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Phase Locking via Brillouin-Enhanced
Four-Wave-Mixing Phase Conjugation

Mark W. Bowers and Robert W. Boyd

Abstract—We show that it is possible to control with good accu- [21], [22], BEFWM [4], [6]-[8], and four-wave-mixing in
racy the relative phase of several conjugate beams for a properly photorefractives [18]. Basowt al. [3] showed that in a
designed Brillouin-enhanced four-wave-mixing phase conjugation conjugation process that introduces a frequency shift it is
system. Three geometries, two that utilize two Brillouin cells . . .
and another that requires only one Brillouin cell, that achieve possible to adjust the relative phase between two beams by

conjugate phase control are studied and many properties of each adjusting the relative optical path length. They found that
system are examined. We show that for our high-power laser the relative phase difference between the two beams can be
application the one-cell geometry performs as well as or better getermined by the equation

than the other geometry. Phase control is shown to be useful for

beam combination, vector phase conjugation, and optical path

selection. A laser system that utilizes the one-cell geometry to Ap=QAL/c (1)
enhance its performance is built and examined.

| o T . . where AL is the optical path length difference afidis the
ndex Terms—Birefringence, Brillouin scattering, optical phase . .
conjugation, pulsed lasers, Q-switched lasers, YAG lasers. frequency shift between the probe and the conjugate beams.
Note that in a normal optical interferometgéry = wAL/c
and for an ideal phase conjugate interferometer= 0. Both
. INTRODUCTION vector phase conjugation and beam combination have been
N THIS PAPER, the use of Brillouin-enhanced four-wavedemonstrated [1]-[8], [11]-[17] under the conditidw) = 0.
mixing (BEFWM) optical phase conjugation is examined Optical systems can have elements that introduce aberra-
for phase locking multiple beams together and for its subsi#&sns upon the optical wavefront and polarization. In order to
guent use in a phase-conjugate laser system. Phase locKidly correct for these aberrations it is necessary to create a
of two or more beams under the appropriate conditions chram that is not only a conjugate in the optical wavefront, as
be used for vector (polarization) phase conjugation [1]-[10] conventional SBS, but also a conjugate of the polarization,
beam combination [11]-[18], and optical path selection [3linlike conventional SBS. A process that conjugates both the
[4], [6]-[8]. Each of these applications of phase locking hasavefront and the polarization is known as vector phase
been used to increase the output of a laser system or arcapjugation. Several methods have been used to correct for
beyond the power and beam quality possible without phagelarization distortions including vector phase conjugation
locking. The BEFWM process described in this paper is us¢t]-[10] and polarization rotation compensation [23]-[25].
to achieve vector phase conjugation, beam combination, abdnventional SBS, as mentioned above, does not conjugate the
output path selection simultaneously. Several methods aearization and thus can be described as a scalar conjugation
shown, for the first time, to control the relative phases of thgrocess [26]-[28]. In addition, conventional SBS has a random
conjugate beams. Three geometries that can achieve this tgperall phase that can fluctuate randomly in a time of the order
of BEFWM and phase locking are examined and contrasteflfive to six times the phonon lifetime [29]-[32]. It is possible
with each other. One of the BEFWM geometries is chosen to separate a beam into two orthogonal polarizations, conjugate
be used in a complete laser system. each using scalar phase conjugation, and recombine them such
Several methods for phase locking multiple beams haugat they emulate a vector phase conjugator, but only if the
been previously examined, such as frequency-shifted apldases of each conjugate beam are locked together [1].
nonfrequency-shifted backward seeding [19], [20], single- Vector phase conjugation has been successfully demon-
seed stimulated Brillouin scattering (SBS) [13], [15]-[17]strated using several different methods, such as; the Basov
method of SBS [1]; BEFWM [3], [4], [6], [8]; saturable gain
" - ved March 27. 1997 revised D ber 22 1997 T[,9]; and saturable absorption [10]. While all of these methods
aamusCrt eceled March 2T, 1997 revised Decerber 22, 1997 Tate very good, they may not be suited for all applications.
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Beam combining is usually achieved by splitting the probe ©1=03=0

