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After the laser was invented in 1960, a phase conjugation mirror has been respected to be the most fantastic one for the
laser resonator composition because it can compensate any distortions of the laser beams occurred by the many
inhomogenuities of the laser media and optical components. Among the many phase conjugation configurations, the
stimulated Brillouin scattering phase conjugation mirror is the most simple one and many researchers have tried to
utilize it to develop high power/energy laser systems. For realizing a high energy/power laser system the thermal
problem is the most difficult to solve, and some researchers suggested a beam combination technique to reduce the
thermal load of the big laser media to many small sized ones. To accomplish the beam combination using stimulated
Brillouin scattering phase conjugation mirrors (SBS-PCMs), it is necessary to lock/control the phases of the SBS-
PCMs. And some researchers have developed several ways for it, but they can lock the phases of a limited number of
beams overlapped at the foci less than 5, or lock the phases by back-seeding technique but it loses the phase conjugation
characteristics. For realization of the laser fusion driver, it is necessary to combine more than 10 or 100 beams. And the
authors have developed recently a new phase controlling/locking technique which is isolated and independent totally
from other beams and it can be applied to an unlimited number of beams in principle. # 2006 The Optical Society of
Japan
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1. Introduction

Laser fusion energy will be realized only if the laser driver
of the output energy of 10MJ is required for fuel mass 10–
20mg.1) For laser fusion energy generation, this laser driver
must operate with high repetition rate around 10Hz, which
is the most hard condition within the current laser technol-
ogy,2) even if its gain will be increased very much with the
help of the fast ignition technology.3,4) Usually we need
hundreds of laser beams for laser fusion reaction for the
uniform implosion of the target. For example, NIF employs
192 beams. We need to develop a laser fusion driver module
of 50KJ output energy operating at 10Hz, when we assume
200 beams of the driver will be used for implosive heating.
This high repetition rate high energy laser system is possible
in the gas laser system, however, the gas laser system5–8)

has its own problems such as energy instability and too big
size of the laser system.9,10) In this aspect, the solid state
laser system is more ideal than the gas laser system.
However, this kind of highly repetitive solid state laser
driver has not been realized yet because of the bad thermal
properties of the solid laser media. (Solid state lasers such as
NIF and GekkoXII can operate only with one shot per
several hours.11,12))

To solve this thermal problem in solid state laser systems,
many researchers have developed many types of the laser
media with high thermal conductivity, laser diode (LD)
pumping to reduce the thermal load, or using a beam
combination technique to distribute the thermal load to many
small pieces of the amplifiers.13–18) The sintered ceramic
laser material19–21) is known as the most promising laser
material for this purpose. LD pumping is also very effective

to reduce the thermal load to the laser media. The
‘‘Mercury’’ laser system in LLNL22,23) has been successfully
developed with the LD pumping to deliver 100 J at 10Hz,
but still the way to the several KJ laser system is long away
to arrive. The new beam combination technique developed
by authors is the most promising way to develop the real
laser fusion driver in near future independent of the new
ceramic laser media and LD pumping, because it can
combine as many beams as we wish without any limitation.
If we apply this new technique to combine 500 of the laser
module of 100 J with 10Hz using the beam combination
technique, we can get 50KJ output at 10Hz simply. In this
paper, we will introduce the conceptual design of the two
beams combined 200 J with 10Hz using this new technique.

The beam combination technique using stimulated
Brillouin scattering phase conjugation mirror (SBS-PCM)
has many advantages because it gives the phase conjugated
wave24) that can compensate any optical distortions occurred
in the amplifier chain for the good beam quality, and also
can stabilize the beam pointing of the laser system if the
cross symmetric SBS-PCM is applied for the amplifier
system.25) For the beam combination technique, it is essen-
tial to control/lock the phases of the beams to be combined,
so-called phase locking or phase controlling. For the phase
locking of the beam combination with SBS-PCM, there are
several different techniques developed such as the four wave
mixing,26–28) the overlapping foci,29–31) the back-seeding by
the Stokes wave,32) and the self-phase-controlling SBS-
PCMs (SFC-SBS-PCMs).14–16) Among these locking tech-
niques, SFC-SBS-PCM is applicable to the unlimited
number of beams and the most simple so that this technique
is the most promising way to the real laser fusion driver. The
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four wave mixing technique has too much complicated
optics to be applied to the many beams combination. The
overlapping foci technique becomes very difficult to apply to
many beams over 5, because the focal points will be highly
distorted by the thermal effect due to the high energy at the
focal spot and also it destroys the symmetry between the
beams to give the unequal output characteristics. The back-
seeding beam technique does not guarantee the phase
conjugation of the SBS wave because the SBS wave follows
the phase of the back-seeding beam not of the signal wave.
H. J. Kong proposed the very new technique, so called self-
phase-controlling of SBS-PCM using a single feedback
mirror only, which can overcome all drawbacks of the
previous techniques mentioned upper. This new technique
is the most simple among the phase locking techniques
developed previously, and furthermore it is possible not only
to lock but also to control the phases of the SBS waves very
accurately. Each beam’s phase can be controlled totally
independently just by changing the position of the mirror.

