-aligned multi-
pass amplifier geometry, can produce high output powers
with less degradation of the beam quality. To date, we have
demonstrated a high average power (>26 W) PC-MOPA
system with peak powers in the range of 2.8–6.8 MW and
high beam quality (M2

< 1.5).
In this work, we address the power scaling of a pico-second

PC-MOPA system by incorporating a second bounce amplifier
inside the PC-MOPA. Using this system, 68 W pico-second
output was demonstrated at a pulse repetition frequency
(PRF) of 100 MHz and pulse duration of 11 ps.

5.2. Experiments

5.2.1. Experimental Setup

Figure 37 shows the experimental setup of the phase-
conjugate amplifier system based on a tandem bounce ampli-
fier. A commercial continuous-wave mode-locked Nd:YVO4

laser, having pulse duration of 7.3 ps and a PRF of 100 MHz,
was used as the master laser. The master laser power was
12 mW. The amplifier used was a transversely diode-pumped
1 at.% Nd:YVO4 slab with dimensions of 20 mm × 5 mm ×

2 mm. A continuous wave 808-nm laser diode array stack
used as a pump source was line-focused by a cylindrical
lens ( f= 20 mm) on the pump face of the amplifiers. The
maximum pump power was measured to be 130 W.

Polarizing beam splitters, a Faraday rotator, and a half-
wave plate (HWP1) formed an optical isolator to prevent
feedback to the master laser. The master laser beam was
focused by a spherical lens, L1 ( f= 1000 mm), and a
cylindrical lens, VCL1 ( f= 100 mm), so that the master
laser beam spatially matched the ellipsoidal gain volume.
The amplified master laser beam was relayed to the second
amplifier with 4f imaging optics formed by two spherical
lenses L ( f= 100 mm). The second amplifier was identical

Fig. 37. (Color online) Experimental setup of a pico-second phase conjugate
laser system formed by a tandem bounce amplifier and a photorefractive
phase conjugate mirror.
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to the first amplifier. The external incident angles of the
master laser beam and the amplified beam to the amplifiers
were 18° with respect to the pump surface of the amplifiers.
After passing through two amplifiers, the amplified beam

was collimated by two cylindrical lenses, VCL2 ( f= 75 mm)
and HCL ( f= 100 mm), and it was relayed to a phase-
conjugate mirror based on an Rh:BaTiO3 crystal by two
spherical lenses L2 ( f= 200 mm) and L3 ( f= 100 mm).
The polarization of the amplified beam was rotated using a
half-wave plate HWP2, so that it lay in the extraordinary
plane of the Rh:BaTiO3 crystal. The phase conjugation of
the amplified beam was automatically feed back to the ampli-
fiers. After that, it was ejected as an output by a PBS.
The BaTiO3 crystal with 400-ppm Rh-ion doping and di-

mensions of 6 mm × 6 mm × 5 mm was cut at 0° relative to
the normal to the c-axis, and its surfaces had an anti-
reflection coating for 1 μm. Further crystal was also mounted
on a copper block, and the block temperature was maintained
at about 20°C by a water re-circulating chiller. A self-pumped
phase conjugate mirror was formed by the BaTiO3 crystal

and an external loop cavity including 4f imaging optics
( f= 150 mm). The angle of the external loop cavity was
15°, and its length was 600 mm. With this system, phase con-
jugation built up within a couple of minutes, and it typically
exhibited 50% reflectivity. As related in previous publi-
cations, the loop cavity length was made much longer than
the coherence length of the master laser (∼3 mm) so as to
prevent frequency-narrowing effects originated by the for-
mation of reflection and 2k gratings.

5.2.2. Experimental Results

The average output power as a function of the pump power is
shown in Figure 38. The pump power then was defined as the
sum of the pump powers in two amplifiers, and the pump
power ratio between the first and second amplifiers was
unity. The output power was almost proportional to the
pump power, and it reached up to 68 W at the maximum
pump level (227W). The corresponding energy extraction ef-
ficiency was about 30%, and the peak power was estimated to
be>60 kW. In contrast, the output power in the single-pass
tandem amplifier geometry without the phase conjugate
mirror was limited up to 40 W at a pump power of 177 W.
The red curve in Figure 38 shows numerically simulated

plots on the basis of the partitioned amplifier and continuous-
wave gain saturation formula model (see Fig. 39) mentioned
in our previous publication. The physical parameters used in
the numerical simulation are listed in Table 1. There is good
agreement between the experiments and the simulations.
Figure 40 shows the spatial form of the output from the

system. The horizontal beam propagation factor, Mx
2, of the

output was measured to be about 2.3 (Fig. 40c), while the in-
cident beam onto the PCM had anMx

2 of about 3.8 (Fig. 40b).
And thus, the brightness of the output obtained by the
PC-MOPA, defined as the output power divided by the Mx

2,
was 3.2-times higher than that obtained merely by the
tandem amplifier without the PCM. These results mean
that the PCM can improve significantly the brightness of
the output by compensating for the thermal aberration in
the amplifier. Further improves of the beam quality will be

Fig. 39. (Color online) Numerical simulation model of the PC-MOPA output.

Fig. 38. (Color online) Experimental and simulated plots of the average
output power as a function of the pump power.
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possible by optimizing the relay optics to collect the ampli-
fier beam onto the PCM and improving heat removal from
the amplifiers.
Figure 41 shows the experimental auto-correlation trace of

the output pulse. The output pulse width was broadened, and
its pulse width was measured to be 10.8 ps, while the master
laser had a pulse width of 5.8 ps. The pulse broadening ef-
fects were caused by spectrum narrowing effects due to a
finite gain-band in the amplifier. The pulse width of the am-
plified output is written as follows:

τp
2 = τ p0

2 +
(16 ln 2) lnG0

Δωa
2

, (1)

where τp0 is the initial width of pulse, G0 is the small-signal
gain of the amplifier, and Δωa is the frequency-bandwidth in
Lorentzian atomic transition, respectively. Using the exper-
imental parameters, the pulse width of the output was estimated
to be 11.2 ps, which is consistent with the experimental value.
By using the peak intensity (∼700 kW/cm2) of the output in
the Nd:YVO4 amplifier, the nonlinear refractive index
(∼10−18 m2

/W) of the Nd:YVO4 crystal, and the crystal
length (∼2 cm), the B integral was estimated to be 8.5 ×
10−4 rad, and thus, the pulse broadening effects originated
by the third-order nonlinearity in this system is negligible.

5.3. Conclusions

We have demonstrated a phase conjugate laser system formed
by a tandem diode-side-pumped Nd:YVO4 bounce amplifier
in combination with a photorefractive phase conjugate
mirror. The maximum average power of 68 W was measured,

which is the highest value so far, to the best of our knowl-
edge, previously obtained by PC-MOPA systems with a
photorefractive phase conjugate mirror. A corresponding op-
tical–optical efficiency of 30% was achieved.

Further improvement of the beam quality of the system
will be possible by utilizing 880-nm pump diodes, which
can reduce the heat loading in the tandem amplifier.
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6. PHOTOREFRACTIVE TWO-WAVE MIXING AT

1.55 μMBASED ON TWO-PHOTON ABSORPTION

IN A RH DOPED BATIO3 AND TE DOPED SN2P2S6
CRYSTALS (K. Toyoda, K. Miyamoto, T. Omatsu,

and A.A. Grabar)

6.1. Introduction

Photorefractive nonlinear wave mixing at the telecommuni-
cation wavelength 1.55 μm has been intensely investigated,

Table 1. Physical parameters in numerical simulations

Saturation
intensity Is
[W/cm2]

1200 Phase conjugate
reflectivity [%]

50

Beam spot size in
amplifiers [cm2]

3.3 × 10−3 Δz [cm] 0.0002

Master laser
power I−0 [mW]

12 Small signal gain coefficient in
the amplifier g0/Ppump

[cm−1
/W]

0.0475

Fig. 40. (Color online) Spatial forms
of the output. (a) Master laser
output, (b) output from the MOPA
without PCM, and (c) output from
the PC-MOPA.

Fig. 41. (Color online) Intensity autocorrelation traces of the amplified
output and master laser.
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because it enables us potentially to demonstrate beam combi-
nation, beam cleanup, and optical phase conjugation in com-
bination with fiber optics. Photorefraction at this wavelength
regime has been investigated mostly in semiconductors such
as CdTe:V, since conventional ferroelectric materials, i.e., Rh
doped BaTiO3 has property of very poor photorefractive sen-
sitivity at this wavelength. However, the CdTe:V requires
an additional large alternating current (AC) electric field
(∼4 kV/cm) and 1.3 μm stimulating illumination to achieve
an efficient photorefractive two wave mixing gain.
Horowitz and Fischer (1996) have reported 1.55 μm fem-

tosecond laser pumped photo-refraction owing to two photon
absorption in an un-doped BaTiO3 crystal. However, they fo-
cused on an existence of photorefraction, and they did not
mention about quantitative photorefractive performances in-
cluding two wave mixing gain.
In this work, we investigate 1.55 μm photorefractive two-

wave mixing gain by two photon absorption in the Rh:BaTiO3

crystal. Two-wave mixing gain of about 4.5 cm−1 was ob-
served at the pump power of 500 MW/cm2 in the 1.55 μm
wavelength regime. A ferroelectric semiconductor material,
tin thiohypodiphosphate (Sn2P2S6, SPS), showing a relatively
narrow band gap (∼2.3 eV), a high charge mobility, as well as
a large dielectric constant, is alternative to achieve photo-
refractive wave mixing at 1.55 μm regime. We also address
improvement of two-wave mixing gain at 1.55 μm in Te
doped Sn2P2S6 by two photon absorption.

6.2. Experiments

Figure 42 shows two photon absorption of Rh:BaTiO3 crystal
as a function of the pump intensity measured by z-scan
method. A pump laser used was a 1.55 μm femtosecond

fiber laser (IMRA co.) with a pulse width of 100 fs and a
pulse repetition frequency of 50 MHz. Two-photon absorp-
tion was evidenced by that absorption of the crystal was
almost proportional to pump intensity. And the absorption
of the crystal reached up to the saturation level above the
pump intensity of 30–40 MW/cm2.
Two-wave mixing gain due to two-photon absorption was

also measured. Figure 43 shows a schematic diagram of an
experimental setup. The laser used was a 1.55 μm femtose-
cond fiber laser (IMRA co.) with a pulse width of 100 fs
and a pulse repetition frequency of 50 MHz, and its output
was split into a p-polarized probe and strong pump beams
with an intensity ratio of 1:9. The two beams were focused
to be a f50 μm spot onto a thin 45°-cut Rh:BaTiO3 crystal
(thickness 2 mm) and a Te doped SPS crystal, the angle be-
tween two beams was about 9°. With this setup, the effective
interaction length between the probe and pump beams was
estimated to be about 0.3 mm. We also optimized an optical
delay of the pump beam to the probe beam, thereby yielding
good temporal overlap between probe and pump beams. The
power of the two beams was controlled by an attenuator.
Two-wave mixing gain exhibited the significant intensity

dependence of the pump beam, and it reached up to about
4.5 cm−1 at the maximum pump level. The two-wave
mixing gain in our experiment was less than that obtained
by the continuous-wave laser pumping, and it was impacted
by relatively large spectral bandwidth of 10–15 nm associ-
ated with the femto-second pulses. The crystal showed a
faster temporal response (<100 s) than the un-doped
BaTiO3 (200–300 s), resulting from that the Rh ions
formed shallow traps and they improved two photon absorp-
tion efficiency (Fig. 44).
Two-wave mixing gain in Te doped Sn2P2S6 was also

measured by using the same setup. A maximum two-wave
mixing gain of 1.68 cm−1 was obtained at the pump inten-
sity of 26 W/cm2 (Fig. 45). To investigate contribution of
two-photon absorption to photorefractive two-wave
mixing, we also measured two-wave mixing gain based
on one photon absorption by using the same setup. A
1.55 μm continuous-wave laser diode in combination with
a fiber amplifier was used, and its output power was

Fig. 42. Two photon absorption as a function of pump intensity in
Rh:BaTiO3. Fig. 43. (Color online) Experimental setup.
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about 200 mW. The effective two-wave mixing gain was
impacted by too short interaction (∼0.3 mm) between the
probe and pump beams even at the maximum pump level,
and it was measured to be 0.92 cm−1. They evidenced
that the two-photon absorption improved significantly the
photorefractive activity at 1.55 μm in the SPS crystal. We
also measured 1.55 μm two-wave mixing gain based on
one-photon absorption by optimizing experimental par-
ameters including the beam size and the incident angle of
probe and pump beams onto the SPS crystal. Figure 46

shows an experimental two-wave mixing gain as a function
of the grating period formed by probe and pump beams. The
pump beam intensity was then 28 W/cm2, and a power ratio
of the pump beam to the probe beam was 1:98. A maximum
gain of 1.02 cm−1 at a grating period of 1.53 μm was
measured, and it was still less than that observed by
1.55 μm femto-second laser. For the Rh:BaTiO3 crystal,
we could not observe any two-wave mixing gain based on
one photon absorption at all.

6.3. Conclusion

We investigated the photorefractive two-wave mixing gain at
1.55 μm region based on two-photon absorption in an Rh
doped BaTiO3 and Te doped Sn2P2S6 crystals. Two-photon
absorption induced by high intense pulses provided by
femto-second lasers improved significantly photorefractive
activities. And thus, two-wave mixing gains of 4.5 cm−1

and 1.68 cm−1 in the Rh doped BaTiO3 and Te doped
Sn2P2S6 crystals were obtained, respectively.

7. PHOTOREFRACTION IN AN FE:LINBO3

CRYSTAL WITH FEMTOSECOND PULSES AT

800 NM (Md. M. Kabir, Y. Oishi, H. Suzuki, and

F. Kannari)

7.1. Introduction

The formation of volume holographic grating in photo-
refractive (PR) crystals can be used for the dispersion com-
pensation (Roblin et al., 1987), storing (Acioli et al.,

Fig. 44. Two-wave mixing gain as a function of pump intensity in
Rh:BaTiO3 based on two photon absorption.

Fig. 45. (Color online) Two wave mixing gain as a function of pump inten-
sity in Te: Sn2P2S6 using 1.55 μm CW and femtosecond laser.

Fig. 46. Two-wave mixing gain as a function of the grating spacing in 1%
Te-doped Sn2P2S6 for the wavelengths 1.55 μm.
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1991), shaping, and the amplification (Yao & Feinberg,
1993) of ultrashort laser pulses. PR volume gratings are
also applicable as a self-pumped phase-conjugate mirror for
short laser pulses (Jain & Stenersen, 1984). Yau et al. (1997)
reported self-pumped phase conjugation (SPPC) in BaTiO3
with picosecond and femtosecond laser pulses at 800 nm.
Joubert et al. (1989) first studied the temporal reversal of
picosecond optical pulses by phase conjugation in Fe:LN.
In these early studies, the role of chirped volume grating

for recording and amplifying broadband optical laser
pulses was not explored. Nishioka et al. (2007) recently pro-
posed that the chirped volume grating formed in a Fe:LN
crystal can be utilized to amplify a few cycle femtosecond
laser pulses. The PR effects in wide band gap (4 eV) LN
(Beyer et al., 2006) crystal with femtosecond laser pulses
in the near-infrared regime can be governed by either linear
one-photon or nonlinear two-photon absorption (TPA)
using iron impurity centers, depending on the crystal
doping concentration, and the intensity of the writing laser
pulses. Although the proposal of femtosecond laser pulse
amplification by chirped volume grating written in an
Fe:LN crystal at 800 nm by Nishioka et al. (2007) was
based on two-photon absorption and their experimental re-
sults were also interpreted with TPA, no research report
shows direct evidence of TPA at 800 nm in Fe:LN crystals.
In this work, we demonstrate photorefractive two-wave

mixing amplification of femtosecond laser pulses generated
from a Ti:Al2O3 regenerative amplifier at 1 kHz in an
Fe:LN crystal and confirm that one-photon absorption re-
mains dominant in the Fe:LN crystal up to 100 GW/cm2.
A potential possibility of two-step holographic recording in
a Fe:LN crystal using ultrashort laser pulses is also exper-
imentally investigated.

