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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 mirror§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 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

For achieving a high repetition rate in a high power laser
which is required for a laser fusion driver, several method
have been widely investigated by many researchers such

tem with gas cooling, an electron beam pumped gas Iase{o

and a large sized ceramic Nd:YAGHoganet al, 1995; PCM, in order to achieve the single recombined beam with

Konget al., 1997, 1999; Loreet al., 1987; Luet al., 2002; ;
o ' ' S ' auniform phase, because the phase of the beam reflected by
Rockwell & Giuliano, 1986. The beam combination method the SBS-PCM is naturally randofBoyd et al, 1990. In

seems to be one of the most practical techniques for th|§niS paper, we present the experimental results about the

;pplll(catll?g((};(_orll_g et ‘iléslg%' |1999; Lotreet al_., 19%7; beam combination laser, such as the SBS reflectivity depend-
ockwe iuliano, 8. The laser system using abeam ing on the mode structure, the cross type isolator, and the

pombinatio?t)technique(j, in whigh adlasﬂer beam is diVidel.(thase—locking technique. For the phase-locking technique,
Into several beams and recombined after separate ampll >specially, the self-phase-locking is proposed and its result

cation does not need a large gain medium. Hence, it capL yi
I~ . discussed.
operate at arepetition 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 power2. SBS REFLECTIVITY
laser in inertial fusion research, which are f:urrently Con_We have investigated the characteristics of the SBS reflec-
structed or operated alrealyansoret al.,, 2005; Neumayer . : : .
7 tivity by the multi-mode pump a with large number of

etal.,, 2005. Konget al. (1997, 1999 proposed a promising L . )

o . ! . longitudinal modes over a wide range of energy, in contrast
beam combination laser systeisee Fig. 1, using stimu-

S . . . ~ to the single-mode pump case. The pump laser used was a
lated Brillouin scattering-phase conjugate mirr¢&B8S Q-switched Nd:YAG laser(GCR-150-10, Spectra Phys-

. _ ics) with a single-longitudinal mode injection seeder. The
Address correspondence and reprint requests to: Hong Jin Kong, Korerel l idth in th inal d d th It d
Advanced Institute of Science and Technology, Department of Physics aser line-width in the single-mode and the multi-mode

Daejeon 305-701, South Korea. E-mail: hjkong@kaist.ac.kr cases were found to be-0.003 cm® (0.09 GH2 and
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Fig. 1. A beam combination laser using SBS-PCMs and self-phase- ¥ D/f FC-75
locking [ 0.4 /W —0O— single-mode
' ] 4 —=— multi-mode
=7 o
0.2+ //
~0.33 cn1? (10 GH2), respectively. Figure 2 shows the I /E/'
SBS reflectivity for both single and multi-mode cases in 0.0 A e
CCland Fluorinert FC-75 as a function of the pump energy. 1 10 100
It is seen that for both liquids, the peak values exceeding Pump energy E (mJ)
90% can be obtained with the single-mode pump. For the p
multi-mode pump, the SBS reflectivity is different for each (b)

of the liquids. In CCJ, the peak reflectivity is 30% at most.

FC-75 provides a peak reflectivity over 65% but the reflec-Fi9- 2. SBS reflectivity vs. pump energy fdr) CCl; and (b) FC-75 as
tivity decreases as the pump energy increases. The SBi%z\ézlmedmm and for laser radiation in the single-mode and multi-mode
reflectivity in CCl, 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 gdifsrecchi & Schulz- powers lower than the SBS threshold. Consequently, self-
Dubois, 1972. However, for FC-75 the behavior is exactly focusing results in lower SBS threshold and slightly higher
opposite. Note that both CCand FC-75 have very similar  reflectivity near the SBS threshold in the G@re shown in
SBS properties such as the SBS gain and Brillouin lineFig. 2. We note that backward stimulated Raman scattering
width (see Table 1 (Erokhin et al., 1986; Kmetiket al., (SRS was not observed in this low energy regime up to 10
1998; Sutherlancet al, 1996, which results in similar mJ. On the other hand, the SBS reflectivity in the FC-75 is
reflectivity for both liquids for the single-mode pump case. not affected by the self-focusing near the SBS threshold
We interpret the SBS reflectivity for the multi-mode pump because the critical power for FC-75 is approximately 18
in terms of the temporal intensity spikes of the multi-modetimes larger than for CGl Consequently, the SBS reflectiv-
pulse, which is absent in the single-mode pulse. This isty for the multi-mode pump is lower than that for the
because the intensity spikes, created by beating betweensingle-mode pump near the SBS threshold. The self-focusing
large number of longitudinal modes have enough power tseems to be deleterious for SBS since it can enhance optical
induce the nonlinear effects and the optical breakdown. Ibreakdown. It can be certified from the experimental results
our experiments, the multi-mode pulse is composed of 5%hat the optical breakdown in CCstarts atE, ~ 1.7 mJ,
longitudinal modes. Thus, from the critical powpgys, as  while it began at~6 mJ in FC-75, as listed in Table 1. We
listed in Table 1, the multi-mode pulse can induce self-have observed that the breakdown appears around the focal
focusing in CC} due to the high intensity spikes even at spot near the breakdown threshold and it becomes severe
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Table 1. Properties of the liquids, used for experiments at a L N
wavelength of um.T, Brillouin line-width; g, steady state - A i
SBS gain; B, nonlinear refractive index; R critical power Ml QWP2 PBS QWF1 LI SBS-PCM
for self-focusing (calculated); & breakdown threshold l—n “—> R | &E
energy (measured) | _!-I I