We propose a 200 J at 10Hz laser system using this phase
controlling system by two beam combination technique. The
module of 100 J with 10Hz laser system employ 30 discs
of 60� 120� 5mm3 (W � L� t) and flash lamp pumping.
The flash lamps can be replaced by LDs simply changing the
pumping cartridge in future if the budget allows. Two of
these modules will be combined together to get 200 J output
energy by the beam combination technique through the
amplitude dividing technique or wave-front dividing tech-
nique.

The beam combination technique with SFC-SBS-PCM is
easily scalable to unlimited number of beams so that the
demonstration of 200 J with 10Hz repetition rate is the most
important step toward the future of the laser fusion driver.

2. Reflectivity of Stimulated Brillouin Scattering Phase
Conjugation Mirrors

The SBS reflectivity is nearly equal to that of an ordinary
mirror in the narrow band case wherein the pump bandwidth
��p is smaller than the Brillouin line-width �, which
corresponds to a steady state SBS.33,34) However, from a
practical point of view, many applications of a SBS phase
conjugate mirror (PCM) would necessarily involve a broad-
band pumped SBS, which corresponds to a transient state
SBS (��p > �) because laser systems involving the use
of the SBS-PCM have a broadband spectrum in general,
in order to obtain high output power and short pulse
widths.35,36) Thus, it is particularly important to investigate
the broadband pumped SBS. Several theoretical and exper-
imental investigations have been reported on the SBS
reflectivity using a broadband pump.37–43)

For a broadband pump, the SBS reflectivity depends on
the relationship between four parameters; the coherence
length lc, the characteristic interaction length zo which is
usually equal to the Rayleigh range, the mode spacing
�m, and the Brillouin line-width �.37–43) We investigated
the reflectivity of SBS-PCM when the coherence length is
longer than the interaction length (lc > zo). In this regime,
the SBS gain for the broadband pump is as high as that for

the narrow band pump,37–39) and hence, the SBS-PCM is
most likely to apply to a laser system satisfying the condition
lc > zo. It was reported the SBS gain was as same as that
for a single longitudinal mode pump and is also independent
of the mode structure if the pump laser mode spacing
exceeds the Brillouin line-width (�m > �).37) Besides, even
if �m < �, off-resonant acoustic waves, which are generated
by the beating between the pump laser mode and another
Stokes mode, play an important role in enhancing the gain
and the reflectivity.40,41)

In all the previous works, however, the influence of the
multi-mode pump, or in other words a broadband pump, was
considered only for two or several longitudinal modes and
low pump energy near the SBS threshold. We have found
that SBS reflectivity is significantly affected by self-focusing
in the case of the multi-mode pump with a large number of
longitudinal modes. This is because the multi-mode pulse
has the temporal intensity spikes, arising due to mode
beating, which have enough power to induce nonlinear
effects such as self-focusing and optical breakdown even
near the SBS threshold. In this section, we investigate the
characteristics of the SBS reflectivity by the multi-mode
pump with large number of longitudinal modes over a wide
range of energy, in contrast to the single-mode pump case.
We have used four kinds of liquids with different nonlinear
refractive index n2 and the Brillouin line-width �.