beam into two or more spatially separated beams [1]-[7] Ky

: . ’ E, BEFWM -
[11]-[17]. Each of these probe beams is then conjugated and — 1 e Cell -
returns along its original path. If all of the phases of the probe e E,
beams are the same upon recombining then they will add in E, ©,=0,=0-C

phase and recreate the original single input probe beam with

good fidelity. This will occur ifA¢ = 0 or 2M 7, whereM is Fig. 1. A schematic of the BEFWM interaction showing the pump and probe
' relationships. The pump conjugate (beam 2) is shifted from the pump (beam

?n imeger' One advantage of beam colmbin?ng in this maml?rby the Brillouin frequency shift. The probe conjugate (beam 4) is also
is that the probe beam may be amplified in parallel smabhifted by the same amount from the probe (beam 3).

diameter amplifiers to near their damage threshold. The beams

are then recombined to make a single beam containing more Az % 0©,=0;=0 s
energy than would be possible through any of the individual s
amplifiers without the possibility of optical damage. AR+ Ay BEFWM Ay i+ Ay 9
Optical path selection, unlike beam combination, can utilize > Cell »
the value ofA¢ to select a unique optical path from several %’ o —0-O %
274

choices. For example, a value dfp = 0 may be used to
select one path, while a value df¢ = = may select another. Fig. 2. The schematic of our system showing the physical separation of the
Optical path selection will be discussed further in Section [[Probe and its conjugates into their polarization components.

In this paper we will show that the phase differenges,
can be varied using any of several methods. We show whabm this definition of the slowly varying amplitudes we
we believe to be the first experimental evidence that thierive the following set of four coupled differential equations:

polarization ellipticity of the pump can be used to control the AL —ge

relative phases of the probe beams. Each of these methods, 1 = 4—[(A1 A A+ (AL ADAY”

such as the optical path length difference and the polarization z d F (AL As)Ay exp(—iAk-r)y*]  (3a)
2

ellipticity of the pump beam, can be used individually or all
of the methods simultaneously for a more versatile system.
Three geometries of BEFWM were studied to determine
which one had the best characteristics to achieve vector phase
conjugation, beam combination, and optical path selection

dAz _ —gc
dz = Ax

(AT Az)As + (A - Ay A;
-exp(—iAk 1)y + (A% - Ay)Azy] (3b)

dA -
= ZFAx(AL ADY + (AS - Ag)A,

simultaneously. Two of the geometries utilized two Brillouin dz . . .
active cells and the third used just one cell. The complexity ~exp(iAk - r)y* + (As - ADAY], (3¢)
and_ potential benefits of each _desig_n is _di;cussed. Ay - —_gc[(AT CADAIYHAL(A - AY)
Finally, a complete nearly diffraction-limited laser system dz 4m ) .
is built using the one-cell geometry for BEFWM. The system -exp(iAK )y + (A5 - Ay)As]  (3d)

characteristics and overall performance are discussed. 't\/\}ﬁereg is the Brillouin gain factor andAk = k; + ky —
shown that the system performance is significantly improved _y = only Brillouin resonant and nearly Brillouin resonant
by the use of the BEFWM vector phase conjugation describgls are included in this expression. The angular dependence

in this paper. of the Brillouin process is described by the factor
1
7= T 4)
Il. THEORY 1+ it sin® 59

In Fig. 1 we show a schematic of our BEFWM process.
In this case, beams 1 and 2 are the pump and its ConjuggyggreTB is the phonon lifetime and is the angle between
respectively, and beams 3 and 4 are the probe and its corffif Pump and the probe.
gate, respectively. It is important to note that in our system we!n most of our work we have found it advantageous to
use the normal definitions of pump and probe for a four-wawlit the probe beamAs into spatially separated and y
mixing process, but that unlike a normal four-wave mixin@olarization components and treat each polarization compo-
process our probe can be, and usually is, many orders &Nt independently. A schematic of this geometry is shown in
magnitude more intense than the pump. In order to descrii- 2. If the probe beam s is linearly polarized along either
the BEFWM process we start with the optical and acousticile = or y directions it becomes easy to calculate the phase

wave equations [33] and make the slowly varying envelopg¥ the conjugate beam.,. If the probe beam is: polarized

