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Abstract

For achieving practically useful laser fusion energy generation, it is necessary to have a M-J laser system with a
repetition rate over 10 Hz. We believe that a beam combination method using stimulated Brillouin scattering phase
conjugate mirrors~SBS-PCM! is one of the most practical techniques for achieving the high repetition rate of the high
power laser. In this paper, we present the recent results about the beam combination laser, such as SBS reflectivity
depending on the mode structure, the cross type isolator, and the phase-locking technique. For the phase-locking
technique, especially, the self-phase-locking is proposed and its result is discussed.
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1. INTRODUCTION

For achieving a high repetition rate in a high power laser,
which is required for a laser fusion driver, several methods
have been widely investigated by many researchers such as
a beam combination technique, a diode pumped laser sys-
tem with gas cooling, an electron beam pumped gas laser,
and a large sized ceramic Nd:YAG~Hogan et al., 1995;
Konget al., 1997, 1999; Loreeet al., 1987; Luet al., 2002;
Rockwell & Giuliano, 1986!. The beam combination method
seems to be one of the most practical techniques for this
application~Kong et al., 1997, 1999; Loreeet al., 1987;
Rockwell & Giuliano, 1986!. The laser system using a beam
combination technique, in which a laser beam is divided
into several beams and recombined after separate amplifi-
cation does not need a large gain medium. Hence, it can
operate at a repetition rate exceeding 10 Hz regardless of the
output energy and is easily adaptable to the modern laser
technology. This technique is very important for high power
laser in inertial fusion research, which are currently con-
structed or operated already~Dansonet al., 2005; Neumayer
et al., 2005!. Konget al. ~1997, 1999! proposed a promising
beam combination laser system~see Fig. 1!, using stimu-
lated Brillouin scattering-phase conjugate mirrors~SBS-

PCM! whose output energy can be unlimitedly scaled up by
increasing the number of separate amplifiers. In addition,
the SBS-PCM produces a phase conjugate wave to compen-
sate many kinds of optical aberrations in the system, induced
during amplification~Rockwell, 1988!. In the beam combi-
nation laser using the SBS-PCMs, however, it is necessary
to control the phase of each beam reflected by the SBS-
PCM, in order to achieve the single recombined beam with
a uniform phase, because the phase of the beam reflected by
the SBS-PCM is naturally random~Boyd et al., 1990!. In
this paper, we present the experimental results about the
beam combination laser, such as the SBS reflectivity depend-
ing on the mode structure, the cross type isolator, and the
phase-locking technique. For the phase-locking technique,
especially, the self-phase-locking is proposed and its result
is discussed.

2. SBS REFLECTIVITY

We have investigated the characteristics of the SBS reflec-
tivity by the multi-mode pump a with large number of
longitudinal modes over a wide range of energy, in contrast
to the single-mode pump case. The pump laser used was a
Q-switched Nd13:YAG laser~GCR-150-10, Spectra Phys-
ics! with a single-longitudinal mode injection seeder. The
laser line-width in the single-mode and the multi-mode
cases were found to be;0.003 cm21 ~0.09 GHz! and
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;0.33 cm21 ~10 GHz!, respectively. Figure 2 shows the
SBS reflectivity for both single and multi-mode cases in
CCl4 and Fluorinert FC-75 as a function of the pump energy.
It is seen that for both liquids, the peak values exceeding
90% can be obtained with the single-mode pump. For the
multi-mode pump, the SBS reflectivity is different for each
of the liquids. In CCl4, the peak reflectivity is 30% at most.
FC-75 provides a peak reflectivity over 65% but the reflec-
tivity decreases as the pump energy increases. The SBS
reflectivity in CCl4 is slightly higher for the multi-mode
pump than for the single-mode pump near the SBS threshold
of the single-mode case, although, in general, the single-
mode pump has a higher SBS gain~Arecchi & Schulz-
Dubois, 1972!. However, for FC-75 the behavior is exactly
opposite. Note that both CCl4 and FC-75 have very similar
SBS properties such as the SBS gain and Brillouin line-
width ~see Table 1! ~Erokhin et al., 1986; Kmetiket al.,
1998; Sutherlandet al., 1996!, which results in similar
reflectivity for both liquids for the single-mode pump case.
We interpret the SBS reflectivity for the multi-mode pump
in terms of the temporal intensity spikes of the multi-mode
pulse, which is absent in the single-mode pulse. This is
because the intensity spikes, created by beating between a
large number of longitudinal modes have enough power to
induce the nonlinear effects and the optical breakdown. In
our experiments, the multi-mode pulse is composed of 55
longitudinal modes. Thus, from the critical powerpc, as
listed in Table 1, the multi-mode pulse can induce self-
focusing in CCl4 due to the high intensity spikes even at

powers lower than the SBS threshold. Consequently, self-
focusing results in lower SBS threshold and slightly higher
reflectivity near the SBS threshold in the CCl4 are shown in
Fig. 2. We note that backward stimulated Raman scattering
~SRS! was not observed in this low energy regime up to 10
mJ. On the other hand, the SBS reflectivity in the FC-75 is
not affected by the self-focusing near the SBS threshold
because the critical power for FC-75 is approximately 18
times larger than for CCl4. Consequently, the SBS reflectiv-
ity for the multi-mode pump is lower than that for the
single-mode pump near the SBS threshold. The self-focusing
seems to be deleterious for SBS since it can enhance optical
breakdown. It can be certified from the experimental results
that the optical breakdown in CCl4 starts atEp ; 1.7 mJ,
while it began at;6 mJ in FC-75, as listed in Table 1. We
have observed that the breakdown appears around the focal
spot near the breakdown threshold and it becomes severe