7.2. Absorption of Fe:LN at 800 nm

The measurement of light absorption was performed using a
balanced detection technique. The laser source was a mode-
locked Ti:Al2O3 oscillator that generates 30-fs (full width at
half maximum (full width at half maximum= FWHM))
femtosecond laser pulses at 800 nm and a repetition rate of
76 MHz. The spatial spot diameter (at 1/e2 intensity level)
of the laser beam was about 2 mm. Absorption was measured
up to about 5 GW/cm2 for 76-MHz oscillator pulses. A
2-mm-thick Fe:LN (Fe concentration: 0.05 mol%) crystal
was used to measure the light-absorption coefficient. The
c-axis of the crystal was kept parallel to the light polarization.
We also measured the light absorption of the same Fe:LN
crystal using laser pulses amplified by the regenerative am-
plifier at 1 kHz at an incident laser intensity ranging from
10 to 388 GW/cm2.
Figure 47 shows the experimental results of the absorbed

laser power for ordinarily polarized light. The absorption
power almost linearly increases as the incident laser power
increases up to about 100 GW/cm2. The corresponding
linear absorption coefficient is about 0.11 cm. On the other

hand, an abrupt increase in the absorption coefficient was
observed above 100 GW/cm2. This highly nonlinear absorp-
tion starting at about 100 GW/cm2 could be a multi-photon
process associated with second-harmonics light (Von der
Linde et al., 1974). In fact, we observed substantial
400-nm second-harmonic emission from the crystal. Signifi-
cantly, the crystal failed to exhibit any damage even at
388 GW/cm2. From the obtained results, the pulses are ob-
viously not subject to nonlinear absorption up to nearly the
100-GW/cm2 intensity, and the PR effects induced in the
Fe:LN crystal with illumination of the femtosecond laser
pulses at 800-nm wavelength reflects one-photon absorption
by the impurity iron centers. It has also been reported
(Pettazzi et al., 2007) that the refractive-index changes in
pure LN crystal by TPA are negligible for 800-nm femtose-
cond laser pulses below 100 GW/cm2, although even pure
LN contains a low but significant amount of iron impurity
at concentrations of 0.001 to 0.01 wt% (Clark et al., 1973).

7.3. Grating Formation with Chirped Laser Pulses

PR volume phase gratings were formed in the same crystal
that was used to measure the absorption coefficient. Figure 48
shows the experimental setup for grating formation by
low-energy 76-MHz pulses at 800 nm. 30 fs (FWHM)
pulses were generated from a mode-locked Ti:Al2O3 laser
oscillator with output energy of 5 nJ/pulse. The laser beam
was split into two beams: a pump beam (Ip) and a signal
beam (Is) by a beam splitter (BS). A 40-mm-thick fused
silica block was used to stretch the temporal width of the
signal pulse to 210 fs. The writing half-angle of the incident
beams was fixed in such a way that grating spacing of
5.22 μm was formed in the crystal. The pump and signal
beams entered the crystal symmetrically in a plane containing

Fig. 47. (Color online) Absorption of 800-nm femtosecond laser pulses at
peak intensity ranging from 15 MW/cm2 to 388 GW/cm2 in an Fe:LN.
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the crystal’s c-axis so that the grating vector became parallel
to the c-axis of the crystal. The polarization of the writing
beams was also made parallel to the crystal’s c-axis. The
spatial spot diameter (at 1/e2 intensity level) of the two
beams was 2 mm. A 100-cm focal length lens was used to
adjust the beam diameter onto the front face of the crystal.
We performed grating generation using strong amplified

laser pulses at 800 nm intensity level of the two beams was
2 mm. A 100-cm focal length lens was used to adjust the
beam diameter onto the front face of the crystal. We per-
formed grating generation using strong amplified laser
pulses at 800 nm, produced by the regenerative chirp pulse
amplifier (CPA). The output energy of the amplified laser
pulses at a repetition rate of 1 kHz was 0.4 mJ/pulse after
the pulse compression. The shortest pulse width (FWHM)
of the output pulses after the compression was about 50 fs.
The experimental setup including a pulse shaper was
almost the same as that with the oscillator laser pulses
(Fig. 48). The pump pulse width stretched by the
40-mm-thick fused silica block was 166 fs.
The experimental results for the evolution of the diffrac-

tion intensity from the PR grating written by laser pulses gen-
erated from the amplifier are shown in Figure 49. The
summary is listed in Table 2. The diffracted signal from
the recorded gratings written by unstretched pulses is extre-
mely low. For the unfocused beam recording condition
(2-mm beam diameter), a maximum diffraction efficiency
of 0.8% was obtained for writing pulse peak intensities
of Ip= 2.63 MW/cm2 and Is= 0.11 MW/cm2. Here, we de-
fined the diffraction efficiency as the fraction of the average
power of the diffracted pump beam relative to the incident
pump beam power. On the other hand, for a stretched
signal pulse at Is= 0.012 MW/cm2 and an unstretched
pump pulse at Ip= 2.63 MW/cm2, a maximum diffraction
efficiency of 4.8% was obtained after 1800 s. For the focused
beam recording condition (0.46-mm beam diameter), when
the signal pulses were not stretched (Ip= 58.3 MW/cm2,
Is= 2.44 MW/cm2), we observed extremely weak diffracted
signal at a diffraction efficiency of about 0.8%. However,

when the signal pulse was stretched (Ip= 58.3 MW/cm2,
Is= 0.27 MW/cm2) a maximum diffraction efficiency of
13% was obtained after 600 s.

Note that when we formed the PR grating with continuous
wave (cw) laser beams at 800-nm wavelength, the diffraction
efficiency was always higher than that of the pulse recording
for both the unfocused and focused beam recording con-
ditions for a particular recording time for the same average
recording powers at (Is= 2.5 W/cm2 and Ip= 5.5 W/cm2)
and (Is= 59 W/cm2 and Ip= 126 W/cm2) (Fig. 49). This
higher diffraction efficiency attributes to better visibility of
the photo induced gratings and perfect phase matching on
the diffraction caused by monochromatic light.

With the amplified laser pulses operating at 1 kHz, we ob-
tained maximum diffraction efficiency of 17% after 780 s
when we applied peak pulse intensities Ip= 15 GW/cm2

and Is= 31 GW/cm2 to the pump pulse (166 fs), and the
signal pulse (50 fs), respectively. The main obstacle in gen-
erating high diffraction efficiency from the grating formed
by the femtosecond laser pulses is its extremely short coher-
ence length. Because of this extremely short coherence
length (short pulse duration), the grating width formed by
two interfering pulses is much smaller than that of the
beam overlapping width. Therefore when two Fourier trans-
form limit femtosecond pulses overlap in the crystal, they can
only form a few high contrast interference fringes in the cen-
tral region of the overlapping beams, whose width is on the
order of micrometer and only the central portion of the inter-
acting beams can diffract from this thin grating, resulting in
low diffraction efficiency. On the other hand, when we
stretch one of the writing pulses, because of its longer dur-
ation, the grating width increases, as a result, a relatively

Fig. 48. Experimental setup for monitoring grating formation in TWM
experiment. BS= Beam Splitter, M=Mirror, NDF=Neutral density
filter, PD= Photo-detector, and L= Lens.

Fig. 49. (Color online) Temporal evolution of diffracted signals of pump
beam of 800-nm cw and femtosecond pulse lasers generated from a mode-
locked Ti:Al2O3 laser and a regenerative chirped pulse amplifier (CPA) in
TWM experiments. Experimental conditions and highest diffraction efficien-
cies were summarized for each plot symbol in Table 2.
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large portion of the interacting beams diffracts from this
wider grating and produces relatively high diffraction effi-
ciency. However, the possibility of degradation exists in
the phase matching of different frequency components
when they diffract from the gratings formed by frequency
components other than their own, even in chirped volume
grating.
A two-wave mixing amplification experiment was also

carried out with high-energy laser pulses operated at
1 kHz. The average power ratio of the signal to pump
beam was kept to 1:17.4. The average power of the pump
pulsed beam was 260 mW, and the pump pulse was stretched
from 50 to 480 fs by a fused silica glass block. The average
power of the signal beam was 15 mW. The amplification of
the weak signal pulse by 34% was measured. By applying
a proper amount of frequency chirp to the pump pulse and
setting small grating spacing, higher amplification might
be achieved. The amplified signal pulse shifted slightly
toward the high-frequency components due to the phase-
mismatched diffraction of different frequency components
from the secondary gratings caused by the two wave
mixing (TWM) of the different frequency components of
the interacting beams.

7.4. Two-Step Holographic Recording

The most effective approach to record near infrared (NIR) or
infrared (IR) femtosecond laser pulses within short times is a
two-step recording technique using short-wavelength gating
laser pulses. The principle of gated recording can be under-
stood by a two-center charge transport model (Jermann
et al., 1995) (Fig. 50). Iron dopants lead to Fe2+-centers
that are “deep” levels, whereas the second Nb+5

Li center is
more “shallow.” Electrons can be excited from Fe2+ by
short-wavelength gating pulses, forming Fe3+. Electrons
are excited either to the conduction band or to the shallow
traps, resulting in the formation of the Nb+4

Li state. NIR/IR
laser pulses have insufficient energy for the excitation of
electrons from the deeper Fe2+ sites to the conduction
band. By illuminating the crystal with short-wavelength
gating (blue or green) light G, shallow traps are filled, and
the crystal will therefore be sensitized for subsequent holo-
graphic recording with NIR/IR light from the Nb+4

Li centers.

To verify the two-step recording scheme, we employed
1.06-μm recording laser pulses and 532-nm (SHG) gating
pulses to form a volume hologram. The incident laser
energy of the 1.06-μm recording pulses was 7.8 mJ/pulse
and the laser pulse width was 15 ns, whereas the incident
laser energy of the 532-nm gating pulse was varied at 0.3,
1, and 7 mJ/pulses. The pulse repetition rate was 20 Hz.
Without the gating pulse no diffraction was observed by a
HeNe reading laser. Figure 51 shows the temporal evolution
of the gratings at various gating laser energies. The summary
is listed in Table 3.
During the two-step recording experiment with femtose-

cond lasers, second harmonic generation femtosecond laser
pulses uniformly irradiate the crystal at the same repetition
rate as the 800-nm laser pulses. Since the gating pulses
also act as an erasing pulse, the incident laser fluence and
the delay time must be adjusted to obtain the highest diffrac-
tion efficiency.
We formed gratings in the same crystal by two-step exci-

tation process using the recording setup that resembles the
one in Figure 48. The recording pulse peak intensities and
pulse widths for the pump and signal beams were identical
as those used in the one-step excitation recording process.
A 400-nm femtosecond laser pulse (230 fs) of peak intensity
84 MW/cm2 was simultaneously allowed to sensitize the

Table 2. Sum mary of diffractive volume grating formation. Lines 1–6 correspond to plots in Figure 3

Corresponding plots in Figure 3 Beam diameter [mm]
Intensity [W/cm2] Pulse width [fs]

Diffraction efficiency [%]
Pump Signal Pump Signal

#1 2 2.63 × 106 0.11 × 106 30 30 0.8
#2 2 2.63 × 106 0.12 × 105 30 210 4.8
– 0.46 5.83 × 107 2.44 × 106 30 30 0.8
#3 0.46 5.83 × 107 0.27 × 106 30 210 13
#4 2 5.5 2.5 CW CW –

#5 0.46 5.9 × 101 1.26 × 102 CW CW >15
#6 2 1.5 × 1010 3.1 × 1010 166 50 17

Fig. 50. Band diagram for two-center charge transport model in Fe:LN. The
arrows indicate the excitation and recombination of electrons.
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crystal during grating formation. A maximum diffraction ef-
ficiency of 9% was obtained after 540 s. The grating for-
mation speed in the two-step excitation process is relatively
faster than that of the one-step excitation process with high-
energy CPA pulses, even in this case where second harmonic
light was also generated. Therefore, the two-step excitation
process can be an alternative recording scheme to efficiently
form grating in Fe:LN crystal by high-energy and low rep-
etition 800-m femtosecond laser pulses at 1 kHz.

7.5. Conclusions

We confirmed that one-photon absorption is dominant in
Fe:LN crystal up to 100 GW/cm2 and demonstrated
volume phase grating formation in Fe:LN crystal for the
first time to the best of our knowledge by high-energy
chirped intense 800-nm femtosecond laser pulses with a rep-
etition rate of 1 kHz. Maximum diffraction efficiency of 17%
was obtained at a total pulse peak intensity of 46 GW/cm2.
We also found that the two-step excitation process with the
assistance of short wavelength laser pulses effectively
forms a volume grating in Fe:LN crystal by 800-nm femtose-
cond laser pulses.

ACKNOWLEDGMENTS

This research was supported by a Grant-in-aid from the Ministry of
Education, Culture, Sports, Science, and Technology, Japan for the
Photon Frontier Network Program.

8. DESIGN AND SPATIAL MODE ANALYSIS OF

A SELF-ADAPTIVE LASER OSCILLATOR

FOR WIRELESS TRANSMISSION OF ENERGY

(C. Schaefer)

The wireless transmission of energy by using electromag-
netic waves was already proposed more than hundred years
ago (Tesla, 1904) and tested since then in numerous exper-
iments. Beside near-field methods that are capable of trans-
mitting energy over up to some m distance, far-field
techniques using microwaves or lasers were found to be
applicable mostly in space where vacuum facilitates beam
propagation and a required direct line from the transmitter
to the receiver is often available. Due to the fundamental
law of diffraction, the latter is favored as a more compact sol-
ution to transmit energy to small-sized objects in space such
as satellites, space probes, and planetary rovers, which pre-
sently still carry their own energy system onboard.

In such applications, the energy converting photovoltaic
cell area usually measures about the laser beam diameter at
the receiver. Hence, it is necessary to point the laser beam
precisely onto the receiver to achieve high transmission effi-
ciencies. In the past, closed-loop optoelectronic control sys-
tems could perform this task with a considerable amount of
complexity and calculation power (Steinsiek et al., 2003).
In contrast, modern microwave transmission systems are
using automatic retro-directive systems that apply phase con-
jugation to a received signal to track the receiver with its
phased-array antenna (Miyamoto & Itoh, 2002). An optical
method based on similar retro-directive techniques would
simplify the system and increase its applicability.