[8]. The linearly polarized probe model was shown to predict

En(r, 1) = Ap(r) expli(kom - T — wmt)] + C.C. the phaseA,, to be given by

={|Anmaz(r)| explidma(r)]|2 Paz = P1a + P2o — P3o- (5)

+ [ Ay (r)] explidhmy (T)]§} A similar equation holds if the probe beam sjspolarized.
- expli(kpm - T — wnt)] + C.C. (2) Numerical simulations of (3) show that even for 0.244 rad,
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Fig. 3. Configuration for measuring degree of phase locking. P1 is the input polarizer to ensure vertically polarized light. P3 is the polarizereased to
to distinct polarizations for the phase-locking system. P2 is the analyzer used to separate the two possible return polarizations.

the largest angle one might encounter in the laboratory, thiée know that for the SBS process the initial noise intensity of
is still a valid approximation. Since, according to this model, is given by the order of magnitude estimateléxp(—25).

the value of¢, does not change outside the Brillouin cell welaking the square of both sides of (8) and making the above
have a fairly accurate estimate for the phaseAgf andA,, substitution forl, results in the condition for phase locking

at the point where they are recombined. to be
The change in the phase difference of thend y polar-
E;tlons between the probe and its conjugate is thus given LL|y]? > I2 exp(—25) (9)
Appy = (P30 — P3y) + (Paz — Pay) which includes the angular dependence of the Brillouin
QAL process. The geometry shown in Fig. 3 was used to measure
- +Ap (62)  how well the two orthogonally polarized probe beams were
AB = (Pre — Pry) + (P2n — bay). (6b) phase locked to each other. The geometry is arranged such

that the recombined probe beam will couple out to detector

It is possible to adjust the phase differenke,, by adjusting A if the two probe conjugate beams are phase locked, and
any of the parameter§l, AL, or AjS. All three of these it will be coupled out to detector B if they are not phase

parameters can be adjusted independently under a varietyjogked. If the probe conjugate pulses were both phase locked
experimental conditions. to the pump beam then they would add together to give a
The efficiencies for beam combining and optical path seleknown total polarization state over the entire spatial profile

tion are determined by the value &f¢. For beam combining of the beam. We considered an individual pulse to be phase
and optical path selection the efficiency has been previoustitked if less than 2% of the combined energy was in the

calculated to be [7] wrong polarization state, detected by detector B. There was
no possibility for the two probe beams to mutually self-phase-

n= 1 1 2y 11y cos(Adgy — ) (7) lock to each other without the presence of the pump since

2 I + 1, ! they were orthogonally polarized with respect to each other.

i ) Fig. 4 displays the region in the pump/probe intensity space
wheres has been introduced as the phase difference at Whighere the probe beam were phase locked. We believe that
the process is maximized. For example, beam combinifgs js the first experimental measurement of the threshold for
without output path selection is optimized @t= 0, while  yhaqe |ocking in a BEFWM geometry that has the wavelengths
it is optimized aty> = = with output path selection. defined as in Fig. 1. In our experiment, we varied the pump

and probe energies in the interaction region. We then measured
[ll. EXPERIMENTAL STUDY OF BEFWM the number of probe conjugate pulses that were phase locked

In our studies of BEFWM we found some results that hef@"d compared that to the total number of pulses used. A data
true regardless of the particular geometry that we used. Th&Qnt for Fig. 4 was considered to be in the phase-locked
general properties of BEFWM will be described first, followededion of the graph if more than 95% of the pulses were
by some work pertaining to specific geometries. phas_e locked according to the def|n|t|_0_n given abpve. Note