The experimental setup for measuring the reflectivity
of the SBS-PCMs is shown in Fig. 1. The pump laser used
was a Q-switched Nd3þ:YAG laser (GCR-150-10, Spectra
Physics) with a single-longitudinal mode injection seeder.
This pump laser can be operated both in the single- and
multi-mode. The laser line-width in the single-mode and the
multi-mode cases were found to be �0:003 cm�1 (0.09GHz)
and �0:33 cm�1 (10GHz), respectively. Thus, the line-width
of the multi-mode case was much larger than the Brillouin
line-width of the liquids used in this experiment, listed in
Table 1,34,44–46) implying that the multi-mode pump corre-
sponds to a broadband pump and the high transient regime.
The mode spacing �m was �0:0061 cm�1 (183MHz), and
hence the number of modes of the multi-mode pump beam

Fig. 1. Experimental setup for the measurement of the SBS
reflectivity; �=2, half wave plate; Pol, polarizer; M, mirror; ND,
neutral density filter; �=4, quarter wave plate; PBS, polarizing
beam splitter; BS, beam splitter; PD, photodiode.
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was as many as about 55. The pulse repetition rate was fixed
at 10Hz and the radius of the output beam was 4mm. The
focal length of the lens used was 15 cm.

This corresponds to a Rayleigh range zo of �0:62mm.
The coherence length lc was found to be �3:4 cm, which
was measured directly using Michelson interferometer.
Thus, the coherence length satisfies the condition lc � zo.
The pulse width in both cases, single as well as multi-mode
cases, was 6–8 ns (full width at half maximum). The spatial
beam profiles in both cases were also almost same and
nearly Gaussian. The pump energy was varied from 0 to
400mJ by means of an attenuator, which consisted of a thin
film polarizer and a half-wave plate. The fluctuation of the
laser energy was less than 1% for both cases. A calorimeter
(AstralTM AC2501, Scientech) was used to measure both
the pump energy Ep and the reflected energy ER, averaged
for �300 serial pulses. The SBS materials used in this
experiment were Fluorinert FC-75, carbon tetrachloride
(CCl4), acetone, and carbon disulfide (CS2). The SBS
properties and the nonlinear refractive index n2 of each
liquid are shown in Table 1. They have different nonlinear
refractive index n2 ranging from 0.34 to 122� 10�22 m2/V2.
Besides, each liquid has different Brillouin line-width
ranging from 50 to 528MHz. The breakdown threshold Eb

listed in Table 1 was measured when a bright spark appeared
inside the SBS cell. Each liquid was purified with a syringe
filter having 0.2 mm pore size to raise the breakdown
threshold energy Eb. The length of a SBS cell was 30 cm.
The cells were composed of a glass tube and windows, AR
coated on one side only.

Figures 2 and 3 show 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. The SBS reflectivity shows a typical
nonlinear variation with the pump energy as in the case
of steady state SBS. For the multi-mode pump, the SBS
reflectivity is different for each of the liquids. The SBS gain
for the multi-mode pump seems to be as high as that for the
single-mode pump in both the liquids, considering that the
SBS threshold for both the pump modes is approximately
the same regardless of the liquids. However, in CCl4, the
peak reflectivity is 30% at most. FC-75 provides a peak
reflectivity over 65% but the reflectivity decreases as the
pump energy increases. Especially, the SBS reflectivity in
CCl4 is slightly higher for the multi-mode pump than that 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.47) 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), which results in similar reflectivity
for both liquids for the single-mode pump case. Several
factors appear to contribute to the SBS for the multi-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 such as self-focusing
and the optical breakdown. In our experiments, the multi-

Table 1. Properties of the liquids, used for experiments at a wavelength of 1 mm.

Liquid � (MHz) gB (cm/GW) n2 (10�22 m2/V2) Pc (MW) Eb (mJ)

Fluorinert FC-75 350 4.5–5 0.34 7.0 6
Carbon tetrachloride (CCl4) 528 3.8 5.9 0.4 1.7
Acetone 119 15.8 8.6 0.28 1.5
Carbon disulfide (CS2) 50 68 122 0.020 0.1

�, Brillouin line-width; gB, steady state SBS gain; n2, nonlinear refractive index; Pc, critical power for self-focusing (calculated); Eb,
breakdown threshold energy (measured).

Fig. 2. SBS reflectivity vs pump energy for CCl4 as active
medium and for laser radiation in the single-mode and multi-mode
cases.

Fig. 3. SBS reflectivity vs pump energy for FC-75 as active
medium and for laser radiation in the single-mode and multi-mode
cases.
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mode pulse is composed of 55 longitudinal modes, implying
that the peak intensity of the multi-mode pump can be 55
times higher than that of the single-mode pump if perfect
mode locking is achieved.