This work examines the recently proposed method in
Schäfer (2010) where the adaptive beam pointing concept
is modified to continuous wave radiation. Since the resulting
setup resembles a self-adaptive laser resonator (Udaiyan
et al., 1998), existing self-consistent spatial mode analysis
was applied and extended using the ABCD-law (Siegman,
1986). In this method, Gaussian beams are described by
the complex beam parameter q that is connected to the
beam radius w and curvature R over the relation q−1

=

R−1
− i · λ/(π · w2) (λ: wavelength) and traced to find the

Table 3. Summary of two-step holographic recording using ns-
laser pulses

Pulse energy of 1-µm
writing beam [mJ]

Pulse energy of 532-nm
assisting beam [mJ]

Different
efficiency [%]

7.8 None 0
7.8 0.3 6
7.8 1 10
7.8 7 0.05

Fig. 51. Temporal evolution of volume holographic gratings in a scheme of two-step writing with 1.06-μm recording pulse and 532-nm
gating pulse at incident energy of (a) 7 mJ, (b) 1 mJ, and (c) 0.3 mJ.
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self-consistent mode in a given cavity. The here considered
self-adaptive laser resonators are characterized by a ring
cavity where a four-wave mixing process occurs inside an
optical nonlinear medium (Udaiyan et al., 1998). According
to Eq. (2) in that publication, the calculation must be based
on a material with third order optical nonlinearity.
At first, the output coupler mirror in the basic setup was

replaced by a retro-reflector that keeps the original equations
unchanged. An analytical expression was then found for
d > 0 (d= distance nonlinear crystal — retro-reflector).
Furthermore, the lens-in-loop oscillator was found to be
analytically solvable over a third-order complex polynomial
equation. But due to the enormous length of the final
expressions, a numerical method was found to be more prac-
tical (Rosas et al., 1998) and applied in further calculations.
The existing formalism was extended to d> 0 by taking
d = N × L where N is an integer and L the length of the ring-
cavity. Transient solutions for resonators up to N≈ 1000 were
computed but a strong increase of required iterations n for con-
vergence set a practical limit to N. The obtained results were
verified to the earlier achieved analytical results.
To meet the requirements for a realistic link with regard to

required spot sizes and power transmission efficiency (frac-
tion of light that falls onto the photovoltaic cells over the
total amount of incident light on the receiver), a general reso-
nator configuration was examined (Fig. 51). Here, the cat’s
eye retro-reflector with Gaussian aperture that represents
the photovoltaic area, is supposed to be installed on the recei-
ver while all other elements are part of the transmitter.
Although a hard aperture as photovoltaic cells and telescope
exit would be chosen in a real setup, a Gaussian aperture was
considered here for compatibility to the applied formalism.
This setup allowed finding parameters that were applied in

a power transmission scenario tested in the past (Steinsiek
et al., 2003) where a laser with λ= 532 nm and beam propa-
gation factor of M2

= 5.5 was used to transmit energy over
d= 100 m onto a receiver of r= 2.5 cm radius.
Table 4 summarizes the input parameters of the numerical

computation that leads to the aforementioned scenario. The
desired power transmission efficiency was set to η= 95% so
that the Gaussian aperture size on the receiver could be

determined to aRR= 5.7 mm. The transmitter aperture
could be found over the diffraction law (aT= 5.4 mm), as-
suming a plane wave at its exit (condition Ra1→∞). L
was chosen to some practical value (L= 50 cm) leading to
N= 200. To ensure a constant wave mixing position, x
and f3 were chosen close to a 4-f imaging configuration
with x= 0.55·L and f3= L/4. The small deviation from a
true 4-f configuration was chosen for enhanced stability of
the resonator. Due to the relatively small N and apertures
sizes, transient solutions sufficiently converged already
after n= 1000 iterations. By arbitrarily fixing one telescope
parameter ( f2= 30 cm), the remaining ones (defocus δ and
magnification M= f2/f1) could be finally optimized
successfully.
Table 5 summarizes the output of the calculation. The

given result was calculated by a genetic algorithm that is sup-
posed to find a global solution with rather rough precision
than to optimize a solution to high precision. It is important
that values of practical use could be achieved. At first, the de-
sired beam radius of w0= 2.5 cm at the receiver could be ob-
tained. Furthermore, radii for collinear beams at the
wave-mixing center could be made equal (w1≈ w2, w3≈

w4). In particular, the radius of curvature of the outgoing
beam Ra1 could be maximized so that a M2-times diffraction
limited spot size w0 was achieved at the receiver that makes
expressions for the amplification requirements applicable
that were derived elsewhere (Schäfer, 2010). These values
thus demonstrate that the problem is in principal solvable.
A subsequent optimization can lead to numerical solutions
with high precision.
Although the parameters could successfully fit desired

values, some problems were found. The final resonator
setup is highly unstable with large half-trace parameters
(HTP) for high power transmission efficiencies η (small
aRR/w0). To stabilize the laser oscillation, the Gaussian aper-
ture could be removed and the photovoltaic cells be placed
behind the cat’s eye mirror, which then becomes the output
coupler. The drawback would be larger sized optics needed
on the receiver to catch the entire laser beam. Finally, the
free choice of f2 indicates an abundance of one lens in the
setup in Figure 52.

Table 4. Input parameters to numerically compute the self-consistent mode

N L x f3 δ M f2 aT aRR M2 n λ

200 50 cm 27.5 cm 12.5 cm −2.77 cm 8.33 30 cm 5.4 mm 5.7 mm 5.5 1000 532 nm

Table 5. Computed parameters: wx: Beam radii, Rx: Radii of curvature, HTP: Half-trace parameter, η: Power transmission efficiency

w0= 2.50 cm w1= 637 mm w2= 630 mm w3= 255 mm w4= 222 mm wa1= 3.77 mm wb1= 2.47 cm HTP η

R0= 102 m R1= 4.55 cm R2=−4.69 cm R3=−4.75 cm R4= 4.60 cm Ra1 =−24.6 km Rb1= 105 m 44 0.95
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Furthermore, aperturing effects of the phase conjugating
mirror were neglected in the above analysis. Such analysis
can be tackled by the theory proposed by Jakeman and
Ridely (1996). Since only a part of the retro-reflected light
is incident onto the nonlinear medium, phase conjugation
is, in general, incomplete. However, in case of no random
aberrations (m0= 0 in Jakeman and Ridely (1996)), the
aperturing effects should not affect the fidelity of the phase
conjugation.
The proposed dynamic laser oscillator can be tested most

conveniently by modifying a self-adaptive laser oscillator
(Omatsu et al., 2002). Since Rh:BaTiO3 or Sn2P2S6 crystals
are usually used as nonlinear medium in such continuous
wave type lasers, the derived theory must be modified from
third order nonlinearity to photorefractive conditions. In
this way, derived methods will be helpful to determine poss-
ible configurations and components for a successful
experiment.

9. ADIABATIC MANIPULATION OF RAMAN

COHERENCE AND ITS APPLICATION TO

ARBITRARY OPTICAL WAVEFORM

GENERATION (K.R. Pandiri and M. Katsuragawa)

Abstract

A highly stable, ultrahigh repetition rate train of user-
specified, complex ultrashort pulses is synthesized by precise
manipulation of spectral phases of adiabatically generated

rotational Raman sidebands using a specially designed
spatial phase controller and spectral interferometer.

9.1. Introduction

Recently, user-specified, complex waveform synthesis has
gained significance in applications related quantum control,
and optical communications (Levis et al., 2001; Jiang
et al., 2007). Numerous attempts have been reported to gen-
erate such waveforms using Raman sidebands (Shverdin
et al., 2005; Katsuragawa et al., 2005; Chen et al., 2008).
This work proposes a new method based on the combination
of a suitable line-by-line phase controller with adiabatically
generated discrete Raman sidebands for an efficient gener-
ation of arbitrary optical waveforms (AOWs). The advantage
in this work over previous studies is adaptive, accurate
measurement of the discrete spectral phase, and the
line-by-line manipulation of spectral phases using a high
damage threshold phase controller. The generated AOWs
can be applicable to study pulse-shape dependence stimu-
lated Brillouin scattering (Brent et al., 1992) and selective
enhancement of optical phonons (Hase, 1998).

9.2. Experimental Details

The experimental schematic is shown in Figure 53. The two
pump laser radiations,Ω0: 382.4280 THz (783.9186 nm) and
Ω−1: 371.8050 THz (806.3162 nm) are produced with a
dual-frequency injection-locked nanosecond pulsed

Fig. 52. (Color online) Schematic of experimental system for line-by-line manipulation of Raman sidebands. Here, SLLPC system=

spectral line-by-line phase controller system, FS= Fused-silica plate, G=Grating, SPIDER-DS system= spectral phase interferometry
for direct electric field reconstruction for discrete spectra, BPF= Band-pass filter, BS= beam splitter, BBO=Beta-barium borate crystal.
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Ti:Sapphire laser (Katsuragawa & Onose, 2005), which pro-
vide Fourier-transform limited 6-ns pulses (spectral width
about 50 MHz) and completely overlap each other tem-
porally and spatially. The differential frequency is slightly
detuned by 990 MHz from the Raman resonance (J= 2←
0 transition of parahydrogen) to satisfy the adiabatic con-
dition. The two pump laser beams are then loosely focused
in the parahydrogen chamber (temperature: 77 K, density:
3 × 1020 cm−3) with f= 800 mm lens to a peak intensity
4.5 GW/cm2. Raman sidebands are generated in the forward
direction (Sokolov et al., 2000; Liang et al., 2000; Suzuki
et al., 2008a) and then introduced into the spectral
line-by-line phase controller (SLLPC) after being collimated
with a f= 300 mm lens. The SLLPC is a spatial phase modu-
lator consisting of 48 fused-silica plates and configured in a
folded 4f-configuration (Suda et al., 2001). The incident
Raman sidebands are dispersed with a grating (600 grooves
per mm) and each sideband is focused onto a single glass
plate placed in the Fourier plane with the use of a concave
mirror ( f= 0.5 m). The change in the spectral phase of
each sideband is accomplished by changing the angle of
the corresponding fused-silica plate through a Piezo actuator
(minimum resolution:±0.1 rad, which was limited by the
minimum step voltage (1 V) applied to the Piezo in the
spectral line-by-line phase controller system). The phase

controlled Raman sidebands and the corresponding wave-
form in the time domain are characterized by using modified
spectral-phase interferometry for a direct electric-field recon-
struction system for discrete spectra (SPIDER-DS) (Suzuki,
2008b). The SPIDER-DS system operates rapidly and gener-
ates an error signal, which is fed back to the SLLPC system
through a set of 48-channel digital-to-analog converters and
amplifiers (Kanaka et al., 2010).

9.3. Results and Discussions

The photographic image of generated Raman sideband and
its spectrum are shown in Figure 54a and 54b, respectively.
Twelve Raman sidebands, from Ω−5: 329.3070 THz
(910.3738 nm) to Ω6: 446.1578 THz (671.9426 nm), are ob-
served. The generated sidebands are collimated and guided to
the SLLPC system. Among these sidebands, seven are
chosen from Ω−4 to Ω2 by partly blocking the others in
space in the SLLPC (highlighted by box in Fig. 53b). This
selection is done to restrict the Raman sidebands to those
that could produce sufficient SPIDER-DS signals.
In this work, we precisely control the relative spectral

phases of the Raman sidebands to a target “flat-relative spec-
tral phase.” This target implies Fourier-transform limited ul-
trashort pulse train with a pulse duration corresponding to the
inverse of the frequency spacing of the Raman sidebands in
the time domain. We reconstructed the intensity waveforms
consisting of seven Raman sidebands in the time domain
using spectral phase of Raman sidebands measured with
SPIDER-DS and intensity of Raman sidebands. We can
see that as a result of controlling the relative spectral phase
to the target, a train of 17 fs ultrashort pulses (crimson line
in Fig. 55) is formed with a 94-fs time interval (10.6-THz
repetition rate), which precisely corresponds to the inverse

Fig. 53. (Color online) (a) Photographic image of Raman sidebands, (b)
Raman sidebands spectrum from Ω−5 to Ω6. Seven sidebands (Ω−4:
339.936 THz to Ω2: 403.674 THz) are chosen for line-by-line phase control
to the target as highlighted by box.

Fig. 54. (Color online) Reconstructed temporal intensity waveforms on the
basis of the estimated spectral phases of the Raman sidebands. Crimson line
is the waveform at the end of optimization process. Black line shows the
Fourier-transform-limited waveform.
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of the frequency spacing of the Raman sidebands. The pulse
shape is in good agreement with the target Fourier-transform-
limited ultrashort pulse (black line in Fig. 55).
We demonstrated AOW generation by line-by-line control

on Raman sidebands. An example is shown for rectangular
optical waveform generation. We performed numerical simu-
lations to obtain effective target spectral phase and waveform
(black line in Figs. 56a and 56b, respectively) using seven
Raman sidebands in comparison with ideal target waveform
(black line in Fig. 55b). To ensure that the spectral phases
converge sufficiently with the effective target in the exper-
iment, we followed an iterative phase manipulation process
based on the precise phase measurement provided by the
SPIDER-DS (error signal is produced from the SPIDER-DS
measurement). The achieved spectral phase and waveform

after iterative process is shown by red line in Figures 55a
and 55b, respectively. A precise match with the effective
target is found in both spectral phase and waveform shape
except for small deviations due to the precision of the
phase control (about ±0.1 rad).

9.4. Conclusion

In conclusion, a highly coherent, discrete, wide-frequency
spacing (10 THz) rotational Raman sidebands are phase ma-
nipulated to synthesize AOWs. Trains of Fourier-transform
limited pulses and rectangular pulses are stably produced at
an ultrahigh repetition rate of 10.6229 THz, analogous to
an ultrafast function generator. The ultrahigh-repetition-rate,
highly energetic AOW light source is demonstrated, and
would be useful in high-energy laser physics.

10. MEASUREMENT OF STIMULATED

BRILLOUIN SCATTERING THRESHOLD BY

THE OPTICAL LIMITING OF PUMP OUTPUT

ENERGY (W. Gao, Z.W. Lu, S.Y. Wang, W.M. He,

and W.L.J. Hasi)

10.1. Introduction

Stimulated Brillouin scattering (SBS) has received general
attention owing to its broad applications such as beam com-
bination (Kong et al., 2008, 2009a; Wang et al., 2009a,
2009b; Ostermeyer et al., 2008), Brillouin amplification of
weak signals (Gao et al., 2009; Lu et al., 2009), optical limit-
ing for laser protection in high-power laser (Hasi et al.,
2009b, 2009c), and slow light in optical fiber (Kovalev
et al., 2009; Lu et al., 2007). Among the parameters that
characterize SBS, the threshold value is of great importance.
The definition of this parameter was first suggested to be
pump intensity when the SBS amplification of the Stokes
radiation overcomes its losses in a medium (Chiao et al.,

Fig. 55. (Color online) Generation of an ultrahigh repetition rate train of rectangular waveforms. (a) Spectral phases (Black dotted line=
effective target, red line= achieved phase) and power spectrum (in gray) of the Raman sidebands. (b) A train of rectangular pulses= ideal
waveform (blue line), effective target waveform (black line), and the achieved waveform (red line).

Fig. 56. Theoretical simulation of the dependence of the output energy on
G. Line AB represents a linear increase of output energy below the SBS
threshold. Line CD shows the optical limiting above the SBS threshold.
Dashed lines, linear fit of lines AB and CD. The vertical dashed-dotted
lines represent intersection points that correspond to the SBS threshold.
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1964). However, the amplification of the Stokes signal corre-
sponding to the point of transition is too weak to detect for
most SBS media because of the lower losses. Thus, the
threshold is usually considered as the pump intensity when
the SBS reflectivity reaches 1%, 2%, or 5% (Boyd et al.,
1990; Eichler et al., 1995). As we know, this is a rather con-
fusing experimental practice. Recently, Bai et al. (2008) pre-
sented a method to determine the threshold value of SBS by
the point of the deviation of the value of the attenuation coef-
ficients of wide- and narrow-line width lasers. We find it is
feasible for some media (e.g., CS2, water, etc.), but it is not
for other media (e.g., FC-75, FC-72, etc.). Because the
SBS still occurs in these media such as FC-75 and FC-72
when the wide-line width laser is used (Lee et al., 2005b),
the attenuation coefficients of the media will not be
constants. Thus, the point of the deviation can not be
determined.
Usually, it is more appropriate and convenient to charac-

terize the steady-state or transient SBS by its threshold expo-
nential gain, Gth= gIthLeff, where g is the SBS gain
coefficient of the medium, Ith is the SBS threshold pump in-
tensity, Leff is the effective interaction length (Kovalev &
Harrison, 2007; Bel’dyugin et al., 2005). Moreover, the
value of Gth can provide a practically important reference
for the design of a Brillouin amplifier, since the optimum
working point of the amplifier is usually near to Gth (Sternk-
lar et al., 1992). When the steady-state approximation is con-
sidered and 1% (SBS reflectivity) criterion for threshold is
used, Boyd et al. (1990) predicted that the value of Gth in
organic liquids is in the range 20–25, and Kovalev and
Harrison (2007) found that the value of Gth decreases with
increasing the interaction length in optical fiber. When a
laser system with the nanosecond-order pulse width is
used, for the most media (the phonon lifetime is usually
between 0.1 ns and 10 ns (Erokhin et al., 1986; Yoshida
et al., 1997)), the transient theory should be use to analyze
the SBS process (Bel’dyugin et al., 2005). Nevertheless, to
our knowledge, the dependence of Gth on the pump
wavelength and the interaction length in the transient
regime has not been observed experimentally or treated
theoretically.
In this work, we present a new method to measure the

SBS threshold, which is simple, accurate, and is not confined
by the medium characteristics. By this method, we theoreti-
cally and experimentally investigate the dependences of the
values of Gth on the pump wavelength and the interaction
length.