Fig. 1. A beam combination laser using SBS-PCMs and self-phase-
locking.

Fig. 2. SBS reflectivity vs. pump energy for~a! CCl4 and ~b! FC-75 as
active medium and for laser radiation in the single-mode and multi-mode
cases.
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and results in a filament consisting of bright sparks, as the
pump energy increases. This breakdown disturbs the cre-
ation of the acoustic phonon. Therefore, for the multi-mode
pump, FC-75, which has relatively smalln2 provides higher
SBS reflectivity than CCl4 at high pump energies. On the
other hand, for the single-mode pump, reflectivity of both
the liquids was almost the same because no optical break-
down occurred up to a pump energy of 400 mJ.

3. CROSS TYPE ISOLATOR

In the proposed beam combination laser, each amplification
stage is in the shape of a cross, which is composed of two
parts, amplifier and isolator as shown in Fig. 1. The cross
type amplifier has advantages: The beam pointing of the
output is the same as that of an oscillator and a SBS-PCM
located on the right side works as an isolator~Kong et al.,
1998, 2001!. In Fig. 3~a!, an amplifier is omitted and a
SBS-PCM is replaced with a mirror~M1! for the experi-
ment. We have demonstrated that the optical isolator using
the SBS-PCM, can completely cut off the leak beam as well
as the backward propagating beam, due to ASE generated
from the post stage provided that the optical path lengthL
between the SBS-PCM and the post stage is long enough
compared to the pulse length, which is the pulse width times
the speed of light. The optical isolator is located in the right
arm, which is composed of an SBS-PCM and a quarter wave
plate~QWP1!. If the output beam of the oscillator is strong
enough, the SBS-PCM reflects the laser beam to the post
stage. On the other hand, when the energy of the leak beam
generated from the post stage is lower than the SBS thresh-
old, the leak beam cannot be reflected by the SBS-PCM and
it cannot enter the oscillator.

4. SELF-PHASE-LOCKING

Kong et al. ~1997, 1999! showed that for the relative phase
difference larger thanl04 between the neighboring beams,
the recombined laser beam had an interfering spatial profile
with many undesirable spikes, which can damage the optical
components in the next stages. There have been several
works done to control or lock the phases of the laser beams
for the beam combination with the SBS-PCM~Loreeet al.,

1987; Rockwell & Giuliano, 1986!. In this paper, we have
proposed and demonstrated a new phase-locking technique,
wherein each beam is focused at the separate focal points
without using any backward Stokes seed beams and hence,
the energy scaling is not limited and the phase conjugation is
not disturbed.

The phase of the backward SBS wave is naturally random
because SBS is generated from the acoustic noise~Boyd
et al., 1990!. Because the SBS is the stimulated process

Table 1. Properties of the liquids, used for experiments at a
wavelength of 1mm.G, Brillouin line-width; gB, steady state
SBS gain; n2, nonlinear refractive index; Pc, critical power
for self-focusing (calculated); Eb, breakdown threshold
energy (measured)

Liquid
G

~MHz!
gB

~cm0GW!
n2

~10222 m20V2!
Pc

~MW !
Eb

~mJ!

FC-75 350 4.5–5 0.34 7.0 6
CCl4 528 3.8 5.9 0.4 1.7

Fig. 3. ~a! Schematic of the experimental set up: P1 & P2, polarizer; FR,
Faraday rotator; PE, pyroelectric energy meter; QWP1 & QWP2, quarter
wave plate; L1, lens; PBS, polarizing beam splitter; M1, ordinary mirror.
~b! Leak beam energy dependence on the optical path lengthL. ~b! also
shows the experimental results, which demonstrates that the optical isola-
tor can completely cut off the leak beam from the post stage. The energyEL