First of all, the self-focusing due to the intensity spikes is
likely to lead to anomalously high reflectivity of the multi-
mode pump near the SBS threshold in CCl4. The critical
power of the self-focusing is given by

Pc ¼ �"oc
3=ðn2!2Þ; ð1Þ

where "o and c are the permittivity of vacuum and the speed
of light, respectively.48) Using eq. (1), the critical power Pc

for CCl4 and FC-75 are 0.4 and 7.0MW, respectively; the
nonlinear refractive index n2 is listed in Table 1. Compared
to the SBS threshold (�5% energy reflection) for the single-
mode pump case for CCl4, which is approximately 1.8mJ
(0.26MW), the critical power of 0.4MW is slightly large.
However, we believe that it is possible for the multi-mode
pulse to induce the temporal small scale self-focusing in
CCl4 below the SBS threshold because the intensity spikes
can have high peak power exceeding the critical power Pc.
Figure 4 represents the temporal pulse shapes of the pump
and Stokes pulse with different energy scales for both pump
types, when the pump beam with Ep � 1:5mJ was focused
into a CCl4 cell. This was measured using a fast photodiode
(Newport 818-BB-30) connected to a Hewlett Packard
54542C digital oscilloscope. As expected, the multi-mode
pulse has large intensity spikes, which do not show up in the
single-mode pulse. In addition, it is well known that self-
focusing is dependent on the power and not the energy of the
light. Thus, the multi-mode pulse can induce self-focusing in
CCl4 due to the high intensity spikes even at powers lower
than SBS threshold. Self-focusing leads to increase in the
intensity of the pump beam in the focal region and hence,
can reduce the SBS threshold energy, assuming the steady
state SBS threshold relationship IthgBl ¼ 25{30 to hold to
a good approximation, where Ith, gB, and l are the SBS
threshold intensity, the SBS gain, and the interaction length,
respectively.33) Consequently, self-focusing results in lower
SBS threshold and slightly higher reflectivity near the SBS
threshold in the CCl4 as shown in Fig. 2. We note that
backward stimulated Raman scattering (SRS) was not

observed in this low energy regime up to 10mJ. 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 reflectivity 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 at Ep � 1:7mJ while it
began at �6mJ in FC-75, as listed in Table 1. We have
observed that the breakdown appears around the focal
spot near breakdown threshold and it becomes severe and
results in a filament consisting of bright sparks, as the pump
energy increases. This breakdown disturbs the creation of
the acoustic phonon. Therefore, for the multi-mode pump,
FC-75, which has relatively small n2 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 breakdown
occurred up to the pump energy of 400mJ.

In addition to the breakdown due to self-focusing, an
intensity spike can easily generate optical breakdown by
itself because it has a very steep rising edge. It is well known
that for efficient SBS to occur, temporal fluctuations in
the pump must be slow compared to the acoustic phonon
lifetime. If the temporal fluctuations are fast relative to the
acoustic phonon lifetime, the acoustic waves do not get the
time to build up. The intensity spikes with the steep rising
edge and energies exceeding the breakdown threshold can,
therefore, reach the focal area without losing their energy by
the backward reflection. Hence, they can generate optical
breakdown and reduce the SBS reflectivity even at low
energy. For the single-mode case, the region of SBS
reflection moves fast, along with the SBS pulse, opposite
to the pump pulse and the pump pulse is reflected well from
a region before the focal area wherein the optical intensity
is too small to induce the optical breakdown.49) Therefore,
optical breakdown is not generated for the single-mode
pump even with the strong pump energy.

Figure 5 shows the SBS reflectivity for acetone. It is
shown that the multi-mode pump provides higher reflectivity

(a) (b)

Fig. 4. Pump and reflected pulse shapes in (a) multi-mode and (b) single-mode case at Ep � 1:5mJ in CCl4.
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than the single-mode pump near the SBS threshold, which is
very similar to the results in the case of CCl4. The backward
SRS was not observed in this low energy regime. From
Table 1, acetone has approximately the same nonlinear
refractive index as CCl4. From the above results, it is clear
once again that SBS reflectivity by the multi-mode pump,
with a large number of longitudinal modes, is significantly
affected by self-focusing due to the high intensity spikes.
The reflectivity for the multi-mode pump increases with
energy up to 6mJ and decreases strongly thereafter because
the breakdown becomes severe, whereas the single-mode
pump provides monotonically increasing reflectivity.