10.2. Measurement Principle and Threshold

Characteristics for SBS

We assume a pump wave E
⇀

P(z, t), propagating in the +z
direction, a backward Stokes wave, E

⇀

S(z, t), and a forward
acoustic wave, ρ⇀(z, t), within the SBS medium. The three-
wave coupled wave equations to describe transient SBS in-
cluding its spontaneous initiation from noise are written as

(Gaeta & Boyd, 1991)
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where EP, ES, and ρ are the amplitudes of the pump, the
Stokes, and the acoustic waves, respectively; n is the refrac-
tive index of the medium; g1 and g2 are the coupling coeffi-
cients; α is the absorption coefficient; Γ= 1/τ0 denotes the
phonon decay rate, where τ0 is the phonon lifetime. Also,
f represents the Langevin noise source that describes the ther-
mal excitation of acoustic waves and leads to the initiation of
the SBS process. It is spatially and temporally δ-correlated
Gaussian random process with zero mean:

〈f (z, t)f ∗(z′, t′)〉 = Qδ(z− z′)δ(t − t′), (2)

where

Q =
2kTρ0Γ
V2A

, (3)

characterizes the noise intensity. ρ and V are the density and
sound speed of the medium, respectively; A is the cross-
sectional area of the interaction region. Directly, integrating
the ρ phonon from Eq. (1c), substituting it into Eqs. (1a)
and (1b), and using the transforms g= 4g1 g2/Γ·8π/nc,
and AP,S =
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where g is the SBS gain coefficient. The beam intensity is de-
fined as IP,S= | AP,S|

2. By implicit finite difference in time
and backward difference in space, Eq. (4) can be numerically
solved.
We consider an incident pump pulse of Gaussian temporal

shape, which is input at z= 0, and output at z= L (L is the
cell length). The boundary conditions are given as: AP(0,
t)= AP0 exp {− 2 ln 2[(t− t0)/tP]

2}, AS(L, t)= 0. The
pump output energy can be expressed as ʃ0

∞ |AP(L, t)|
2dt.

The system’s exponential gain is defined as G= gIP0Leff,
where IP0 =|AP0|

2 is the peak intensity of the incident
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pump pulse. Obviously, for given g and Leff, the value ofG is
changed with IP0. Figure 57 shows that the dependence of the
output energy of the pump on the exponential gain G. In the
calculation, the following parameters are used: the wave-
length of the incident pump pulse is 532 nm with an 8 ns

full width at half maximum, the interaction length is
60 cm. FC-72 is chosen as the SBS medium, its parameters
are shown in Table 6. The simulation parameters are closely
matched to those that are used for experiments.

We see that when the value of G is low, the SBS does not
take place, and hence the line AB in Figure 56 shows a linear
increase of output energy with G. After the pump intensity
exceeds the SBS threshold, the energy quickly transfers
from the pump to the Stokes. Consequently, the increase
rate of output energy slows down (i.e., line CD), leading to
an optical limiting effect. Line CD represents a nonlinear in-
crease process. However, according to Figure 56, it can be
considered as an approximately linear change before the
gain saturation occurs. Thus, we perform linear fits for
lines AB and CD. The value of G corresponding to the inter-
section point of two straight lines is defined as Gth. At this
time, the SBS reflectivity is about 2.5%, which agrees with
the criterion for threshold generally accepted.

By using the model and method mentioned above, we
obtain the values of Gth for different wavelengths, λ, and
interaction lengths, Leff, using CS2 and FC-72 as the SBS
media. Their main medium parameters are listed in
Table 6. Figure 58a shows the dependence of Gth on λ. Ac-
cording to the literature (Damzen, et al., 1987), the phonon
lifetime of the medium, τ0, is proportional to λ2. Therefore,
with the increase of λ, the ratio of the pump pulse width to
the phonon lifetime, tP/τ0, decreases, leading to the stronger
transient behavior (Bel’dyugin et al., 2005; Maier & Renner,
1971). This causes the increase of the values of Ith and Gth.
On the other hand, we can see from Eq. (3) that the noise in-
tensity, Q, is proportional to Γ, i.e., Q ∝1/τ0·Gth will be
raised because of the reduced Q with increasing λ. Then,
we choose λ as 532 nm and study the dependence of Gth

on Leff, as shown is in Figure 58b. At this time, tP/τ0 is 5
and 27 for CS2 and FC-72, respectively. Strictly speaking,
the transient SBS process will occur in these two media
(Bel’dyugin et al., 2005). In the transient regime, the
longer Leff for the same G means the smaller pump intensity,
which results in a slower build up of the sound wave and
hence a smaller Stokes signal intensity. Therefore, the
larger Gth is needed to attain the SBS threshold. It can also
be seen from Figure 58 that the values of Gth are very
different for various media, and are larger than that of
steady state (20–25 (Boyd et al., 1990)). This also indicates
that Gth increases as tP/τ0 decreases due to the transient effect.

Fig. 57. Dependences ofGth in CS2 and FC-72 on (a) λ for Leff= 60 cm, (b)
Leff for λ= 532 nm.

Table 6. The parameters of some SBS media

Medium n ρ(g/cm3) g(cm/GW) τ0(ns) λ = 532 nm τ0(ns) λ = 1064 nm α(cm−1) V(m/s)

CS2 1.63 1.26 68 1.59a 6.4 0.0038 1250
FC-72 1.25 1.68 6 0.29a 1.2 10−4 512

aThe parameters are calculated according to the equation given by Erokhin et al. (1986) and the results at 1064 nm (Erokhin et al., 1986; Yoshida et al., 1997);
Others are quoted from Erokhin et al. (1986) and Yoshida et al. (1997).
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10.3. Experimental Results and Discussions

Experimental setup is shown in Figure 59. The laser used is
an injection-seeded, Q-switched, pulsed Nd:YAG laser
(Continuum Powerlite Precision II 9010) with a line width
of 90 MHz and repetition rate of 10 Hz. The output wave-
length of the laser is 1064 nm and 532 nm (when the
double frequency crystal is inserted), the pulse width is
7–8 ns, and the beam diameter is 8 mm. The pump energy
is continuously varied by means of an attenuator, which con-
sisted of a rotatable half-wave plate (λ/2) and a polarizer (P).

A quarter-wave plate (λ/4), together with the polarizer P,
forms a light isolator, preventing backward SBS light from
entering YAG oscillator. A small fraction of the laser
energy separated by the beam splitter (BS) and the output
energy of the pump is measured by the PE50BB energy
detectors (Ophir Optics), ED1 and ED2, respectively.
CS2 and FC-72 are chosen as SBS media. It has been

theoretically and experimentally validated that the scattering
occurred in these media could only be SBS if the pulse
energy of the laser is controlled in certain range. Other stimu-
lated scatterings can be excluded (Bai et al., 2008; Gao et al.,
2008; Daree & Kaiser, 1971; Sen & Sen, 1986). SBS gener-
ally takes place in the free gain length (FGL) determined by
the pulse width of the pump beam (Bai et al., 2008). In our
experiments, the FGLs in CS2 and FC-72 are about 75 cm
and 95 cm, respectively. If the cell length, L≥ FGL, Leff=
FGL, or else, Leff= L. Figure 60 shows that the output
energy versus G at 532 nm and 1064 nm. The cell lengths
are all 60 cm, which are all less than the FGLs. Therefore,
Leff= 60 cm. To determine Gth, the measured results below
and above the SBS threshold are fitted into two straight

Fig. 58. Output energy versusG in (a) CS2 at λ= 532 nm, (b) FC-72 at λ= 532 nm, (c) CS2 at λ= 1064 nm, and (d) FC-72 at l.1064 nm.

Fig. 59. Gth versus L. Fig. 60. (Color online) Model of non-collinear Brillouin amplification.
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dash lines. The vertical dash-dot lines denote intersection
points that correspond to Gth. The measured and theoretical
Gth and Ith are summarized in Table 7. It can be seen that
the values of Gth and Ith increase as λ. The reasons for this
trend are discussed in the theoretical analysis.
Figure 59 shows the dependence of Gth in CS2 and FC-72

on the cell length, L. In the experiment, L are all less than
FGLs, so Leff= L. The pump wavelength is 532 nm. It can
be seen that Gth increases as L. This result is different from
that for steady-state SBS (Kovale & Harrison, 2007). The
change tendencies of the experimental results are in agree-
ment with those of the theoretical predictions in Figure 58b.
However, as seen from Table 7, there are the discrepancies

between the experimental and theoretical values. The reasons
for the errors may be summarized as follows. First, some main
medium parameters such as g and τ0 in the calculation are not
completely consistent with those in the experiment, especially
for the case of λ= 532 nm. Most of data in Table 6 quoted
from the literatures are experimentally obtained at 1064 nm;
whereas the parameters at 532 nm are calculated according
to the equation given by Erokhin et al. (1986) and the results
at 1064 nm. Therefore, the relative measurement errors at
532 nm (about 8%) are larger than those at 1064 nm (<5%).
Second, we find that the absorption coefficient has greater
influence on the calculated results. In the theoretical calcu-
lation, we introduce the linear absorption coefficients without
considering the nonlinear absorption that may occur in the
media. Finally, one-dimensional coupled wave equations as
shown in Eq. (1) approximately describe the SBS character-
istics. If more accurate, Gaussian spatial and spectral distri-
bution of the pump beam should be taken into account.

10.4. Conclusion

Based on the output energy characteristic of SBS optical lim-
iting, the SBS threshold or its exponential gain can be deter-
mined by the intersection point of linear-fitting lines of the
output energy below and above the threshold. This method
is suitable for various SBS media with the advantages of
simple operation and high accuracy. We experimentally
and theoretically investigate the dependences of the threshold
value of exponential gain, Gth, on the pump wavelength and
the interaction length. The results indicate that Gth increases
with the pump wavelength and the interaction length. For
Nd:YAG laser commonly used with a nanosecond-order
pulse width, the values of Gth for various media are very

different. Unlike the case of steady-state SBS, transient
SBS has no similar criterion for estimating SBS threshold.
Therefore, in some applications such as Brillouin amplifica-
tion, SBS threshold should be estimated according to the
medium properties, length, and the wavelength in order to
determine the optimum working point of the amplifier.
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11. INVESTIGATION ON EFFICIENCY OF

NON-COLLINEAR SERIAL LASER BEAM

COMBINATION BASED ON BRILLOUIN

AMPLIFICATION (Y.L. Wang, Z.W. Lu, S.Y.

Wang, Z.X. Zheng, W.M. He, and D.Y. Lin)

11.1. Introduction

Solid state lasers of high repetition rate, high power, and large
energymay bewidely applied in the domains of military, scien-
tific research, and industry, such as inertial confinement fusion
(Hoffmann et al., 2005; Miley et al., 2005), space optical com-
munication and material processing (Thareja & Sharma, 2006;
Veiko et al., 2006). However, because of the limitation of crys-
tal growth technology, heat distortion, and damage threshold,
the output of a single-laser apparatus is restricted.

The laser beam combination is a technology that combines
several laser beams with low power and energy to produce a
high energy and high power laser output (Kong et al.,
2005c). Existing methods usually use a nonlinear optics
phase conjugation approach to combine solid-state pulse
lasers. Stimulated Brillouin scattering (SBS) is a very impor-
tant way in these methods (Kong et al., 1997; Shuangyi
et al., 2007). The SBS parallel beam combination is com-
posed of the overlap coupling beam combination (Basov
et al., 1980), the back-seeding beam combination (Loree
et al., 1987), and the self-phase control beam combination
(Kong et al., 2005b; Lee et al., 2005b). The overlap coupling
beam combination and the back-seeding beam combination
are limited by the low load of the system and the poor back-
ward reflectivity because several laser pulses are focused into
one medium cell. In order to overcome these disadvantages,
Kong et al. (2005b) proposed the self-phase control SBS par-
allel beam combination. In this new scheme, each laser pulse

Table 7. Comparison of measured and theoretical threshold exponential gain Gth and the threshold value Ith for SBS

Medium
Λ= 532 nm Λ= 1064 nm

Gth
exp Gth

theor Ith
exp(MW/cm2) Ith

theor(MW/cm2) Gth
exp Gth

theor Ith
exp(MW/cm2) Ith

theor(MW/cm2)

CS2 64.9 70.8 15.9 17.3 236.4 248.2 57.9 60.8
FC-72 29.6 32.3 82.2 89.7 62.9 65.8 174.7 182.8

The Current Trends in SBS and phase conjugation 151



has an independent medium cell to realize phase conjugation,
so that the system load is separated into many cells and is a
simple optical arrangement (Kong et al., 2008). Their study in-
dicated that the piston error between pump beams was the key
factor of the beam combination (Kong et al., 2007b).
The serial laser beam combination based on Brillouin am-

plification uses several pump beams to amplify one seed
pulse so that the phase is matched during the amplifying pro-
cess. In this beam combination technology, the pump pulses
and the seed pulse must be collinear to achieve the highest
Brillouin amplifying efficiency. However, with increasing
the number of pump beams, the beam combination structure
becomes more and more complex because of a great amount
of usage of polarizer and wave plates that are necessary to
beam input and output in this system. Thus, in this work,
we propose a non-collinear scheme to simplify the structure
of the beam combination setup. Unlike the collinear scheme,
there is an angle between the Stokes beam and the pump
beam for the non-collinear scheme in the SBS cell. The
pump pulse and the Stokes pulse can be injected into the am-
plification cell directly, and the amplified Stokes pulse is also
output from the cell directly. So the polarizer and wave plates
are not needed in the non-collinear scheme. Removing
the wave plates and polarizer has significantly simplified the
non-collinear scheme. With the non-collinear scheme, the
key problem to be solved is achievement of high efficiency
of the beam combination. In this article, the amplifying
efficiency of the non-collinear scheme is investigated and
discussed.