The phase of the probe conjugate can be controlled acdj@t in the theory we assumed the minimum possible pump
rately as long as it is controlled by the pump beams and dd¥@wer for phase locking, thus only a few percent of the
not build up from noise as in SBS. We derive the conditioRu/Ses would actually be phase locked. Since it would be
for phase locking using arguments similar to those used Bifficult to measure this experimentally we chose to use the
Ridley and Scott [6]. We require that the second term on tif&0re stringent definition where 95% of the pulses were phase

right-hand side of (3d) dominates the initial formation . locked. Pr(_asumably becau_se our experimental _definition of
Thus we have the condition that phase locking was more stringent than that used in the theory,

the slope wasxp(—20.5) which requires a stronger pump
|[A1(As- AS)y| > [(Af - Ay)As]. (8) than is suggested by (9).



BOWERS AND BOYD: PHASE LOCKING VIA BEFWM PHASE CONJUGATION 637

phas
path A conjugate

Input aberrating

_ system
output if

Ad=n
path B

Fig. 5. A nonpolarizing beamsplitter is used to perform optical path selec-

tion. A phase difference df¢ = 0 will return the beam back toward the

10 -~ exp(-25) 4 input A, while a phase difference fiip = 7 will send the beam out of the
P system along path B.
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Fig. 4. The square of the probe intensity where we started losing phase
control is plotted with respect to the pump facfar>y2. The solid line has

a slope ofexp(—20.5) and the dashed line has a slopeeap(—25). The
asterisks represent the maximum probe intensity for at least 95% of laser
pulses having the correct output phase. This experiment was performed in
Freon 113 using 10-ns pulses at 1064 nm and an angle of 35 mrad between
the pump and the probe.

normalized intensity

‘o

0.,

As can be seen from (3), there are betandy polarization b 30 w0 s 10 1
components present in a probe conjugate even when there is optical path length difference (arb. origin) (mm)
only one of those polarizations present in the input probe be
Normally this orthogonal polarization component will not haVQath length difference between the two polarization components. The asterisks
a significant reflectivity since most of the gain for the beam and circles are experimental data incorporating a pump of circular and linear

%. 6. The normalized output intensity is plotted as a function of the optical

. . . * polarization, respectively. The solid and dashed lines represent the theory for
is from the pure SBS gain term proportlonal (tA3 ’ A4)A3 circular and linear polarizations, respectively. The Brillouin active media was

in (3d). This term will be zero for the polarization components, and the interaction length was 10 cm. This experiment was performed
orthogonal toAs; when As is linearly polarized. However, at low probe intensity.

in some cases when splitting the polarization components of

A, it is possible to have some leakage of the orthogon‘éiﬁ the beamsplitter. After the beamsplitter each of the new
polarization through the polarizer, and thus have this terfobe beams would be conjugated and phase locked. If upon
become nonzero. We found that if we had more than a fé@combination at the beamsplittéx¢ = 0 then all of the
percent leakage through the polarizer we had a significant g@njugate energy would return backward along its original path
polarization, defined as the energy in the undesired polarizatibrand none of the light would be coupled out toward path B.
divided by the total energy, in our output beam when a strondfy on the other handA¢ =  then all of the conjugate energy
depolarized element was placed in the probe beam line. Whigauld be coupled out of the system toward path B. Thus
we had less than 2% leakage, our depolarization level was |8sis possible to vary the relative phase by either changing
than 2% of the total output energy. Since this is well withithe optical path difference or by changing the polarization
the specifications of the thin film polarizers that we were usirgjlipticity of the pump beam polarization. Fig. 6 displays the
we found them acceptable to use and still maintain less thawtput coupling as a function ohL for two values of Ag.