Finally, Fig. 6 shows the measured reflectivity of CS2. Of
all the four liquids examined, CS2 has the lowest SBS
threshold energy �0:3mJ and the highest reflectivity �95%
in the single-mode pump case because it has the highest
steady state SBS gain (Table 1). On the contrary, the SBS
reflectivity by the multi-mode pump is the lowest and almost
zero in the entire region. The critical power �20 kW for
self-focusing is about half of the SBS threshold �40 kW.
Besides, CS2 has the longest acoustic lifetime of 6 ns among
the liquids used,45) which is comparable to the pulse-width
of the pump beam. As already mentioned, if the temporal
fluctuations of the pump pulse are fast relative to the

acoustic phonon lifetime, the acoustic waves do not get the
time to build up. As a result, CS2 has very low breakdown
threshold �0:1mJ lower than the SBS threshold, which can
account for the almost zero reflectivity observed. We have
observed that optical breakdown results in a filament in the
case of very weak pump energy close to the SBS threshold.
It is noted that SRS may be also responsible for the low
reflectivity. CS2 has a high SRS gain. The SRS process has
a very short response time of 10�11 s, implying that it can
respond better than SBS process to the intensity spikes of
the multimode pulse.50)

We have investigated SBS reflectivity by a multi-mode
pump with a large number of longitudinal modes, as
compared with the single-mode pump case. We have used
four kinds of liquids with different nonlinear refractive index
and Brillouin line-width. It is found that in all the cases
except CS2, the SBS reflectivity by the multi-mode pump
increases rapidly and then decreases slowly as the pump
energy increases although the SBS gain is as high as that for
the single-mode pump. For the case of CS2, the reflectivity is
generally very low although the nature of variation is similar
to that for the other liquids. On the contrary, the single-mode
pump provides a stable and high reflectivity. This is because
a multi-mode pulse, consisting of a large number of longi-
tudinal modes, has high intensity spikes created by mode
beating, which have enough power to induce optical break-
down and nonlinear effects such as self-focusing. Especially,
it is found that the SBS reflectivity using a multi-mode pump
is significantly affected by self-focusing because it can not
only enhance SBS even at powers lower than the SBS
threshold, but also suppress SBS by generating strong
optical breakdown at high pump energy.

3. Self-Generated Density Modulation Method for
Phase Controlling—Wave-Front Dividing

The experimental setup is shown schematically in
Fig. 7(a). A 1064 nm Nd:YAG oscillator with a bandwidth
of �120MHz was used for the pump. The pulse width was
7–8 ns and the repetition rate was 10Hz. The output from an
oscillator passes through a 2� cylindrical telescope and is
divided into two beams by a prism, which has high reflection
coating for 45 deg incident angle. Both beams then pass
through separate wedges and are focused into each SBS-
PCM. The wedge reflects a part of the backward Stokes
beam, which is overlapped with that of the other Stokes
beam onto a CCD camera to get an interference pattern of
them. For controlling the phase by the self-generated density
modulation, 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. The leading edge
reflected by the uncoated concave mirrors is so weak that the
density modulation induced by the standing wave due to
electrostriction is also weak and does not disturb the acoustic
wave generated by coupling the pump and the Stokes beam.
We used Fluorinert FC-75 as a SBS medium.34) The length
of a SBS cell was 50 cm.

Fig. 5. SBS reflectivity vs pump energy for acetone as active
medium and for laser radiation in the single-mode and multi-mode
cases.

Fig. 6. SBS reflectivity vs pump energy for CS2 as active medium
and for laser radiation in the single-mode and multi-mode cases.
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The diagnostics for the phase control of the Stokes beams
is straightforward. The interference pattern acquired by the
CCD camera yields the relative phase difference � ¼ �1 �
�2 between the laser beams incident on the CCD, where �1

and �2 denote the phases of two laser beams, respectively.
Therefore, we can quantitatively analyze the degree of the
phase controlling by measuring the movement of the peaks.
In every interference pattern, one horizontal line is selected
as shown in Fig. 7(b). A peak position P is then determined
from the selected line. Since the relative phase difference
� between two beams fluctuates, the peak position P also
moves to the left or right with respect to some fixed point F.
When � is the distance between F and P, the relative phase
difference � can be expressed as 2��=T , where T is a spatial
period of the interference pattern.