11.2. Theoretical Simulation

The geometry of non-collinear Brillouin amplification is
shown in Figure 60, the angle between the Stokes beam and
the pump beam is β. In this experiment, the pulse is a cylind-
rical beam so the intersection volume of the two beams is de-
fined as the overlap volume V. The effective interaction length
Leff is defined by the result of V divided by the cross section
area S. The beam diameter is given by d. So the effective inter-
action length Leff in the medium cell is defined as

Leff = V/S =
4
3π

d

cos α sinα
(Lm ≤ L),

(V1+ V2+ V3+ V4)/S (Lm > L)

⎧

⎨

⎩

(1)
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, α = β/2

L is the length of the medium cell, and Lm is the length of the
intersection domain. In the one-dimension transient condition,
the non-collinear Brillouin amplification process is seen as a
wave vector mismatch process. The wave vector direction is
the pulse propagation direction. Thus, the mismatch angle is
just the angle of the two beams. Finally, the numerical
model of the non-collinear amplification is shown below
(Shuangyi et al., 2007).
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(Γ/va)2 + 4[(4π/λ)(1− ( cos (β/2)))]2
(2c)

Leff = V/S =
4
3π

d

cos α sinα
(Lm ≤ L)

(V1+ V2+ V3+ V4)/S (Lm > L)

⎧

⎨

⎩
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Where gmax is the medium gain coefficient. EP and ES are the
pump and Stokes fields, respectively.
Using this model, the non-collinear Brillouin amplifica-

tion process is simulated. FC-72 is chosen as the SBS
medium and its parameters are given by: gain coefficient
gmax= 6.0 cm/GW, absorption coefficient α= 10−5cm−1,
medium refractive index n= 1.25, the Gaussian laser pulse
widths are both 10 ns (full width at half maximum). As
shown by Figure 60, the change of the angle will change
the intersection area in the medium cell greatly, and therefore
the effective interaction length changes too. Assuming
that the cell length is 20 cm, the result according to Eq. (2)
is shown in Figure 61. The angle impacts greatly on the effec-
tive interaction length. When the angle is nearly 90 mrad, the

Fig. 61. Influence of cross-angle various on Brillouin amplification.
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effective length reduces to half of the cell length. In other
words, the cell length becomes short. But the change of the
gain coefficient can be ignored. In conclusion, it is the effec-
tive interaction length that impacts the energy amplifying ef-
ficiency, but not the gain coefficient for this scheme.
Fortunately, short cell length is good in the strong signal Bril-
louin amplification process. So the scheme is efficient in
achieving high efficiency of amplification when the angle
is limited within 200 mrad.

11.3. Analysis and Discussion

According to the analysis above, the change of angle be-
tween the pump and the Stokes will directly influence the
efficiency.
In the experiment, the energies of the Stokes pulse and the

pump pulse are both 52 mJ, and the width of the pulse is 6 ns.
Results of Brillouin amplification in different cross-angles
can be obtained by adjusting the optical path gradually.
The incident angle is defined as βair and the refractive
angle is defined as βmedium. Results from the experiment
are shown in Figure 62. In the figure, the abscissa above rep-
resents the cross-angle between the pump beam and the
Stokes beam outside the medium cell, while the abscissa
below represents the cross-angle in medium cell. The influ-
ence of the two angles on the efficiencies is investigated by
experiment, and the results are shown in Figure 62. As
shown in the figure, on the condition of βair varying from
3° to 10° energy extraction efficiency decreases along with
the increasing of βair. These experimental results are consist-
ent with theoretical results.
As discussed above, non-collinear Brillouin amplification

is efficient. With the simplest optical arrangement, two non-
collinear laser beams are of great significance to the beam
combination. On the one hand, the research can be helpful
to seek the feasibility of Stokes beam amplification by

multiple pump beams. On the other hand, it can also provide
technical support on design of serial laser beam combination.

Based on research of signal pump beam amplification,
experimental setup of the two-beam combination is shown
in Figure 63. A Nd:YAGlaser with pulse duration of
about10 ns is split into three lasers beams. One of them is
used to the Stocks beam; the others are used as pump
beams to combine into one.

The pump beam is divided by beam splitter into two
beams: a reflected beam is reflected by mirror M5 and a
transmitted beam is reflected by mirrors M3 and M4. The
two pump beams are both reflected into the medium cell to
amplify the Stokes beam together and the energies of the
two beams are combined to one Stokes seed. The cross
angles between pump beams and the Stokes beam are both
5° (approximately 87 mrad). Length of the medium cell is
20 cm and the medium material is FC-72. Experimental re-
sults are shown in Figure 64.

In order to characterize the efficiency of beam combi-
nation, two efficiencies are defined as (1) efficiency of
beam combination η1= ESA/(ES+ EP), and (2) depleted

Fig. 63. Experimental setup of two-beam combination.

Fig. 62. Influence of various cross-angle on the Brillouin amplification.
Fig. 64. Experimental results of two-beam combination based on noncol-
linear Brillouin amplification.
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ratio of pump energy η2= (EP− EPR)/EP. Where ESA and
EPR are the energy of the amplified Stokes beam and the
residual energy of the pump beam after amplifying, respect-
ively. ES and EP are the energies of the Stokes and the pump,
respectively.
In Figure 64, η21 and η22 represents the depleted ratio of

the two pump beams, respectively. As is shown in this
figure, total energy extraction efficiency increases with the
increasing of Stokes energy, and the efficiency of beam com-
bination also increases. When the two pump beams are 47.1
mJ and 41.5 mJ, respectively, and Stokes beam is up to 88.0
mJ, a beam combination efficiency of 80.7% is achieved.
Furthermore, a higher efficiency of beam combination is
achieved with a higher energy of the Stokes beam, which re-
sults in a stabilization of the efficiency. The result demon-
strates the efficiency of a non-collinear beam combination
and is useful to the multi-beam combination with a strong
Stokes seed (Ostermeyer et al., 2008).

11.4. Design and Discussion of Multi-Beam Combination

According to the discussion above, we know that the non-
collinear beam combination has a higher efficiency com-
pared with the linear beam combination. This provides a
method for more effective and simpler laser beam combi-
nation scheme. In this work, a 20-beam combination is de-
signed and the layout is shown in Figure 65. Here, the
length of the medium cell is 10 cm, diameters of pump
beam P1–P3, P4–P7, P8–P13, P14–P19 are 3 cm, 4 cm,
5 cm, and 6 cm, respectively. Using a non-collinear
scheme, the 20-beam combination could be no larger than
150 × 150 cm2. In order to get an effective combination, a
regulation can be observed that the total gain of the system

is near but not more than the Brillouin threshold. The
output energy of 13.2 J will be expected by this 20-beam
combination scheme with the energy of 818 mJ for every
pump pulse. The efficiency of this beam combination is
approximately 81%.
The layout shown in Figure 65 is still a complex appli-

cation, even though the non-collinear scheme is simple.
Therefore, to design such an application requires a special
geometry. The following is a proposed design for a multi-
beam combination based on the non-collinear scheme. The
geometry is shown in Figure 66. In this scheme, multiple
pump beams are injected into the same medium cell simul-
taneously, and the Stokes seed is amplified by all the
pumps. Two aspects of this scheme are useful to the multiple
beams combination: one is that higher pump energy is
achieved by multiple pump beams and not a pump beam in-
jected into single cell, thus higher Stokes energy is obtained.
The other is that this layout is more compact and simple.
What is more, multiple pump beams interacting with the
Stokes beam at the same time also lessen time delay. To
get a more effective combination, every stage of the non-
collinear beam combination should satisfy the regulation
that the total gain of the system is near but not more than
the Brillouin threshold.

11.5. Conclusion

The non-collinear scheme of serial laser beam combination
based on Brillouin amplification is presented. And the effi-
ciency of beam combination is investigated. The results
show that when the interaction length between the pump
and the Stokes is long enough, a high efficiency can be
achieved with the angle between the pump and the Stokes
limited in 200 mrad.
The two-beam combination scheme is then studied. It is

found that the energy extraction efficiency increased with
the increasing of Stokes beam energy, and the combination
efficiency increased too. A high beam combination effi-
ciency of 80.7% was obtained in experiment with two
pump energies of 47.1 mJ and 41.5 mJ and Stokes energy
of 88.0 mJ. The experimental result is consistent with the
theoretical analysis.
A 20-beam combination is designed with the parameters

of a medium cell with length of 10 cm, laser beam cross
angle of 10°, pulse duration of 10 ns and the beam diameter
of 1 cm. An output energy of 13.2 J will be expected, with an
efficiency as high as 81%. The results show that the scheme

Fig. 66. (Color online) Scheme design of a serial beam combination based
on multiple pump beams with non-collinear Brillouin amplification.

Fig. 65. (Color online) Layout of a 20-beam combination with
10-cm-cell-length.
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of beam combination based on non-collinear construction is
suitable to apply when the energy of a single laser beam is
larger, since the larger size beam is needed in a high
energy laser system. In order to simplify the complex con-
struction of the twenty-beam combination, a special geome-
try is designed which is suitable in all the cases of a
multiple-beam combination.
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12. INVESTIGATION ON EFFECT OF MEDIUM

TEMPERATURE UPON SBS AND SBS OPTICAL

LIMITING (W.L.J. Hasi, X.Y. Guo, H.H. Lu, M.L.

Fu, S. Gong, X.Z. Geng, Z.W. Lu, D.Y. Lin, and

W.M. He)

12.1. Introduction

Stimulated Brillouin scattering (SBS) has been regarded as an
effective way to recover beam front and can be exploited to im-
prove beam quality. The SBS phase conjugation exhibits sev-
eral advantages in terms of small frequency shift, simple
configuration, high fidelity, and high energy reflectivity.
Therefore, it has been a focus of theoretical and experimental
investigation during the past several decades (Kong et al.,
2007b; Yoshida et al., 2007; Ostermeyer et al., 2008; Bai
et al., 2008; Grofts et al., 1991; Wang et al., 2007, 2009a;
Hasi et al., 2007). A great deal of research has demonstrated
medium is a crucial factor for improving the SBS performance
(Yoshida et al., 1997; Hasi et al., 2008a; Park et al., 2006;
Chalus & Diels, 2007; Gong et al., 2009). In the previous
investigations, SBS phase conjugation experiments are usually
carried out in room temperature and the effect induced by
temperature change is seldom considered. In reality, the
medium temperature may be changed due to the absorption
of pump light with a high power and repetition rate. Therefore,
investigation on the effect of medium temperature upon SBS
and SBS optical limiting is a meaningful issue (Hasi et al.,
2008b, 2008c).
In this work, the effect of medium temperature upon

characteristic of SBS and SBS optical limiting is investi-
gated. The physical mechanism behind is analyzed theoreti-
cally and experimentally verified in Continuum’s Nd:YAG
Q-switched laser system using FC-72 as the SBS medium.
The temperature affects the electro-strictive coefficient, re-
fractive index, density and acoustic velocity of the medium
weakly. In contrast, the kinematic viscosity, which is inver-
sely proportional to the temperature, is related to gain coeffi-
cient and phonon lifetime, and thus greatly affects the SBS
characteristics. Therefore, in the low temperature, the kin-
ematic viscosity is usually high, which can lead to a small

gain coefficient, and a short phonon lifetime. Therefore,
the SBS characteristic can be changed by controlling the
temperature to a great extent.

12.2. Theory

The gain coefficient of medium can be expressed by (Park
et al., 2006; Erokhin et al., 1986; Pohl & Kaiser, 1970),

g =
4π2γ2τ

ncvρλ2
, (1)

where g is the gain coefficient, n is the refractive index, γ is
the electrostriction coefficient, which is related to n by γ=
(n2− 1)(n2+ 2)/3, τ is the phonon lifetime, c is the light vel-
ocity in the vacuum, v is the acoustic velocity, ρ is the den-
sity, and λ is the wavelength of incident light.

The phonon lifetime τ of medium can be expressed by
(Park et al., 2006; Erokhin et al., 1986)

τ =
λ2

4π2η
, (2)

where η denotes the kinematic viscosity. Eq. (2) shows that
when the phonon lifetime τ is inversely proportional to the
kinematic viscosity η.

Substituting Eq. (2) into Eq. (1), the gain coefficient g can
be related to kinematic viscosity η by:

g =
γ2

ncvρη
. (3)

Eq. (3) shows that the gain coefficient is also inversely pro-
portional to kinematic viscosity.

The temperature change has a little effect on the refractive
index, density, and acoustic velocity. However, for the kin-
ematic viscosity, it varies greatly with the temperature
(Weaver, 2009; Patent (IPC8 Class: AF21V2900FI); Lage-
mann et al., 1948;Grassi&Testi, 2008), as shown in Figure 67.

Table 8 lists the density and kinematic viscosity of SBS
medium perfluoro-compound at 25°C and −54°C, respect-
ively. The density of FC-72 increases from 1.68 g/cm3 at
25°C to 1.90 g/cm3 at −54°C, and the relative change is
only 13%; however, the kinematic viscosity increases from
0.4 cSt at 25°C to 1.9 cSt at −54°C.

Since the gain coefficient and phonon lifetime are both
related to the kinematic viscosity, the temperature change
will greatly affect the two parameters. In the low temperature,
the gain coefficient and phonon lifetime are small. Increasing
the temperature will lead to the increase in the gain coeffi-
cient and phonon lifetime.

12.3. Experiment

The experimental setup is shown in Figure 68. Continuum’s
Nd: YAG Q-switched laser outputs single mode s-polarized
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light with line-width 90 MHz, which becomes p-polarized
after passing the 1/2 wave plate, and then circular
polarized after passing the 1/4 wave plate. The SBS
system comprises a generator cell and a focus lens L1 ( f=
30 cm). The pump light is focused into a generator cell to
produce Stokes light. Polarizer P together with a 1/4 wave
plate forms a light isolator, preventing the backward SBS
light from entering YAG oscillator. The Stokes light becomes

s-polarized after passing the 1/4 wave plate, and is reflected
by polarizer P. The pump energy can be adjusted through a
1/2 wave plate. The energy of pump pulse, Stokes pulse,
and transmitted pulse are measured with energy meter
OPHIR company. The pulse shape is detected with PIN photo-
diode, and recorded with digital oscilloscope TDS684A.
The output wavelength of Continuum’s Nd: YAG

Q-switched laser is 1064 nm, with a repetition rate of 1 Hz,
pulse width 8 ns, and divergence angle 0.45 mrad. FC-72
is adopted as the SBS medium. The medium temperature is
altered by resistance heating films and semiconductor refrig-
erating chips. Table 9 lists the parameters of some SBS
media. In order to eliminate the water droplet formed on
the cell window plate due to the temperature difference be-
tween air and medium at low temperature, SBS cell with
double window plates is designed, as shown in Figure 69.
The inter-space between the two window plates is vacuum
pumped; therefore no water droplet can be formed while
the light can propagate freely.
Figure 70 provides the dependence of SBS energy reflec-

tivity on the medium temperature for fixed pump energy. The
reflectivity scales is almost linearly with the temperature.
This is because small kinematic viscosity due to a high temp-
erature can lead to a large gain coefficient, thus enhancing the
energy coupling efficiency between the pump and Stokes
(Boyd & Rzazewski, 1990). Therefore, a proper choose of
temperature increase can lead to improved SBS energy reflec-
tivity. For the output energy of SBS optical limiting, it will
turn high at a low temperature (Hasi et al., 2009a).
Figure 71 shows the transmitted waveforms of SBS optical

limiting at different temperatures. The top of the transmitted
pulse is almost a platform at 8°C, while a peak appeared at
15°C. This can be explained as follows: at a high temperature,
kinematic viscosity is small and leads to a long phonon life-
time; thus the energy transfer is incomplete and the peak ap-
pears. In contrast, at a low temperature, the phonon lifetime is
comparatively short and the complete energy transfer can lead
to the generation of flat-top waveform (Hasi et al., 2008d).
Therefore, a low temperature is preferred to be chosen for
the generation of flat-top pulse in time domain.

12.4. Conclusions

The effect of medium temperature upon characteristic of SBS
and SBS optical limiting is investigated. The physical mech-
anism behind is analyzed theoretically and experimentally

Fig. 67. The kinematic viscosity of FC-72 versus medium temperature.

Table 8. The density and kinematic viscosity of SBS medium at
different temperature

Medium FC-72 FC-87 FC-77 FC-84

Density (g/cm3) 25°C 1.68 1.63 1.78 1.73
−54°C 1.90 1.84 1.97 1.93

Kinematic viscosity (cSt) 25°C 0.4 0.4 0.8 0.55
−54°C 1.9 1.1 6.9 4.0

Fig. 68. Experimental setup.