I

r Oe Ny Pe Ey 1 | Leak beam
Liquid (MHz)  (cm/GW)  (1022m%V?)  (MW) (mJ .
/)

FC-75 350 4.5-5 0.34 7.0 6 .
cCl, 528 38 5.9 0.4 17 RS

P \H

PE

and results in a filament consisting of bright sparks, as the =~ Nd:YAG laser
pump energy increases. This breakdown disturbs the cre-

ation of the acoustic phonon. Therefore, for the multi-mode (a)
pump, FC-75, which has relatively smajl provides higher

SBS reflectivity than CClat high pump energies. On the 1.0
other hand, for the single-mode pump, reflectivity of both _:_EI:':“*} E:M:
the liquids was almost the same because no optical break = (g | ] l I —
down occurred up to a pump energy of 400 mJ. E —e—E, = S0, B, ~039mI
= L]
B 0.6+ ——
5 Lo
3. CROSS TYPE ISOLATOR = \‘
= 04F _
In the proposed beam combination laser, each amplification & rﬁm—_ITh_ﬂ__h [
stage is in the shape of a cross, which is composed of twao 2 02l
parts, amplifier and isolator as shown in Fig. 1. The cross = — \ ’
type amplifier has advantages: The beam pointing of the ~ ook L .\ 1\ S
output is the same as that of an oscillator and a SBS-PCM Yo 100 200 300 400 500 800 700

located on the right side works as an isolatidong et al.,
1998, 2001 In Fig. 3(a), an amplifier is omitted and a
SBS-PCM is replaced with a mirr@gM1) for the experi- (b)
ment. We have demonstrated that the optical isolator using

the SBS-PCM. can completely cut off the leak beam as We":ig. 3. (a) Schematic of the experimental set up: P1 & P2, polarizer; FR,
' raday rotator; PE, pyroelectric energy meter; QWP1 & QWP2, quarter

: F
as the backward propaggtlng beam, due_to ASE generat%ive plate; L1, lens; PBS, polarizing beam splitter; M1, ordinary mirror.
from the post stage provided that the optical path lehgth (p) Leak beam energy dependence on the optical path length) also
between the SBS-PCM and the post stage is long enougdhows the experimental results, which demonstrates that the optical isola-
compared to the pulse length, which is the pulse width timegor can completely cut off the leak beam from the post stage. The e&ergy
the speed of Iight. The optical isolator is located in the right°f the leak beam reduces to zerolass increased. The enerdy o of the

L. leak beam injected from the post stage was 0.39,0.79, 1.2, and 1.6 mJ when
arm, which is Composed ofan SBS-PCMand a quarter Wavﬁ]e energy of the pump beam was 50, 100, 150, and 200 mJ, respectively. In

plate(QWPJ. If the output beam of the oscillator is strong Fig. 3(b), the SBS reflectivity of the leak beams is more than 40 % when
enough, the SBS-PCM reflects the laser beam to the post=90cm even if the energy of the injected leak beams is lower than the
stage. On the other hand, when the energy of the leak beafiBS threshold~2 mJ. This is because the acoustic wave due to the pump
generated from the post stage is lower than the SBS threslﬁhi‘e'sgsg"()S](Li:]‘g"l‘zzlt‘zz';;e leak beam reaches the SBS-PCM and enhances
old, the leak beam cannot be reflected by the SBS-PCM and ’

it cannot enter the oscillator.