2% depolarization in our system [8]. This is different than [8, Fig. 5] where the optical path length

Our studies of beam combining were carried out by splittingjfference was used exclusively to change the relative phase.
and recombining a single probe beam. The probe beams w&he values forA3 were obtained using a/2 plate in the
separately amplified, phase conjugated, and then recombirfgginp beam forAg = 27 and a\/4 plate for A = 7. Since
This can be achieved via beamsplitters or pickoffs as descrilibg optimum value ofy in (7) is« to couple the beam out of
above. Proper phase relationships ensured proper beam corifiisi-system, the optimum value &L will be 7 out of phase
nation. Whenever the probe conjugates return to the separati@tween the two plots. Note, for X2/2x = 3.8 GHz which
points withA¢,,, = 0 they will recombine into one beam andimplies A¢.., = 27 + A when AL = 7.89 cm which agrees
return back toward their origin (oscillator). They may then beell with our data. The slight variance of the experimental
directed out of the system with a Faraday rotator or a Pockelgta from the theory is thought to be due to thermal heating
cell. of the CS, thus changing? and AL.

Optical path selection is one case where it may be ad-Note that it is possible to have any combination of vector
vantageous to havé¢ # 0. A simple 50/50 nonpolarizing phase conjugation, beam combination and optical path se-
beamsplitter can be used for optical path selection (Fig. Extion. In Section IV we describe several geometries that
if it is possible to control the value of the optical phasécorporate multiple beams, vector phase conjugation, and
difference, A¢. In this case the input beam would be splibptical path selection.
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Fig. 7. The output of the systemA4. + Ay4y|?, for the cases of (a) 100
A¢ry =0, (b) Apry = 27, (€) Adzy = 47, and (d)A¢.y = 67. These
correspond to the casesAfL = 0, 17, 34, and 51 cm, respectively. Note that
the temporal profile of the probe conjugate after recombination clearly shows 150
that the two probe conjugates maintain the same phase relationship during the =
entire pulse duration when the optical path length difference is 17 cm or less
and the Brillouin active media is Freon 113. 2030
to aberrating system
® 50 1M 150 200
w-0Q
aberrated (b)
polarizer high power Fig. 9. Images of the near field of the (a)polarized and (by-polarized
probe beam probe beams as they enter the BEFWM cell.

not experience gain from the dominant te(f; - A4)A; in
(3d). If the optical path length difference (divided byn) is
kept short compared to the time of phase fluctuations, then
iy Ag,, Will have a negligible change during this transition
‘l”*Q period. Fig. 7 shows that for even an optical path length
oW power ) . . . .
pump, circular  difference of 17 cm with Freon 113 as the Brillouin active
polarization media, pulse lengths of 10 ns, and the pump arriving at the
Fig. 8. Geometry that utilizes two cells containing the same Brillouin activ@ﬂlloUIrI cell 7_ ns before the prope' there are no .Slgmﬂcan_t
media. The pump beam is focused into the second cell, while none of faBase fluctuations. When the optical path length difference is
beams, the pump or the two probes, are focused into the BEFWM cell. |arger than 17 cm the phase ﬂuctuations become significant_

Note that, for Freon 113)\¢,,, is changed bz in this 17-cm

It has been shown [29]-[32] that conventional SBS h4listance \_/vhich is approxi.ma.tely the distance the pul_sg wpuld
random phase fluctuations in the conjugate beam every fiveligvel during the phonpn lifetime, or 1/5 the charactenstlc_ time
six times the phonon lifetime. Since, in our geometries, thePd the phase fluctuations. The phase of the pump conjugate,
is only one pump beam and it has battandy polarization and therefore_ th_e probe conjugate, cannot change_faster than
components, the conjugate of the pump beam will also halfl¢ Phonon lifetime [32]. Thus, the maximum optical path
both thex and they polarizations. Thus both the and they  différence would be, < cr/n, wherer is the phonon lifetime,
polarizations of the pump beam conjugate will experience tie 900d agreement with our experiment. Since Freon 113 has
same phase fluctuations. Thepolarized probe will interact ©N€ ©of the shortest phonon lifetimes (0.8 ns) and smallest
with the z polarization in the pump and thepolarized probe freauency shifts €/2r = 1.74 GHz) for 1xm radiation, it
with interact with they polarization in the pump. As long as¢@n Pe considered a worst-case situation.
(9) is met, the phases of both probe conjugates will follow
the same fluctuations as those of the single pump conjugate.
During the interaction, each of the probe beams will create aWe investigated three geometries that achieve BEFWM
conjugate in both: and y polarizations as per (3). Since thephase conjugation with good phase control. Each of the three
probe beam polarizations are spatially separated the orthogagedmetries deals with phase locking the probe beams with
polarization of each will not lead to crosstalk and will als@ach other and is not intended to phase lock any probe beam