Table 9. The SBS parameters of some media at room temperature

Medium Absorption coefficient (cm−1) SBS gain coefficient (cm/GW) Density (g/cm3) SBS threshold (mJ) Phonon lifetime (ns)

FC-72 <10−3 6.0 1.68 2.5 1.2
FC-87 <10−3 6.6 1.65 2.2 1.1
FC-77 <10−3 5.1 1.78 4.3 0.7
FC-84 <10−3 6.0 1.73 4.0 0.9
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verified in Continuum’s Nd:YAG Q-switched laser system
using FC-72 as the SBS medium. The temperature affects
the electro-strictive coefficient, refractive index, density, and
acoustic velocity of the medium weakly. In contrast, the kin-
ematic viscosity, which is inversely proportional to the temp-
erature, is related to gain coefficient and phonon lifetime, and
thus greatly affects the SBS characteristics. Therefore, in the
low temperature, the kinematic viscosity is usually high,
which can lead to a small gain coefficient and a short
phonon lifetime. Therefore, the SBS characteristic can be
changed by controlling the temperature to a great extent.
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13. SUPPRESSION OF STIMULATED BRILLOUIN

SCATTERING IN LASER BEAM HOT SPOTS

(R.P. Sharma, Prerana Sharma, Shivani Rajput,

and A.K. Bhardwaj)

13.1. Introduction

The nonlinear interaction of high power lasers with high den-
sity plasmas has been a subject of active research for decades

Fig. 69. SBS cell with double window plates, the cell length is 60 cm and
inside diameter is 5 cm.

Fig. 70. The dependence of SBS reflectivity on medium temperature as
pump energy fixed at 40 mJ.

Fig. 71. (a) Pump waveform and transmitted waveforms of SBS at different temperature (b) 8°C, and (c) 15°C, respectively.
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due to its relevance to laser driven fusion (Kruer, 2000;
Bruckner & Jorna, 1974). The increasing use of high
power laser beams in various applications has worldwide in-
terest in laser-plasma interaction (Borghesi et al., 2007;
Laska et al., 2008; Dromey et al., 2009) in the nonlinear
regime. In collisionless plasmas, the nonlinearity arises
through the ponderomotive force-induced redistribution of
plasma. It is well known that various laser-plasma instabil-
ities like, filamentation (Kaw et al., 1973; Young et al.,
1988; Deutsch et al., 2008), harmonic generation (Ozoki
et al., 2007; Baeva et al., 2007; Dombi et al., 2009), stimu-
lated Raman scattering (SRS) (Kline et al., 2009; Bers et al.,
2009), and stimulated Brillouin scattering (SBS) (Hüller
et al., 2008; Hasi et al., 2007; Kappe et al., 2007; Wang
et al., 2009a) might be generated from the interaction of
laser pulses with plasmas. These instabilities affect the laser-
plasma coupling efficiency and SRS can even produce ener-
getic electrons (Estrabrook et al., 1980), which can preheat
the fusion fuel and change the compression ratio. Most of
the theories of stimulated scattering and harmonic generation
are based on the assumption of a uniform laser pump. This is
contrary to almost all the experimental situations, where laser
beams of finite transverse size, having non-uniform intensity
distribution along their wavefront, are used. Such beams may
modify the background plasma density and suffer filamenta-
tion (self-focusing). The non-uniformity in the intensity dis-
tribution of the laser also affects the scattering of a high
power laser beam.
SBS is a parametric instability (Drake et al., 1974;

Hüller, 1991) in plasma in which an electromagnetic
wave (ϖ0, k0) interacts with an ion acoustic wave (ϖ, k) to
produce a scattered electromagnetic wave (ϖs, ks). SBS has
been a concern in inertial confinement fusion application
because it occurs up to the critical density layer of the
plasma and affects the laser plasma coupling efficiency.
SBS produces a significant level of backscattered light;
therefore, it is important to devise techniques to suppress
SBS. In plasmas of heavy ions, this could be accomplished
by introducing a small fraction of light ion species that
could incur heavy Landau damping in the ion acoustic
wave (IAW) and suppresses the SBS (Baldis et al., 1998;
Fernandez et al., 1996).
Little agreement between theory (Baldis et al., 1993;

Baton et al., 1994) and experiments (Chirokikh et al.,
1998) has been reported so far, in spite of intensive studies
of SBS during the last two decades in both fields. Most of
the earlier studies (on the discrepancy between theoretical
expectations and experimental results) are focused with the
saturation effects of SBS-driven IAW, such as kinetic effects,
harmonic generation, and decay into sub-harmonic IAW
components. But it has been shown recently (Myatt et al.,
2001; Fuchs et al., 2001) that due to self-focusing, the
laser pump beam looses coherence when propagating into
the plasma. This incoherence could act as another potential
saturation mechanism for the SBS instability. For such
cases, when induced incoherence reduces SBS, the nonlinear

saturation effects studied in the past may be of minor impor-
tance, because plasma waves stay at relatively low ampli-
tudes. Recently, Hüller et al. (2008) did the numerical
simulation in two dimensions to support this idea. The spatial
incoherence in the pump laser beam due to filamentation in-
stability (self-focusing) and non- monotonous flow, cause an
inhomogeneity and the SBS decreases. In their simulation,
IAW amplitudes were kept small (around 1%) so that the tra-
ditionally assumed nonlinear saturation mechanisms of SBS
through nonlinear IAW can be neglected.
Giulietti et al. (1999) have measured the stimulated

Brillouin back scattering from the interaction of a laser
pulse with preformed, inhomogeneous plasma in conditions
favorable to self-focusing. Spectral and temporal features of
the reflectivity suggest a strong effect of self-focusing on
back-SBS. Baton et al. (1998) have experimentally shown
the dependence of the SBS reflectivity on both the focusing
aperture and the incident laser intensity for millimeter size,
homogeneous, stationary plasmas. Baldis et al. (1998) have
given the experimental evidence of the transverse localiz-
ation of SBS emission to the laser beam axis, demonstrating
that only a few small regions of plasma contribute to the
emission. As a consequence, SBS reflectivity of these re-
gions is much higher than the average SBS reflectivity, by
a factor of 50–100. Eliseev et al. (1996) have shown that
the SBS reflectivity from a single laser hot spot is much
lower than that predicted by a simple three wave coupling
model because of the diffraction of the scattered light from
the spatially localized IAW.
In this work, we have studied the effect of self-focusing

and localization of IAW on SBS process (as a specific
case, backscattering, for which k= 2k0), using paraxial ray
approximation. The nonlinear coupling between the filamen-
ted laser beam and ion acoustic wave results in the modifi-
cation of the Eigen frequency of IAW; consequently,
enhanced Landau damping of IAW and a modified mismatch
factor in the SBS process occur. Due to enhanced Landau
damping, there is a reduction in intensity of IAW, and the
SBS process gets suppressed.
In the present work, the level of IAW amplitude (after

nonlinear coupling between IAW and laser beam) is around
1%. Our work goes one step ahead from the Hüller et al.
(2008) simulation, and highlights the underlying possible
physical process of this SBS saturation. This physical
process involves the localization of IAW due to nonlinear
coupling between pump laser beam (filamented/self-
focused) and IAW due to ponderomotive nonlinearity
(Sodha et al., 2009). As a consequence, the Landau
damping of IAW increases and hence the SBS reflectivity
is suppressed. Therefore, the present work takes into account
the mechanism proposed by Hüller et al. (2008) in their
simulation and IAW localization also for the saturation
of SBS.
The work is organized as follows: In Section 13.2, we give

the brief summary of the basic equations of the propagation
of laser beam. The modified equations for the excitation of
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IAW are studied in the Section 13.3. The effect of localiz-
ation of the IAW is also presented in the same section. In Sec-
tion 13.4, we derive the basic equations that govern the
dynamics of SBS process and SBS reflectivity. The impor-
tant results and conclusions based on the present investi-
gation are presented in the last section.

13.2. Equation of Laser Beam Propagation

A high power Gaussian laser (pump) beam of frequency ϖ0

and the wave vector k0 is considered to be propagating in hot
collisionless and homogeneous plasma along the z axis.
When a laser beam propagates through the plasma, the trans-
verse intensity gradient generates a ponderomotive force,
which modifies the plasma density profile in the transverse
direction as (Sodha et al., 1976)

N0e = N00 exp −
3
4
α
m

M
E · E∗

( )

, (1)

α =
e2M

6kβT0γm2ω2
0

.

Where λ, e and m are the electronic charge and mass, M and
T0 are, respectively, mass of ion and equilibrium temperature
of the plasma. N0e is the electron concentration in the pres-
ence of the laser beam, N00 is the electron density in the ab-
sence of the beam, kβ is the Boltzman’s constant and γ is the
ratio of the specific heats.
The wave equation for the pump laser beam has been

solved using Wentzel-Kramers-Brillouin approximation and
paraxial-ray approximation, and the electric field of the
pump laser beam can be written as (Sodha et al., 1976;
Akhmanov et al., 1968)

E = E00 exp i[ω0t − k0(S0 + z)]{ }, (2)

where wave number and Eikonal of the beam is given as

k20 =
ω2
0

c2
1−

ω2
p

ω2
0

( )

=
ω2
0

c2
ε0, (3a)

S0 =
r2

2
1
f0

df0
dz

+Φ0(z). (3b)

The intensity distribution of the laser beam for z> 0 may be
written as (Akhmanov et al., 1968)

E · E∗ =
E2
00

f 20
exp −

r2

r20

( )

, (4)

where E00 is the axial amplitude, r0 is the initial beam width,
r refers to the cylindrical coordinate system, and ε0= (1−
ω�p
2
/ω�0

2) is the linear part of the plasma dielectric constant.
ω�p is the electron plasma frequency, and f0 is the dimen-
sionless beam width parameter, satisfying the boundary
conditions: f0|z=0= 1 and df0/dz|z=0= 0, governed by the

equation (Sodha et al., 1976)

∂2f0

dξ2
=

1

f 30
−

3
4
α
m

M
E2
00

( )

ω2
pR

2
d0

ε0ω2
0f

3
0 r

2
0

exp −
3
4
α
m

M

E2
00

f 20

{ }

, (5)

where Rd0= k0r0
2 is the diffraction length and ξ= z/Rd0 is the

dimensionless parameter. The density of the plasma varies
through the channel due to the ponderomotive force.
Therefore, the refractive index increases and the laser beam
get focused in the plasma. Eq. (4) gives the intensity profile
of the laser beam in the plasma, which is shown in Figure 72,
using the following parameters in numerical calculation:
the incident laser intensity equals α E2

00= 1.22 (laser
power flux= 1016 W/cm2), r0= 12 μm, n/ncr= 0.1, and
(Te/Ti)= 10.

13.3. Localization of Ion Acoustic Wave

Nonlinear interaction of an ion acoustic wave with the laser
beam filaments leads to its excitation. To analyze this
excitation process of IAW in the presence of ponderomotive
nonlinearity and filamented laser beam, we use the fluid
model as

∂nis
∂t

+ N0(∇ · Vis) = 0, (6)

∂Vis

∂t
+

γin
2
thi

N0
∇nis + 2ΓiVis −

e

M
Esi = 0. (7)

The electric field Esi is associated with the IAW and satisfies
the Poisson’s equation,

∇ · Esi = −4πe(nes − nis) (8)

where nes is given by

nes = nis 1+
k2λ2d

(N0e/N00)

[ ]−1

. (9)

The Landau damping coefficient for IAW is given by

Fig. 72. (Color online) Variation in laser beam intensity with normalized
distance (ξ= z/Rd0) and radial distance (r) for laser power αE2

00= 1.22
and r0= 11.5 μm.
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(Krall & Trivelpiece, 1973)

2Γi =
k

(1+ k2λ2d)

πkβTe

8M

( )1/2

×

m

M

( )1/2
+

Te
Ti

( )3/2

exp −
Te/Ti

(1+ k2λ2d)

( )[ ]

.

(10)

where Te and Ti are electron and ion temperatures, Vis is the
ion fluid velocity, λd= (kbT0/4πN00e

2)1/2 is the Debye
length, and vthi= (kbTi/M )1/2 is the thermal velocity of
ions. Combining Eqs. (6), (7), and (9) and assuming that
the plasma is cold i.e., vthi

2
≪ cs

2, one obtains the general
equation governing the ion density variation

∂2nis
∂t2

+ 2Γi
∂nis
∂t

− c2s∇
2nis + k2c2s

× −1+
1

1+ k2λ2d N0e/N00
( )−1

( )

nis = 0, (11)

where cs= (kβTe/M )1/2 is the speed of the IAW for Te≫Ti.
The solution of the above equation can be written as

nis = n(r, z) exp i[ωt − k(z+ s(r, z))]{ }, (12)

here s is the Eikonal for IAW. The frequency and wave
number of the IAW satisfy the following dispersion relation
in the presence of laser beam

ω2 =
k2c2s

1+ k2λ2d(N0e/N00)−1
. (13)

Substituting Eq. (12) into Eq. (11) and separating the real and
imaginary parts, one obtains, the real part as

2
∂s

∂z

( )

+
∂s

∂r

( )2

=
1
nk2

∂2n

∂r2
+

1
r

∂n

∂r

[ ]

+
ω2

k2c2s

+ 1−
1

1+ k2λ2d(N0e/N00)−1

[ ]

(14a)

and imaginary part as

∂n2

∂z
+

1
r

∂s

∂r
+

∂2s

∂r2

( )

n2 +
∂n2

∂r

∂s

∂r
+

2Γi
c2s

ωn2

k
= 0. (14b)

To solve the coupled Eqs. (14a) and (14b), we assume the
initial radial variation of IAW density perturbation to be
Gaussian, and the solution at finite z may be written as

n2 = n20
f 2

exp − r2

a2f 2
− 2kiz

( )

(15a)

and

s =
r2

2
1
f

df

dz
+Φ(z), (15b)

where ki= Γiω�/kcs
2, is the damping factor, f is a dimension-

less beam width parameter and a is the initial beam width
of the acoustic wave. We have used the following boundary
conditions: df/dz= 0, f 1 at z= 0. Using Eq. (15) in Eq.
(14a) and equating the coefficients of r2 on both sides, we
obtain the following equation governing f

∂2f

∂ξ2
=

R2
d0

R2
df

3
−

3
4
α
m

M

E2
00

r20

f

f 40

( )

R2
d0k

2λ2d
(1+ k2λ2d)

2

× exp
3
4
α
m

M

E00

f 20

( )

, (16)

where Rd= ka2 is the diffraction length of the IAW. Eq. (16)
represents the density profile of IAW in the plasma when the
coupling between self-focused (filamented) laser beam and
IAW is taken into account. It is interesting to compare Eq.
(16) with Eq. (5), i.e., self-focusing of laser pump wave. In
the absence of the coupling between the laser beam and
acoustic wave, the second term in Eq. (16) is zero and the sol-
ution of Eq. (16) is given by

f = 1+
z2

R2
d

.

Thus, propagating a distance Rd, the width a is
��

2
√

enlarged
by and the axial amplitude of density perturbation in IAW is
decreased by the same factor even in the absence of Landau
damping.
We can, however, obtain an analytical solution of Eq. (16)

in special case. When the laser beam has the critical power
for self-focusing, the diffraction term (the first term on the
right-hand-side of Eq. (5)) balances the nonlinear term in
Eq. (5). Under such conditions ( f0= 1), the main beam pro-
pagates without convergence and divergence and is generally
known as the uniform waveguide mode. Therefore, the sol-
ution for f is given by

f 2 =
A+ B

2B
−

A− B

2B
cos 2

��

B
√

z
( )

,

where

A =
1
R2
d

and

B =
3
4
α
m

M

E2
00

r20

( )

k2λ2d
(1+ k2λ2d)

2
× exp

3
4
α
m

M
E2
00

( )

.