Optical path length L (cm)

4. SELFE-PHASE-LOCKING 1987; Rockwell & Giuliano, 1986 In this paper, we havg
proposed and demonstrated a new phase-locking technique,

Konget al. (1997, 1999 showed that for the relative phase wherein each beam is focused at the separate focal points

difference larger than/4 between the neighboring beams, without using any backward Stokes seed beams and hence,

the recombined laser beam had an interfering spatial profiléhe energy scaling is not limited and the phase conjugation is

with many undesirable spikes, which can damage the opticalot disturbed.

components in the next stages. There have been severalThe phase of the backward SBS wave is naturally random

works done to control or lock the phases of the laser beamisecause SBS is generated from the acoustic n@syd

for the beam combination with the SBS-PGMbreeet al,, et al, 1990. Because the SBS is the stimulated process
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among the three waves, which are the acoustic wave, th
SBS wave, and the pump wave, the phase of the SBS wa\
will be fixed if the phase of the acoustic wave is fixed. For
fixing the acoustic noise, we have induced a weak periodic —

Relative phase difference (degree)

density modulation in the focal region inside the SBS-PCM ™ |} :::::H:::—_::ﬁ’ “ Py .
by means of an electro-magnetic standing wave, whict || .— /7T : - ' )
arises fromthe interference between the pump andits counte /| A

propagating beam. In proposed techniquiég. 53, the i—lw;_:_'_'::JrH-::‘-‘;:r_ 1

pump pulse focused into the SBS-PCM is reflected partially v ——————— & " U et

by the uncoated concave mirror4% reflection), so that a (a) b}

standing wave is built up, especially at the focal area by the
interference between the leading edge and the remainin
part of the pump pulse. We used Fluorinert FC-75 as a SB:!
medium(Kmetik et al., 1998. The diagnostics for the phase
locking is straightforward. Interference pattern of both Stokes (c)
beams were acquired by the CCD camera, which yields theig. 5. (a) weak density modulation by a concentric tyfb) Relative
relative phase differencg = ®, — ®, between the Stokes phase difference between two beams for 203 laser pulspsntensity
beams. Therefore, we can quantitatively analyze the degrééOf”e of horizontal lines selected from 203 interference patterns.

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 expectéthas random can make the phase of the backward SBS wave fixed. We
values and the standard deviation~9.295\. This indi-  note that this method can be applied to the beam combina-
cates that the phases of two backward beams are indepetion laser composed of a large number of laser beams,
dent and are not fixed. Figure 4c shows the intensity profilealthough the experiment has been carried out for just two
of the 160 horizontal lines selected from each interferencéaser beams. This can be justified if we consider the two
pattern. The profile also represents the random fluctuationaser beams in the experiment as a set of arbitrary two laser
Figure 5 shows the experimental schematic for locking thebeams among the large number of a laser system statisti-
phase of the SBS wave by generating the weak densitgally, because our method corresponds to absolutely uncou-
modulation. The pump beam was reflected by the uncoatepled beams.

concave mirror with R= 300 mm and then injected into  To reduce the fluctuation, we repeated the measurements
SBS-PCM. The relative phase differendeis shown in  for the another scheme as shown in Fig 6a, where the
Fig. 5b. The energy of each incident beam was 13 mJ andump beams was backward focused by a concave mirror
203 laser pulses were examined. The standard deviation igith R = 50 cm and>99% reflectivity at the laser wave-
~0.165\. Moreover, 88% of the data points is containedlength. In this case, the delay time to induce the density
within the range oft 0.25\ (+ 90°). This result gives a modulation is almost zero. However, the contrast of the
demonstration that the self-generated density modulatiostanding wave whichis expressed&sx— lmin)/(Imaxt Imin)

b= w £
—- s -
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Fig. 4. (a) Schematic of the unlocked cagb) Relative phase difference Fig. 6. (a) Weak density modulation by a confocal tyle) Relative phase
between two beams for 160 laser puldesIntensity profile of horizontal  difference between two beams for 238 laser pulegdntensity profile of
lines selected from 160 interference patterns. horizontal lines selected from 238 interference patterns.
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is so small that the density modulation is not quite distinct aB8oyp, R.W., Razewksi, K. & NaruM, P. (1990. Noise initiation
compared to the previous scheme, because the focused of stimulated Brillouin scatterind?hys. Rev. 42, 5514-5521.
leading edge of the pump pulse encounters a part of thBanson, D.N. et al (2005. Vulcan Petawatt: Design, operation,
unfocused pump pulse. The experimental result is shown in and interactions at 5 10°° Wem2 Laser Part. Beam23,