Figure 8 shows the experimental schematic and results for
the unlocked case when the focal length of the focused
lenses was 25 cm and energy of each incident beam was
�9mJ. Each point in Fig. 8(c) represents one of 160 laser

pulses. As naturally expected, � has random values and
the standard deviation (SD) is �0:295� . This indicates that
the phases of two backward beams are independent and are
not fixed. Figure 8(b) shows the intensity profile of the 160
horizontal lines selected from each interference pattern. The
profile also represents the random fluctuation. Figure 9(a)
shows the first experimental schematic for controlling the
phase of the SBS wave by generating the weak density
modulation. The pump beam was reflected by the uncoated
concave mirror with R ¼ 300mm and then injected into
SBS-PCM. The relative phase difference � is shown in
Fig. 9(c). The energy of each incident beam was 13mJ
and 203 laser pulses were examined. The SD is �0:165� .
Moreover, 88% of the data points is contained within the
range of �0:25� (� 90�). This result gives a demonstration
that the self-generated density modulation can make the
phase of the backward SBS wave fixed. In addition, we
observed that the phase of the SBS wave was varied by the

(a)

(b) (c)

Fig. 8. (a) Schematic of the unlocked case. (b) Intensity profile
of horizontal lines selected from 160 interference patterns. (c)
Relative phase difference between two beams for 160 laser pulses.

(a) (b)

Fig. 7. (a) Experimental setup for the phase locking of two laser beams: M1 and M2, mirrors; W1 and W2, wedges; L1
and L2, cylindrical lenses: L3 and L4, focusing lenses, CM1 and CM2, concave mirrors; HWP1 and HWP2, half wave-
plates; P1, polarizer; PBS, polarizing beam splitter. (b) Measurement of the relative phase difference � between two
beams. The fluctuation of the relative phase difference is expressed as 2��=T , where T is a spatial period of the
interference pattern.

(a)

(b) (c)

Fig. 9. (a) Weak density modulation by a concentric type. (b)
Intensity profile of horizontal lines selected from 203 interference
patterns. (c) Relative phase difference between two beams for 203
laser pulses.
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precise movement of the concave mirror where a PZT was
attached. As the mirror position was changed by PZT, the
interference pattern moved slowly into one direction
although the fluctuations existed. This implies that we can
control the phase of the SBS waves freely and get rid of the
intensity spikes of the beam combination laser by making
the relative phase be zero. We note that this method can be
applied to the beam combination 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 statistically, because our method corresponds to
absolutely uncoupled beams. The optical path length
between the focal point and the uncoated concave mirror
is longer than 30 cm in this setup, considering the radius of
curvature of the uncoated concave mirror (R ¼ 30 cm) and
the refractive index of FC-75 (n ¼ 1:268). Thus, considering
a round-trip, the SBS may be generated from the acoustic
noise before the density modulation is induced because the
density modulation is generated only after more than 2 ns
after the pump laser pulse reaches the focal point. This may
increase the fluctuation of the relative phase difference.

To reduce the fluctuation, we repeated the measurements
for another scheme as shown in Fig. 10(a), where the pump
beams was backward focused by a concave mirror with R ¼
50 cm and >99% reflectivity at the laser wavelength. 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 ðImax � IminÞ=ðImax þ IminÞ 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. 10(c) when
the incident energy was 8mJ and 238 laser pulses were
examined. The SD is �0:135� . Furthermore, 96% of the
data points are contained in the range of �0:25� . 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. 10(b) also manifests the improved
result.

4. Self-Generated Density Modulation Method for
Phase Controlling—Amplitude Dividing

The experimental setup is shown schematically in Fig. 11.
Figure 12(a) shows the Fabry–Perot interferograms for the
pump laser (left) and the SBS return from the SBS-PCM
with the phase control technique (right). We have used
the Fabry–Perot interferometer with the free spectral range
of 5GHz. The interferograms show that the backward SBS
wave is reflected only by the acoustic wave, but the Bragg
scattering by the density modulation is not generated
because there is no overlapping between two interferograms,
considering that the Brillouin frequency shift is 1.34GHz for
FC-75.34) Figure 12(b) shows the Fabry–Perot interfero-
grams for the SBS return from the SBS-PCM with no phase
control technique (left) and the SBS return from the SBS-
PCM with the phase control technique (right). The results
also demonstrate that the SBS wave is reflected only by the
acoustic wave.