baffle BEFWM cell

SBS cell E
N :

lens

IV. EXPERIMENTAL GEOMETRIES FORBEFWM
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Fig. 12. The two-cell focused geometry has the pump beam focused into the
second SBS cell and unfocused in the BEFWM cell. The probe beams are
focused into the BEFWM cell to achieve high intensity and thus uniform high
reflectivity across the entire probe beam profile.

(b) ‘
Fig. 10. Near-field images of the probe beam conjughte,, + A4y |?,
after recombination. (a) The probe beam has very low energy (1 mJ), and |
thus most of the reflectivity is due to the four-wave mixing process and will

be dominated by the pump beams. (b) The probe beam has 30 mJ of energy

so that A3 now dominates the reflectivity. The reflectivity in (b) is 10%

compared to 1% in (a). The low probe intensity image (a) has a mean of 53

counts and a standard deviation of 8. The high probe intensity image (b) has

a mean of 123 counts and a standard deviation of 44 counts.
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Fig. 11. Probe reflectivity for the geometry of Fig. 8. The angle between the

pump and the probe was @nd the probe diameter was 4 mm. The pump (b)
beam was circularly polarized and had 120 mJ of energy in a diameter
11 mm. The line is from the theory. See text for explanation for the rise
reflectivity for low probe energies.

135 13. (a) Near-field and (b) far-field images of the probe conjugate
Bbtained using the geometry of Fig. 12 after recombination at the polarizer
and the second pass through the aberrating system. The reflectivity was 75%
for a total probe energy of 200 mJ and a pump energy of 100 mJ. The mean in

. . (ﬁ) is 116 counts and the standard deviation is 24 counts. The beam diameter
to the pump. The pump is not necessarily phase locked to th&) is 1.5 times larger than the diffraction-limited spot size.

probe beams since it may have phase fluctuations that will

not coincide temporally with the phase jumps of the probe

beams. The phase jumps of the pump and probe beams &'aﬁsform—limited 10-ns pulses of 300 mJ of energy. The pulses

easily be achieved by incorporating a phase-locked loop [#]9m the oscillator were split into two paths, the pump and the

[7] to the SBS excitation of the pump conjugate if it were tgrobe. The pump had up to 120 mJ of energy with 86% of the

be necessary to phase lock the pump to the probe beams.a far-field power in a diameter of 5Qam, which is more than
The Nd:YAG oscillator used an optically seeded variten times larger than a diffraction-limited Gaussian pulse. The

able reflectivity unstable resonator to generate temporaplyobe was spatially filtered and attenuated to less than 5 mJ of
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Fig. 14. Reflectivity is plotted versus the probe beam energy for a constant 150
pump energy of 120 mJ of energy for the geometry of Fig. 12. The focused 100
geometry increases the average intensity and thus the reflectivity is much 1
higher than in the unfocused geometry. 50
0]

2

to aberrating system
o 00

A

aberrated (b)
high power
probe beam

polarizer . . .
Fig. 16. The beam quality was good for the geometry of Fig. 12 as can be

seen in (a) the near-field image with a mean of 108 counts and a standard
deviation of 19 counts and (b) the far-field with a diameter that was 1.5 times
larger than the diffraction-limited spot size. The reflectivity was 75% for a

BEFWM cell total probe energy of 200 mJ and a pump energy of 100 mJ.