Fig. 6b when the incident energy was 8 mJ and 238 laser 87-94.

pulses were examined. The standard deviations135\,  SROKHIN. AL, KovaLev, VI & FaizuLLov, ES. (1986. Deter-
Furthermore, 96% of the data points are contained in the mination of the parameters of a nonlinear response of liquids in

. an acoustic resonance region by the method of nondegenerate
range of 0.251. Therefore, it has been shown that the four-wave interactionSov. J. Quan. Electrorl6, 872—-877.

degree of the phase controlling can be very much improvedy,gan, w.i. et al (1999. Energy from Inertial FusionChap. 3.

The intensity profile of the horizontal lines in Fig(® also Vienna: International Atomic Energy Agency.

manifests the improved result. KMETIK, V., FiIEDOROWICZ, H., ANDREEV, A.A., WITTE, K.J.,
Daipo, H., Fuiita, H., NAKATSUKA, M. & YAMANAKA, T.
(1998. Reliable stimulated Brillouin scattering compression of

5. CONCLUSION Nd:YAG laser pulses with liquid fluorocarbon for long-time

We have investigated a beam combination technique Witff(ogge{_‘;‘;‘oz :Et 1J2{HZ:F:SI-Sfospt.]zu?y\??o_?gigk S, & Kin
Lhneeésslazgl\ﬂsisf'[zrmo\?\}i?]nL]Ini'ghar(:;(?t/itir;ghra?zt[;:;rp%vﬂz H. (1997). Beam recombination characteristics in array laser
.27 : . L . ' amplification using stimulated Brillouin scattering phase con-
wh!ch is very important for high power laser in inertial jugation.Opt. Rev4, 277-283.
fusion research. Through the measurement of the SBS refleg,g. 1.1, Kane, Y.G.. Onkuso, A, Yosuia, H. & NAKATSUKA,
tivity, it is seen that the single-mode pump provides a stable M. (1998. Complete isolation of the back reflection by using
and high reflectivity whereas the SBS reflectivity by the  stimulated Brillouin scattering phase conjugation mirRev.
multi-mode pump increases rapidly and then decreases slowly Laser Engin26, 138-140.
as the pump energy increases. This is because a multi-mod@na, H.I, SHiN, Y.S. & Kim, H. (1999. Beam combination
pulse has high intensity spikes created by mode beating, characteristics in an array laser using stimulated Brillouin
which have enough power to induce optical breakdown and scattering phase conjugation mirrors considering partial

nonlinear effects such as self-focusing. In addition, we hav% COh;r?”Ey best"l‘éez”éhe ??arggg- E;\]gin. D‘t5‘344'd407b‘|417-
demonstrated that an optical isolator in a cross type ampli<ONG: HJ. LEE, S.K. & Kiu, 1. (2001). A cross type double pass
laser amplifier with two symmetric phase conjugation mirrors

fier Can_ perfectly cut off the leak beam from the post stage if using stimulated Brillouin scatterin@hinese J. LaserB10,

the optical path length between the SBS-PCM and the post |5_ o

stage is long enough compared to the pump pulse length.ozzx TR.D., Watkins, E., Jounson, TM., KURNIT, N.A. &
Finally, we have demonstrated that the phase control of the psuer, R.A. (1987). Phase locking two beams by means of
SBS-PCMs can be achieved by inducing a periodic self- seeded Brillouin scatterin@pt. Lett.12, 178—180.

generated density modulation at the focal area by the electra-u, J., Murai, T., TakaicHi, K., UEMATSU, T., XU, J., UEDA, K.,
magnetic standing wave. We expect that this beam combination Yact, H., YANAGITANIL T. & Kaminski, A.A. (2002. W
technique provides a promising one to develop the fusion diode-pumped continuous-wave 1319-nm Nd:YAG ceramic laser.

driver with high output power and a repetition rate more  OPt. Lett.27,1120-1122. .
than 10 Hz. NEUMAYER, P. et al. (2005. Status of the PHELIX laser and first

experimentsLaser Part. Beam&3, In print.
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