Therefore, the amplitude of IAW (given by Eq. (15a)), which
depends on f will be oscillating with z due to this nonlinear
coupling, hence the IAW gets localized.
When the power of laser beam is greater than the critical

power for self-focusing, we have solved Eq. (15a) numeri-
cally with the help of Eq. (16) to obtain the density pertur-
bation at finite z. The result is shown in Figure 73a, for
typical laser parameters as we have used in previous section.
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It is evident from the figure that the IAW gets excited due to
nonlinear coupling with the high power laser beam because
of the ponderomotive nonlinearity. If we take the zero
Landau damping of IAW, we get the structure having the am-
plitude varying periodically with the z coordinate as shown
in Figure 73c.
The localization may be understood as follows: Because of

the ponderomotive force exerted by the pump laser beam, the
electrons are redistributed from the axial region. According
to the dispersion relation ω2

= k2cs
2
/(1+ k2λd

2(N0e/N00)
−1),

the phase velocity ω�/k of the acoustic wave has a minimum
on the axis and is increasing away from the axis. If we con-
sider the initial wavefront of the electrostatic wave, the sec-
ondary wavelets travel with minimum velocity along the
axis and with higher velocity away from the axis. As the wa-
vefront advances in the plasma, focusing occurs, and the am-
plitude of the density perturbation increases. When the size
of the wave front reduces considerably, diffraction effects
also become important and hence the amplitude of the den-
sity perturbation starts to decrease.
We can calculate the periodicity length L of localized

structures by putting r= 0 in Eq. (15a), as shown in
Figure 74. According to Figure 74, value of L comes out to
be 2.62Rd0. If we take the fast Fourier transform of the struc-
ture as shown in Figure 74, we get the spectral lines in one
structure at a separation of kA= 2π/L, and the value of kA
is coming out to be 2.4 Rd0

−1. We have shown these struc-
tures in Figure 75a. These periodic localized structures are si-
milar to the structures in a periodic potential well. This
situation can be modeled by representing Eq. (11) in the
form of Mathew’s equation in a periodic potential well.
Therefore, taking the density variation as eiω�t in Eq. (11),
one can write

i
∂

∂T
+ ΓL

( )

nis +
∂2nis
∂Z2

− Nns = 0, (17)

here,

T =
t

(1/2ω)
, ΓL = Γi/2ω), Z =

z

(cs/2ω)
, and

N = μ exp (ikAz) (18)

where μ represents the dimensionless amplitude of the den-
sity perturbation in k-space. The normalized density of the
first spectral component in Figure 75a is 5.801, which is at
a distance of kA from the central component. The value of
μ2 comes out to be μ2= (Nk

2
/N00

2)= 0.0058, in which we
have used the seed value of IAW (N0

2
/N00

2)= 10−3. If nis
is of the form, nis= ψexp(-i ʃ0

T dτΛ), then we may write
Eq. (17) in the form of Eigen value equation (Rozmus
et al., 1987)

(Λ+ iΓL)ψ+
∂2

∂Z2
ψ− Nψ = 0. (19)

We assume the solution of Eq. (19) in the form of Bloch

Fig. 73. (Color online) Variation in IAW intensity with normalized distance (ξ = z/Rd0) and radial distance (r), for a =19 μm, (a) with
Initial Landau damping (Γi/ω�)= 0.0142 (b) with modified Landau damping (Γi/ω�)= 0.0155, (c) with zero Landau damping.

Fig. 74. (Color online) Variation in IAW intensity with normalized distance
(ξ) in real space at r= 0 corresponding to Figure 73.
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wave function as

ψ =
∑

n

exp [i(k + nkA)Z]ψn. (20)

Substituting this solution in Eigen value Eq. (19), we
obtain the equation

(Λ+ iΓ0L)ψ0 − K2ψ0 = μ(ψ+1 + ψ−1), (21a)

and

(Λ+ iΓnL)ψn − (K + nKA)
2ψn = μ(ψn−1 + ψn+1), (21b)

where

ΓnL ≡ ΓL(k + nkA).

Keeping only ψ0, ψ±1 components, we obtain (Rozmus et al.,
1987) for Λ=Λ1+ iΛ2,

Λ1 = K2 1+
��������������

(1+ 4μ2/k4)
√

( )

/2 andΛ2

= −�ΓL/(1+ Δ/Λ1),
(22)

where the effective dampin Γ̄L is

�ΓL = ΓL(k)+ μ2
ΓL(k + kA)

(k + kA)4
, (23)

and mismatch factor has the form

Δ = Λ1 − k2 (24)

Eqs. (22) and (23) give the expression for modified fre-
quency and enhanced Landau damping of the IAW, respect-
ively. The value of the enhanced Landau damping is 0.0155,

whereas the initial damping value was 0.0142. Therefore, we
have approximately 10% increment in Landau damping of
IAW, and the mismatch factor in Eigen frequency is
coming out to be 0.0338. It is obvious that Landau damping
governs the intensity of the IAW, and due to localization of
IAW, the effective damping of the acoustic wave increases,
therefore, as a result, the intensity of IAW reduces accord-
ingly, as shown in Figure 73b. The enhanced Landau damp-
ing effect is also observable in the modified spectra of the
IAW, as shown in Figure 75b.

13.4. Stimulated Brillouin Scattering

The high frequency electric field ET, satisfies thewave equation

∇
2ET −∇(∇ · ET ) =

1
c2

∂2ET

∂t2
+ 4π

c2
∂JT
∂t

, (25)

where JT is the total current density vector in the presence of
the high frequency electric field ET and it is given by

JT = −e N0vt +
1
2
nesvt′

( )

− e N0vt +
1
2
n∗esvt

( )

. (26)

ET may be written as the sum of the electric field E of the
pump laser beam and of the electric field ES of the scattered
wave, i.e.,

ET = E exp (iω0t)+ ES exp (iωSt). (27)

Substituting Eqs. (26) and (27) into Eq. (25), and separating
the equation for pump and scattered field.,

∇
2E +

ω2
0

c2
1−

ω2
p

ω2
0

N0e

N00

( )

E =
4πe
c2

1
2
∂

∂t
(nesvt′), (28a)

∇
2ES +

ω2
S

c2
1−

ω2
p

ω2
S

N0e

N00

( )

ES =
4πe
c2

1
2
∂

∂t
(n∗esvt). (28b)

In solving Eq. (28b), the term∇(∇ × ET) may be neglected in

Fig. 75. (Color online) Comparison of Power spectrum of IAW, for a E2
00= 1.6 (a) with Initial Landau damping (Γi/ϖ)= 0.0142 (b) with

modified Landau damping (Γi/ϖ)= 0.0155.
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the comparison to the ∇
2ES term, assuming that the scale

length of variation of the dielectric constant in the radial dis-
tance is much larger than the wavelength of the pump wave.
Substituting vt= (ieE/mω0) in Eq. (28b), one obtains

∇
2ES +

ω2
S

c2
1−

ω2
p

ω2
S

N0e

N00

( )

ES =
1
2

ω2
p

c2
ωS

ω0

n∗es
N00

E, (29)

let the solution of Eq. (29) be

ES = ES0(r, z)e
+ikS0z + ES1(r.z)e

−ikS1z
, (30)

where kS0
2
= (ωS

2
/c2)(1− (ωp

2
/ωS

2))= (ωs
2
/c2)εS0 and ks1 and

ω�s satisfy the matching conditions

ωS = ω0 − ω, KS1 = k0 − k.

Using Eq. (30) in Eq. (29), one gets

− k2S0ES0 + 2ikS0
∂ES0

∂z
+

∂

∂r2
+

1
r

∂

∂r

( )

ES0

+
ω2
S

c2
εS0 +

ω2
p

ω2
S

1−
N0e

N00

( )

[ ]

ES0 = 0. (31)

− k2S1ES1 + (−2ikS1)
∂ES1

∂z
+

∂

∂r2
+

1
r

∂

∂r

( )

ES1

+
ω2
S

c2
εS0 +

ω2
p

ω2
S

1−
N0e

N00

( )

[ ]

ES1

=
1
2

ω2
p

c2
ωS

ω0

n∗es
N00

E0 exp (− ik0s0). (32)

to a good approximation, the solution of Eq. (32) may be
written as

ES1 = E′
S1(r, z)e

−ik0S0 , (33)

substituting this into Eq. (32), one obtains

E′
S1 = −

1
2

ω2
p

c2
n∗

N0

ωS

ω0

E0

k2S1 − k2S0 −
ω2
p

c2
1−

N0e

N0

( )

[ ] . (34)

Simplifying Eq. (31) and substituting ES0= ES00e
iks0Sc, one

obtains after separating the real and imaginary parts

2
∂Sc
∂z

( )

+
∂Sc
∂r

( )2

=
1

k2S0ES00

∂

∂r2
1
r

∂

∂r

( )

ES00

+
ω2
p

ω2
SεS0

1−
N0e

N00

( )

, (35a)

∂E2
S00

∂z
+ E2

S00
∂2Sc
∂r2

+
1
r

∂Sc
∂r

( )

+
∂Sc
∂r

∂E2
S00

∂r
= 0. (35b)

The solution of these equations may again be written as

E2
S00 =

B′2

f 2S
exp −

r2

b2f 2S

( )

, (36a)

Sc =
r2

2
1
fS

∂fS
∂z

+Φ(z), (36b)

where b is the initial beam width of the scattered wave. Sub-
stituting the above solution in Eq. (35a) and equating the
coefficients of r2 on both sides, we get the equation of the
spot size of scattered wave as

d2fs

dξ2
=

R2
d0

R2
dsf

3
s

−
ω2
p

ω2
s εS0

3
4
α
me

mi
E2
00

( )

fs
f 40

R2
d0

r20

× exp −
3
4
α
me

mi

E2
00

f 20

( )

, (37)

where RdS= kS0b
2 is the diffraction length of the scattered

radiation.
It is easy to see from Eq. (15) that the IAW is damped as it

propagates along the z-axis. Consequently, the scattered wave
amplitude should also decrease with increasing z. Therefore,
expressions for B’ and b may be obtained on applying suitable
boundary conditions ES= ES0exp(ikS0z) +ES1exp(−ikS1z)= 0
at z= zc; here zc is the point at which the amplitude of the scat-
tered wave is zero. This immediately yields

B′ = −
1
2

ω2
p

c2
ωS

ω0

n0
N00

E00fS(zc)
f (zc)f0(zc)

×

exp (− kizc)

k2S1 − k2S0 −
ω2
p

c2 1− N0e
N00

( )[ ]

×

exp [− i(kS1zc + k0S0)]
exp [i(kS0Sc + kS0zc)]

,

with condition

1
b2f 2s (zc)

=
1

r20 f
2
0 (zc)

+
1

a2f 2(zc)
. (38)

The reflectivity is defined as the ratio of scattered flux and
incident flux, R= (|ES|

2
/|E00|

2). By using Eqs. (30), (33),
(34), (36), and (38), we get ESE

∗
S= ES0E

∗
S0 +ES0E

∗
S1

exp[i(kS0+kS1)z]+ES1E
∗
S0 exp[−i(kS0+kS1)z] +ES1E

∗
S1 and
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1
4
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1
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[ ]2
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1
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r2

a2f 2
−
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+
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× exp −
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−
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−
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⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

. (39)

It is apparent from the above equation that the reflectivity is
dependant on the intensity of IAW and damping factor. To
observe the effect of localization of IAW on SBS reflectivity,
we have included the expression of modified Eigen fre-
quency, (Eq. (22)) and effective damping, (Eq. (23)) in the
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above equation. It is clearly evident from Figure 76 that the
SBS reflectivity gets reduced in the presence of the new
Eigen frequency and damping values by almost the same
factor as the intensity of the IAW decreases. In Figure 76,
the solid red line (online only) shows the reflectivity with
initial damping value and the dashed blue line (online
only) shows the reflectivity including the effective enhanced
Landau damping. If we calculate the integrated SBS reflec-
tivity in two cases: namely (1) with initial damping of
IAW and (2) with modified enhanced damping of IAW, we
find that the reduction in SBS reflectivity comes out to be
approximately 10%.

13.5. Conclusion

In the present work, we studied the filamentation of the laser
beam in paraxial regime considering ponderomotive nonli-
nearity in hot collisionless plasma. It is evident from the results
that the IAW gets excited due to nonlinear coupling with the
high power filamented laser beam, and due to Landau damp-
ing, it gets damped as it propagates. The coupling is so strong
that the IAW becomes highly localized and produces periodic
structures. Further we discussed the effect of localization of
IAW, this resulted in the modification of the Eigen frequency
of IAW; consequently, an enhanced Landau damping of the
IAW and a modified mismatch factor in the SBS process oc-
curred. Solving the Eigen value problem we obtained an en-
hanced Landau damping, which resulted in a reduction in
the intensity of the IAW. As a consequence, the back-
reflectivity of the SBS process is suppressed by a factor of
approximately 10%. These results should find applications
in the laser induced fusion scheme where a reduction in
SBS will improve the laser plasma coupling efficiency.
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14. A COMPOSITE PHASE CONJUGATOR BASED

ON BRILLOUIN ENHANCED FOUR-WAVE

MIXING COMBINING WITH STIMULATED

BRILLOUIN AMPLIFICATION (C.Y. Zhu, Z.W.

Lu, and W.M. He)

14.1. Introduction

Stimulated Brillouin scattering (SBS) optical phase conju-
gation (OPC), a technique with profound significance to
high-power laser science, has been studied and made great
efforts to application practically by researchers all over the
world for decades (Zel’dovich et al., 1972; Basov & Zubar-
ev, 1979; Meister et al., 2007; Ostermeyer et al., 2008). In
demand for large laser engineering such as inertial confine-
ment fusion and inertial fusion energy, works on SBS
phase conjugator, SBS beam combiner, and so on, are
being carried out by more and more research teams (Kong
et al., 2005c, 2006, 2007b, 2008, 2009a; Kappe et al.,
2007; Hasi et al., 2007, 2008d; Wang et al., 2007, 2009a;
Yoshida et al., 2007). As well known, advantages of the
SBS phase conjugator are high energy-conversion efficiency
and simple structure. However, the acoustic wave, which
plays a crucial role in SBS process, is developed from the
noise in Brillouin medium (Boyd et al., 1990), which
makes the phase conjugate wave instable in many situations.
For instance, phase jumps or intensity modulations are fre-
quently observed in experiments (Shahraam et al., 1998;
Yang et al., 2001), and when the leading-edge of the laser
pulse is shorter than or comparable with the phonon lifetime
of the Brillouin medium, SBS phase-conjugate fidelity and
its stability will deteriorate severely (Dane et al., 1992),
which keeps this technique far away from applications of
short pulse such as fast ignition laser pulse. Besides, the
Stokes wave competes with optical noise modes throughout
its generation and amplification processes, leading to the
existence of non-conjugate components of the output wave,
that is to say, and the phase-conjugate fidelity can never
really achieve 100% (Zel’dovich et al., 1982). So far as it
goes, problems mentioned above, whose root is the noise-
origin characteristic of the acoustic wave, have severe limit-
ing factors for practical application of SBS phase conjugator.
There is another OPC technique, called Brillouin en-

hanced four-wave mixing (BEFWM), which is also based
on acousto-optic interaction, but different from SBS in acous-
tic origin mechanism in nature (Scott & Ridley, 1989). In
BEFWM process, acoustic wave is driven by optical coherent
beating patterns and built up instantaneously without
acoustic-relaxation-time restriction of the medium. This non-
noise process not only keeps OPC stable and
transient-state-adaptable but also exhibits advantages as
non-threshold and a 100% conjugate fidelity. In the past dec-
ades, researches on BEFWM mainly focused on the
conjugate-amplification of weak optical signals, and have
gain many achievements (Andreev et al., 1989; Lanzerotti
et al., 1996; Zhu et al., 2007). However, when BEFWM

Fig. 76. (Color online) Variation in normalized back scattered reflectivity of
SBS, |Es|2/|E00|

2 with normalized distance, (a) when (Γi/ϖ)= 0.0142 (solid
red line) and (b) when (Γi/ϖ)= 0.0155 (blue dashed line).
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operates with large incident signals as a high-power phase
conjugator, its efficiency, i.e., total reflectivity, will be low
because the energy of the conjugate wave comes from the
reference wave instead of the signal wave itself (Zhu et al.,
2008).
In this work, a composite phase conjugator scheme, in

which mechanism of BEFWM and SBS are combined in a
compact structure is reported. The BEFWM provides phase
conjugate wave seed with fast response, high quality and
stability, which is then magnified by stimulated Brillouin am-
plification (SBA) with high energy-conversion efficiency. As
a result, advantages of BEFWM and SBS can be realized at
the same time. In the following sections, the theoretical
model is set up, as well as numerical simulations, and
demo experiments are carried out. Feasibility of the
BEFWM-SBA phase conjugator is verified sufficiently.