of the leak beam reduces to zero asL is increased. The energyEL0 of the
leak beam injected from the post stage was 0.39, 0.79, 1.2, and 1.6 mJ when
the energy of the pump beam was 50, 100, 150, and 200 mJ, respectively. In
Fig. 3~b!, the SBS reflectivity of the leak beams is more than 40 % when
L590cm even if the energy of the injected leak beams is lower than the
SBS threshold;2 mJ. This is because the acoustic wave due to the pump
pulse still survives until the leak beam reaches the SBS-PCM and enhances
the SBS of the leak beam.
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among the three waves, which are the acoustic wave, the
SBS wave, and the pump wave, the phase of the SBS wave
will be fixed if the phase of the acoustic wave is fixed. For
fixing the acoustic noise, we have induced a weak periodic
density modulation in the focal region inside the SBS-PCM
by means of an electro-magnetic standing wave, which
arises from the interference between the pump and its counter-
propagating beam. In proposed technique~Fig. 5a!, the
pump pulse focused into the SBS-PCM is reflected partially
by the uncoated concave mirror~;4% reflection!, so that a
standing wave is built up, especially at the focal area by the
interference between the leading edge and the remaining
part of the pump pulse. We used Fluorinert FC-75 as a SBS
medium~Kmetiket al., 1998!. The diagnostics for the phase
locking is straightforward. Interference pattern of both Stokes
beams were acquired by the CCD camera, which yields the
relative phase differenced 5 F1 2 F2 between the Stokes
beams. Therefore, we can quantitatively analyze the degree
of the phase locking by measuring the movement of the
peaks. Figure 4 shows the experimental schematic and results
for the unlocked case. As naturally expected,d has random
values and the standard deviation is;0.295l. This indi-
cates that the phases of two backward beams are indepen-
dent and are not fixed. Figure 4c shows the intensity profile
of the 160 horizontal lines selected from each interference
pattern. The profile also represents the random fluctuation.
Figure 5 shows the experimental schematic for locking the
phase of the SBS wave by generating the weak density
modulation. The pump beam was reflected by the uncoated
concave mirror with R5 300 mm and then injected into
SBS-PCM. The relative phase differenced is shown in
Fig. 5b. The energy of each incident beam was 13 mJ and
203 laser pulses were examined. The standard deviation is
;0.165l. Moreover, 88% of the data points is contained
within the range of6 0.25l ~6 908!. This result gives a
demonstration that the self-generated density modulation

can make the phase of the backward SBS wave fixed. We
note that this method can be applied to the beam combina-
tion laser composed of a large number of laser beams,
although the experiment has been carried out for just two
laser beams. This can be justified if we consider the two
laser beams in the experiment as a set of arbitrary two laser
beams among the large number of a laser system statisti-
cally, because our method corresponds to absolutely uncou-
pled beams.

To reduce the fluctuation, we repeated the measurements
for the another scheme as shown in Fig 6a, where the
pump beams was backward focused by a concave mirror
with R 5 50 cm and.99% reflectivity at the laser wave-
length. In this case, the delay time to induce the density
modulation is almost zero. However, the contrast of the
standing wave which is expressed as~Imax2 Imin!0~Imax1 Imin!

Fig. 4. ~a! Schematic of the unlocked case.~b! Relative phase difference
between two beams for 160 laser pulses.~c! Intensity profile of horizontal
lines selected from 160 interference patterns.

Fig. 5. ~a! Weak density modulation by a concentric type.~b! Relative
phase difference between two beams for 203 laser pulses.~c! Intensity
profile of horizontal lines selected from 203 interference patterns.

Fig. 6. ~a! Weak density modulation by a confocal type.~b! Relative phase
difference between two beams for 238 laser pulses.~c! Intensity profile of
horizontal lines selected from 238 interference patterns.
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is so small that the density modulation is not quite distinct as
compared to the previous scheme, because the focused
leading edge of the pump pulse encounters a part of the
unfocused pump pulse. The experimental result is shown in
Fig. 6b when the incident energy was 8 mJ and 238 laser
pulses were examined. The standard deviation is;0.135l.
Furthermore, 96% of the data points are contained in the
range of6 0.25l. Therefore, it has been shown that the
degree of the phase controlling can be very much improved.
The intensity profile of the horizontal lines in Fig. 6~c! also
manifests the improved result.

5. CONCLUSION

We have investigated a beam combination technique with
the SBS-PCMs for obtaining a very high output power0
energy laser system with high repetition rate over 10 Hz,
which is very important for high power laser in inertial
fusion research. Through the measurement of the SBS reflec-
tivity, it is seen that the single-mode pump provides a stable
and high reflectivity whereas the SBS reflectivity by the
multi-mode pump increases rapidly and then decreases slowly
as the pump energy increases. This is because a multi-mode
pulse has high intensity spikes created by mode beating,
which have enough power to induce optical breakdown and
nonlinear effects such as self-focusing. In addition, we have
demonstrated that an optical isolator in a cross type ampli-
fier can perfectly cut off the leak beam from the post stage if
the optical path length between the SBS-PCM and the post
stage is long enough compared to the pump pulse length.
Finally, we have demonstrated that the phase control of the
SBS-PCMs can be achieved by inducing a periodic self-
generated density modulation at the focal area by the electro-
magnetic standingwave.Weexpect that thisbeamcombination
technique provides a promising one to develop the fusion
driver with high output power and a repetition rate more
than 10 Hz.
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