The experimental investigation carried out for the cases

(a)

(b) (c)

Fig. 10. (a) Weak density modulation by backward focusing. (b)
Intensity profile of horizontal lines selected from 238 interference
patterns. (c) Relative phase difference between two beams for 238
laser pulses.

Fig. 11. Experimental setup for measuring the relative phase
difference; HWP1 and HWP2, half wave plates; BS, beam splitter;
M, mirror; PM1 and PM2, partial reflection mirrors; W1 and W2,
wedges; P1, polarizer; PBS, polarization beam splitter; CM1 and
CM2, concave mirrors.

(a) (b)

Fig. 12. Fabry–Perot interferograms. (a) The spectra of the pump
laser (left) and the SBS wave reflected from the SBS-PCM with the
phase control technique (right). (b) The spectra of the SBS wave
reflected from the SBS-PCM with no phase control technique (left)
and that with the phase control technique (right). The free spectral
range of the interferometer is 5GHz.
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of Ep1 ¼� 0:37Ep2, Ep1 ¼� 0:68Ep2, Ep1 ¼� Ep2, Ep1 ¼� 1:11Ep2,
and Ep1 ¼� 1:45Ep2 with Ep2 ¼� 10mJ, where Ep1 and Ep2

denote the energies of two sub-pump-beams, in order to
investigate the pump energy dependency of the phase of the
SBS wave. We have measured the relative phase difference
� for measuring the degree of the phase stabilization.
Figure 13 shows the experimental results. Each point in
Figs. 13(a), 13(b), 13(c), 13(d), and 13(e) represents one
of 220 laser pulses. The SDs of the relative phase difference
for the cases of Ep1 ¼� 0:37Ep2, Ep1 ¼� 0:68Ep2, Ep1 ¼� Ep2,
Ep1 ¼� 1:11Ep2, and Ep1 ¼� 1:45Ep2 are �=7:6, �=16:5, �=36,
�=23:8, and �=10:6, respectively. From these results, it can
be noted that the relative phase difference � becomes more
stabilized as Ep1 approaches Ep2 and � is mostly stabilized
for the case of Ep1 ¼� Ep2 ¼� 10mJ. In Fig. 13, the right
figures show the mosaic intensity profiles composed of 220
lines selected from each interference pattern. The intensity
profile, as shown in Fig. 13(c) also represents that � is
remarkably stabilized for the case of Ep1 ¼� Ep2 ¼� 10mJ.
These results show that the phase of the SBS wave depends
on the pump energy under the self-generated density
modulation.

Let us assume that the main pump energy is given by
Ep ¼ E0 þ�E, where E0 is the average pump energy and
�E is the variation in the pump energy caused by the energy
fluctuation of the oscillator output. The energies of two
divided pump beams can be written as Ep1 ¼ rðE0 þ�EÞ
and Ep2 ¼ ð1� rÞðE0 þ�EÞ, where r is the division ratio of
the beam splitter. Thus, the energy change of two divided

pump beams can be given by �Ep1 ¼ r�E and �Ep2 ¼
ð1� rÞ�E. Because the value of �E changes randomly, the
energies of two divided pump beams also change for every
shot to shot, which can induce the fluctuation of the relative
phase difference because the phase of the SBS wave depends
on the pump energy for this phase controlling scheme.
However, if r is equal to 0.5, the effect of the energy
fluctuation of the main beam on the relative phase difference
will vanish for Ep1 ¼ Ep2. The experimental results also
show that the relative phase difference � is mostly stabilized
for the case of r � 0:5. Thus, the balancing the pump
energies can easily make the relative phase difference be
stabilized even if the energy fluctuation of the oscillator
output exists. In addition, compared with the wave-front
dividing cases,14,16) in which the division ratio r is fluctuated
randomly due to the beam pointing effect of the oscillator,
it is seen that the fluctuation of the relative phase difference
for the amplitude dividing case is considerably reduced.
Consequently, we have shown that it is possible to stabilize
the relative phase difference between the SBS waves by
inducing the self-generated density modulation, provided
that the pump energies are balanced, and the phase of the
SBS wave significantly depends on the pump energy under
the self-generated density modulation.