]
- The probe beams were linearly polarized orthogonal to each
-0 other and their energy and angle with respect to the pump
low power

were varied. This prevented cross coupling between the probe
beams and ensured that each probe was phase locked only to
the pump and its conjugate. The BEFWM cell was 445 mm
Fijg. 15. Thefstirr]]glf-cell g”eometrytis vehry comp;a:t_:t, t?LuZt still maintains all tr]%ng and was 80 mm from the SBS cell where the pump beam
advantages of the two-cell geometry shown in Fig. 12 was conjugated using a lens with a focal length of 15 cm.
Thus the pump conjugate was delayed by 2.8 ns with respect
to the pump pulse. The pump beafy preceded the probe
energy in a pulse with 86% of its far-field power in a diametqgeamsAgx andAs, by 7 ns. We chose this timing as it gave
of 75 um, two times larger than a diffraction-limited pulsene highest reflectivity at lower energies implying a maximal
with a super-Gaussian spatial profile. An amplifier was usegmporm overlap of all beams inside the BEFWM cell.
to increase the probe energy for the experiments. This resultegyecause of the unfocused geometry and the severity of
in stress-induced birefringence and wavefront aberrations @& aperrations on the probe beam entering the BEFWM cell
each of the probe beams. The Brillouin cell contained rOOMEig. 9), the reflectivity was not uniform for all spatial areas
temperature Freon 113 cycled once per week throughim1- of the heams at moderate probe energies. This can be seen by

pump, circular
polarization

filter. noting that at low energies the first and second term of the
right-hand side (RHS) of (3d) will dominate the reflectivity,
A. Two-Cell Unfocused BEFWM but at more moderate energies the third term on the RHS of

In this geometry, none of the pump or probe beams (8d) will dominate. Thus the beam quality will be significantly
focused into the BEFWM cell. The pump beam is conjugatdektter at low energies than at higher energies (Fig. 10). In
using conventional SBS in a second cell placed near the B&ddition to the aberrations on the probe beam the reflectivity
FWM cell (Fig. 8). Each beam was assumed to be collimatégllow, as shown in Fig. 11. The solid line drawn in this figure
in the interaction region of the BEFWM cell. The probe beains from the theoretical prediction. The increase in reflectivity
was 4 mm in diameter and the pump beam was 15 mm éh low probe energies is real. It is due to the fact that at
diameter in the BEFWM interaction region. The pump pulsdew probe energies the grating formed by the interference of
contained 120 mJ of energy and were circularly polarizethe probe and the pump conjugate but at high probe energies
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Fig. 17. Laser system that incorporates vector phase conjugation, beam combination, and optical path selection all in one geometry. Both probe beams
double pass separate 25-mm amplifiers. One probe beam has an additional 12-mm amplifier and the other has an additional 9-mm amplifier, neither of
which is shown for clarity. In the figure, detector D1 is used to detect the main output of the system, the depolarized light is detected at detector D2,
and the residual energy after recombination and outcoupling is detected at detector D3.