14.2. Theory

14.2.1. Physical Model

Physical model of the BEFWM-SBA composite phase con-
jugator is shown in Figure 77. E1 and E2, in Figure 77a,
are counter-propagating reference waves, while E2 has a rela-
tive Stokes-shift in frequency. The laser signal wave E3, as
the main laser wave whose power is much greater than the re-
ference waves, intersects E1 at a small angle, and its conju-
gate wave generated by the phase conjugator is termed as
E4. All the input waves should be linearly polarized,
among which E1 is in p-polarized-state, E2 is in s-state, and
let the polarized direction of E3 be slanted slightly, so as to
share its power in s-state for a little and most of them be con-
tained in p-state.
In order to describe these polarization states more explicit,

we add letters p and s to the wave notations in Figure 77b,
and term the two polarized components of E3 as E3p and

E3s separately. The physical picture of interaction among
these waves can be depicted as follows: when encountering
in the Brillouin medium, s-state E3s and E2s interfere with
each other and drive the periodic density variations in the
medium that travels from left to right at a velocity close to
the velocity of sound in the medium, thus an acoustic wave
ρFWM with frequency Ω is produced as a result. ρFWM

acts as a moving Bragg-phase grating, once founded, it will
scatter E1p and generate the p-state Stokes-shifted wave
E4p, which is phase conjugated with the laser signal E3.
Then, as E4p propagates opposite to the way of E3, it
will be Brillouin-amplified by E3p that is also in the p
polarized direction, and high efficiency power growth can
be realized.

There are two procedures existing in this scheme. At first,
a phase conjugate wave seed is generated through Stokes-
type polarization-decoupled BEFWM. Then, growth of the
conjugate wave mainly depends on the SBA process. The
former process provides characteristics for E4 as high stab-
ility and fidelity, the later one ensures high conversion effi-
ciency. In this way, advantages of BEFWM and SBS can
be realized in the composite phase conjugator at the same
time.

However, when ρFWM is built, waves in all polarized states
will be scattered by it immediately. According to the propagat-
ing direction of ρFWM, the signal component E3p might be
Stokes-scattered by ρFWM and generate a Stokes-shifted
wave E2p, which is conjugated with E1p.We call E2p a parasitic
wave. Here come two harmful effects from the parasitic wave.
First, power in E3p will be lost partly, resulting in decrease of
the Brillouin amplification gain of E4p. Second, E2p will be
Brillouin amplified by E1p and therefore reduce the E1p

power that should be transported into E4p through BEFWM
process. So, how to ensure that E4p have the dominance over
E2p during all the processes of generation and amplification is
an important issue for this conjugator scheme.

14.2.2. Mathematical Model

In the following mathematical model, the acoustic waves of
SBA in two different directions, i.e., E3p versus E4p and
E1p versus E2p, are denoted as ρ34 and ρ12, respectively,
which propagate from left to right too. All of the six optical
waves can be described by Maxwell’s wave equations,
and the three acoustic waves can be depicted by Navier-
Stokes’s energy transmission equation. Taking the inter-
action geometry into account as shown in Figure 77b and
based on the assumption of neglecting in the second
derivations, the nonlinear coupled-equations describing all
the processes mentioned above along the z direction can be
written as

cos θ
∂

∂z
+

n

c

∂

∂t

( )

E1p = igoρ12E2p + igoρFWME4p −
α

2
E1p, (1)

− cos θ
∂

∂z
+

n

c

∂

∂t

( )

E2s = igoρ
∗
FWME3s exp (iΔkz) −

α

2
E2s, (2)Fig. 77. Physical model of the composite-mechanism phase conjugator

scheme.
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− cos θ
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∗
FWME3p
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E3s = igoρFWME2s exp (− iΔkz)−
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2
E3s, (4)

∂

∂z
+

n

c

∂
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× exp (− iΔkz)−
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∂
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∗
34E3p + igoρ

∗
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α
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−
∂
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+

ΓB
2
+ iΔΩ

( )

ρFWM = iga(θ)[E3sE
∗
2s exp (iΔkz)

+ E1pE
∗
4p cos θ+ E3pE

∗
2p cos θ exp (iΔkz)],

(7)

∂

∂t
+

ΓB
2

( )

ρ12 = igaE1pE
∗
2p, (8)

and

∂

∂t
+

ΓB
2

( )

ρ34 = igaE3pE
∗
4p, (9)

where E and ρ are amplitudes of optical and acoustic wave,
respectively; c is light velocity in the vacuum; n denotes
the refractive index; ga(θ) is the acoustic coupling coefficient
with the angle θ between the optical waves, and numerically
equals to ga cos

2(θ/2) (Aschroeder et al., 1989), in which ga
is the value for θ= 0; ΓB is the Brillouin line width of the
medium; ΔΩ=Ω (cos(θ/2)−1) and Δk= nΩ(cosθ− 1)/c
represent, respectively, the frequency detuning and the
phase mismatch of acoustic waves in BEFWM; α is the opti-
cal absorption coefficient. Compared with the light velocity,
the sound velocity is so small that the propagation terms have
been neglected in the three acoustic waves, Eqs. (7–9).
According to Figure 77b, E1p, E3p, and E3s are injected at

z= 0 while E2s at z= L2. E4p and E2p equal to zero at z= L2

or when t= 0. Intensities of other optical waves will be
specified as demand. Interaction length of BEFWM is lim-
ited between L1 and L2, and where out of this range, the
gain of BEFWM equals to zero. Brillouin amplifications
exist in the entire space 0∼ L2 along the propagation direc-
tions of E1 and E3. So far, all the boundary and initial con-
ditions of the equations are defined, and the numerical
simulation can be carried out.

14.2.3. Simulation and Analysis

In the numerical simulation, the laser signal is chosen as
1.06-μm wavelength and 20-ns full width at half maximum
Gaussian pulses. CS2 is chosen as the Brillouin medium
(Hasi et al., 2005), whose n= 1.59, SBS gain coefficient is
68 cm/GW, the phonon lifetime is 6.4 ns, and α= 4
×10−3cm−1. Besides, we set the parameters as: L1=
35 cm, L2= 50 cm, θ= 10 mrad, the peak intensity ratio of
the reference waves is |E1p|

2:|E2s|
2
= I1p:I2s= 2, and the

peak intensity ratio of the two polarization components in
the signal E3 is |E3p|

2:|E3s|
2
= I3p:I3s= 20:1.

As mentioned above, suppression of the parasitic wave E2p

is important. An effective method to realize it is to decrease I1p
comparing with I3p, i.e., to decrease the pumping intensity in
the SBA process of the parasitic wave E2p, so as to decrease
the energy extraction ratio for E2p from E1p. To do this,
although the initial intensity of E4p generated in BEFWM
will be weaker, it can be amplified to become a considerable
magnitude by the high-intensity pump wave E3p in the follow-
ing SBA process. In Figure 78a, the simulating input pulse wa-
veforms of E1p, E3p, and the output waveforms of E4p and E2p

are shown in the same intensity scale when the injected peak
intensities I3p= 50 MW/cm2 and I1p= 5 MW/cm2. It is easy
to demonstrate that the output E2p is rather weak.
Another method helping to suppress the E2p pulse is to set

injecting temporal delay for E3 relative to E1 pulse, through
which, when E3 arrives in the BEFWM region and E2p is gen-
erated, there is only a tail part of the E1p pulse to provide energy
transferring to E2p in the SBA process, which is very limited in
energy and actuation duration. Nevertheless, if only the conju-
gate wave seed E4p is generated, even though its duration of
generation is short and intensity is weak, it can be amplified

Fig. 78. (Color online) Numerical
simulation on the input and output wa-
veforms of the conjugator when the
incident peak power I3P= 50MW/

cm2, I1P = 5 MW/cm2, without
signal delay (a), and with 20-ns
signal delay (b).

T. Omatsu et al.166



during the whole subsequent signal pulse span with a high
gain. In Figure 78b, it is set as I1p= 5 MW/cm2, I1p=
50 MW/cm2, and E3 is delayed by 20 ns relative to E1. It
can be seen that peak intensity of the conjugate pulse E4p is
close to 50 MW/cm2, while E2p can almost be neglected.
Other parameter-contributions to the composite PC have

been calculated numerically in our theoretical simulation
work, and feasibility of this composite-mechanism scheme
is verified in the theory. Performance of the PC, such as re-
flectivity will be discussed in the next section.

14.3. Experiments

14.3.1. Experimental Setup

The experimental setup is shown in Figure 79. The Nd:YLF
single frequency TEM00 Q-switched laser, operating at 1-Hz
repetition rate, can deliver about 120 mJ p-polarized-state
pulses at 1053 nm in a 20-ns full width at half maximum
quasi-Gaussian pulse shape. The beam diameter is about
4 mm. A λ/2 plate and polarizer P1 are used to split the
laser beam into E1wave, i.e., E1p, and E3wave. After passing
through the 4% sampling plate SP1 and the polarizer P4, E1p

enters the 80-cm-length composite cell filled with CS2, i.e.,
Cell-1, and the forepart of E1p pulse that transmitted through-
out of Cell-1 generates backward Stokes wave in a
short-focused-type SBS CS2 cell, i.e., Cell-2, whose lens
focus equals to 10 cm and distance from Cell-1 is about
70 cm. When passing backward through the λ/4 plate, the
Stokes wave is changed into s-polarized state, then enters
into the back window of Cell-1, and acts as E2s. The E3

wave, which is reflected by the polarizer P1 and then by P2

turns into p-polarized state by a 45° rotor and a 45° Farady
rotator, and penetrates through the polarizer P3 entirely.
Then it is adjusted by a λ/2 plate to contain a small s-state
component with ratio of I3p/I3s= 20, and coupled by 20-ns
delay mirrors M1–M6 into Cell-1 where BEFWM-SBA pro-
cess is built up. The angle between E1 and E3 is about 10
mrad. The penetrated part of E3 is obstructed by a diaphragm
set behind Cell-1. The conjugate wave E4p generated in
Cell-1 propagates backward along the way of E3, and finally
penetrates P2 to become the output wave. The residual E2s

and the parasite wave E2p will propagate backward along
the way of E1. E2s will be reflected off by the polarizer P4,
and E2p can be blocked by the isolator.
In the experiments, we recorded the injection E1p and the

output of E2p on the two sides of SP1, and recorded E3 and

E4p on SP2 simultaneously. In order to simulate high-flux
laser system, a long focus lens with f= 300 cm is inserted
in the path of E3 to increase the signal intensity to a certain
extent in the BEFWM-SBA region, while the focus of the
300-cm lens is located out of the Cell-1 in order to avoid
self excitational SBS of E3.

14.3.2. Results and Discussion

Pulsed waveforms and near-field intensity patterns of the
input signal E3 and the output conjugate wave E4 measured
in experiments are shown in Figure 80. A little step, which
is usually observed in the Brillouin amplification process,
is shown at the root of E4 waveform. Consistency of the in
and out beam cross-sectional patterns is achieved well.

In order to research the performance of the composite
phase conjugator with different laser signal power, in the
experiments, we fixed the incident E1 at 8 mJ/pulse, and
varied E3 from 6 mJ/pulse to about 82 mJ/pulse gradually
by changing the applied voltages charged on the Xe-lamps
of the Nd:YLF laser. It is shown that the output E4 increases
from about 3 mJ/pulse to about 61 mJ/pulse, while the para-
sitic E2p is kept in a range between about 3 mJ/pulse and 6
mJ/pulse, as shown in Figure 81.

Reflectivity R of the composite phase conjugator is defined
as energy ratio of E4 and E3 pulses, i.e., R= E4/E3, which
have been measured synchronously using the two same calori-
meters at both sides of the sampling plate SP2. For each
measuring point, we recorded pulse energies continuously
for 60 shots, and analyzed the mean value of R and its
shot-to-shot fluctuations. In the discussion about, the stability
of the conjugator, fluctuations of the laser itself should be
taken into account, because variations in the signal can
induce the change of R correspondingly. We note the relative
instability of R with the symbol β, and calculate it by

β =
ΔR
�R

=
1
�R

�E4

�E3
ΔE4 −

�E4

�E
2
3

ΔE3

( )

Fig. 79. Experimental setup of the BEFWM-SBA phase conjugator in
demo-version.

Fig. 80. (Color online) Pulsed waveforms and near-field intensity patterns
of the input signal wave E3 and the output conjugate wave E4.

The Current Trends in SBS and phase conjugation 167



where the symbol with bar on the head is the mean value at a
certain measuring point, and Δ denotes the standard devi-
ation, i.e., root mean square. Figure 82a shows the exper-
imental results of R which is as a function of E3. The
increase of E3 induced the growth of R from 55% to a satur-
ation value about 75%. β is shown in Figure 82b. It is seen
that β is almost fixed within the range close to or below
1% during the whole variation of E3 and at any R values,
which demonstrates a very good stability.
In Figure 82a, the theoretical result is shown as a solid line.

Although the tendency of which is in accordance with the
experiments, it is seen obviously that the deviation occurs
when E3 is larger. In our analysis, it is attributed to incom-
plete polarization control for the injecting optical waves.
Far-field divergence angles of the output conjugate wave

E4 is recorded by an array camera, the result is shown in
Figure 83. When the signal increases, the mean value of
the divergence angles of E4 is about 0.451 mrad, which is
close to the signal divergence 0.434 mrad. In addition, the
fluctuation of the output divergence angles is below 5% in
the whole experimental signal range.

14.4. Conclusions

A novel BEFWM-SBA composite phase conjugator can be
realized by polarization control in a compact interaction
region, in which generation and amplification of the phase
conjugate wave operates in BEFWM and SBA process,
respectively. In this way, the advantages coming from non-
noise origin of the acoustic wave and high-efficiency coup-
ling can be achieved simultaneously very well, such as
rapid response, high conjugate fidelity, high stability, and
high efficiency.
Feasibility of this BEFWM-SBA mechanism is verified by

the theoretical simulations and the experiments. Because
almost all of the parameters are required adjustable in the de-
moversion experimental layout, it is seen rather complex in
the structure, and a simplified version should be employed
in the practical applications. For the experimental results in
this work, it is estimated that the incomplete control of the
polarization states is the prime reason resulting in deviations
of the experimental results from that of the theory. Besides,
the output performance, such as a conjugation fidelity,
which can be indicated by the far-field divergence angle,

Fig. 82. Reflectivity R (a) and its rela-
tive instability β (b) with different inci-
dent laser signal E3.

Fig. 81. Output pulse energies of E4 and E2P with different incident laser
signal E3.

Fig. 83. Far-field divergence angles of the output conjugate wave E4 with
different incident laser signal E3.
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could be influenced by so many optical elements in the
experimental setup.
Significant potential performance characteristics of the

composite conjugator which will be very interesting are
worth to be verified and studied in the following work. For
instance, the transient-state adaptabitility supported by non-
noise origin of the acoustic wave, the high repeat rate laser
pulses, and the high-power laser-load adaptabitility because
of the non-focus structure of the composite interaction
region, and so on.
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