5. Design of the Laser Fusion Driver

The laser fusion driver is proposed in the Figs. 14 and 15
which are the wave-front and amplitude dividing techniques.
All of the amplifier units are the same to operate at repetition

(a) (b)

(d)(c)

(e)

Fig. 13. The relative phase difference � (left) and the mosaic
intensity profile (right) selected from 220 interference patterns for
the cases of (a) Ep1 ¼� 0:37Ep2, (b) Ep1 ¼� 0:68Ep2, (c) Ep1 ¼� Ep2,
(d) Ep1 ¼� 1:11Ep2, and (e) Ep1 ¼� 1:45Ep2 with Ep2 ¼� 10mJ.
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rate over 10Hz and they can be pumped by flash lamps or
LDs. Each amplifier unit is expected to produce 100 J per
pulse at 10Hz repetition rate. For the wave-front dividing
scheme, the tolerance of the phase controlling might be less
than �=4 while it should be less than �=30 for the amplitude
dividing to get the energy fluctuation less than 3%. For the
wave-front dividing scheme, the beam pointing should be
very stable because its instability is directly related to the
phase fluctuation. For amplitude dividing, the beam pointing
is less sensitive than the wave-front dividing case but the
combined energy fluctuate much more than the wave-front
dividing case. Fortunately, the theoretical simulation by
the authors shows that the phase fluctuation decreases as
the pumping energy increases.51) It helps to increase the
accuracy of the phase controlling by increasing the amplifier
output energy, which is very good news for developing high
energy lasers. Figure 16 shows the theoretical simulation for
the energy tolerance depending on the pumping energy for
getting the phase accuracy less than �=100. For example, the
pumping energy over 1 and 10 J gives the phase fluctuations

much less than �=100 for the pumping energy fluctuations
1.5 and 3.4%, respectively.

The reflectivity and efficiency of the SBS wave depends
strongly on the pumping laser’s mode, and it is reported in
the recent publication of the authors.52) The single longi-
tudinal mode regime of the pumping laser shows much
better features than the multi-mode one.

The waveform of the SBS wave is known as distorted by
the SBS intrinsic process. We proposed and demonstrated
the preservation of its pulse shape by the ‘‘pre-pulse
technique’’.18)

6. Future Work

The SBS medium shows the thermal density fluctuation
due to the temperature changes in the medium, and it
changes the phases of the laser beam resulting in the phase
fluctuations of the beams. This can be compensated by
feedback the output signal to the PZT attached to the
feedback mirror for compensating the fluctuation. This work
has been finished successfully and it will be published soon.

7. Conclusions

The phase control of SBS wave by ‘‘the self-generated
density phase modulation’’ has been proposed and demon-
strated successfully in these experiments, and it has been
tested by the theoretical simulation developed newly in this
laboratory. We have found that the phase of the SBS wave is
determined by the pumping energy and the nodal points of
the standing wave generated by the feedback mirror for the
self-generated density phase modulation. This new phase
controlling technique can control the phase of SBS wave as
we want very accurately and also its tolerance increases as
the pumping energy increases, which is very good for
realization of a laser fusion driver. We have proposed and
demonstrated the preservation of its pulse shape by pre-pulse
technique. We have proposed two types of the beam com-
bination, a wave-front dividing and an amplitude dividing
technique looks like better than the other. But if we have
a very stable beam pointing laser sources, the wave-front
dividing might be easier to for the beam combination. The
laser fusion driver can be realized by this beam combination
technique by SBS-PCMs using the newly developed phase
controlling technique.

Fig. 14. Scalable beam combination system for laser fusion
driver. All of the amplifier units are same to operate with high
repetition rate over 10Hz and the whole system can operate at the
same repetition rate as the unit amplifier.

Phase locker

SBS cell

Oscilator

Beam expander

Prepulser

Ploarizing beam 
spliter

Faraday rotator

45 degree rotator

Quarter wave plate

Fig. 15. Scalable beam combination with the amplitude dividing.
All of the amplifier units are same to operate with high repetition
rate over 10Hz and the whole system can operate at the same
repetition rate as the unit amplifier.

Fig. 16. The energy tolerance vs pumping energy for phase
accuracy less than �=100 (theory). Energy fluctuation tolerance for
phase accuracy less than �=100 is 3.4% for 10 J pump energy; 2.7%
for 5 J pump energy; 1.5% for 1 J pump energy; 1.2% for 500mJ
pump energy; 0.67% for 100mJ pump energy; 0.22% for 10mJ
pump energy; 0.11% for 5mJ pump energy.
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