the reflectivity is due mainly to the grating formed by thébeam was eliminated. The pump beam preceded the probe
interference of the probe and the pump conjugate. Thus at lb@ams by 7 ns as this gave the maximum reflectivity at low
probe energies there is a significant fraction of the pump powgobe energies. The time delay for the arrival of the pump
coupled into the probe conjugate compared to the energy in tt@njugate was, again, approximately 2.8 ns due to the distance
probe itself. This geometry was originally chosen becausefibm the BEFWM region to the focus of the pump beam in
does not have the high intensities associated with focusitige SBS cell. This timing provided maximum pump intensity
of the pump beams into the BEFWM cell, and thus haduring the leading edge of the probe pulses. The fidelity of
the possibility of achieving very high probe energies withouhe probe conjugate beams was very good in both the near
damage. But because of the reduced conjugate beam qualitg far fields (Fig. 13). Approximately 86% of the beam
at the higher energies it was not suitable for our high-averagsmwer passed through a 7%a aperture using a lens with
power laser application. It may, however, be suitable for sorae F* = 200, 1.5 times larger than would be expected for
applications where the probe beam intensity is much smalkerdiffraction-limited beam. The maximum reflectivity of the
than the pump beam intensities. probe beams was measured to be 70% (Fig. 14). This geometry
is effective in correcting for aberrations of the wavefront and
B. Two-Cell Geometry the polarization.
In this geometry there are two cells containing the Brillouin
active medium Freon 113. The pump beam is collimatdd One-Cell Geometry
through the first cell, the BEFWM cell, and is focused into In the geometry shown in Fig. 15, the pump and the probe
the second cell, the SBS cell, to form the pump conjugabeams are both conjugated in the same cell. The pump beam
through the normal SBS process (see Fig. 12). The purhps a slight divergence at the focusing lens just before the cell.
beam was circularly polarized with a diameter of 15 mrthe pump and both probe beams are then focused using the
in the BEFWM interaction region and contained 120 mJ afame lens with a 25-cm focal length. The pump focuses to a
energy. The probe beams were focused into the BEFWM cpbint that is 10 cm beyond the focus of the probe beams, thus
using a 500-mm-focal-length lens placed such that their fodelaying the pump conjugate by 800 ps. In order for the probe
would be approximately 10 cm from the output of that 40seams to conjugate with good fidelity and phase locking, the
cm-long cell. The probe beam spot sizes were estimated topfaemp beam must have a diameter larger than the probe beams
300 m and thus have a Raleigh range of 14 cm. Since thétheir focus. In addition, the intensity of the pump beam at the
probe beams were orthogonally polarized inside the BEFWfdcus of the probe beams must meet the conditions given by
cell, the possibility of self-phase locking without the pum§9). The maximum reflectivity of the small-signal probe beam
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Fig. 19. Temporal traces for detectors (a) D1, (b) D2, and (c) D3 as shown in

M1 Fig. 17. Note that all traces are smooth indicating that phase fluctuations in the
pump conjugate do not affect the phase relationships of the probe conjugates
| ; 1 i ] with respect to each other.
S0 e 150 1 11]
@ to about 25% of the beam in the undesired polarization in
550 a single pass. Because of the low gain, we chose to add an

additional amplifier to each arm with a single-pass gain of 20.
For one arm we used a 12-mm Nd: YAG amplifier that had
a large degree of single-pass birefringenc@%%) at 10 Hz.
The other arm used a 9-mm Nd: YAG amplifier that had very
little single-pass birefringence:@%) at 10 Hz. The reason for
the difference in the birefringence is attributed to the different
physical designs of the flashlamp/rod coupling. The oscillator
generated temporally transform-limited 10-ns pulses of 300
mJ of energy. The pulses for the oscillator were split into two
paths, the pump and the probe. The pump had up to 120 mJ of
(b) energy in a pulse that was more than 10 times the diffraction
Fig. 18. (a) Near-field image of a typical 5-J pulse selected from a 10-Hifmit in its spatial profile. The probe was spatially filtered and
pulse train. The mean for this image is 109 counts and the standard deviagdtenuated to less than 5 mJ of energy in a pulse of better than
is 19 counts. (b) The far-field image is the same width as a diﬁraction-limitqgvo times the diffraction limit. The Brillouin cell contained
beam out to thel/e? points. The reflectivity of the BEFWM process was . .
80% with a total probe energy of 500 mJ per amplifier chain and 100 iy €0N 113 that was circulated through aifilter once each
of pump energy. week of operation. The lens in front of the Brillouin cell had a
focal length of 25 cm. The divergence of the pump beam was
such that it focused 7.3 cm behind the probe beams inside the
was achieved again when the pump lead the probe by 7 gell. Therefore the pump was approximately 4-mm diameter
This is the same timing as that for the two-cell geometry. THé the focus of the pobe beams. The probe beams had a focal
reason for this is that the combined intensity of the pump aB@ot size of approximately 200m inside the cell.
the probe differed by only 1 ns between the two geometries,NOtice that we did not need a unidirectional device to
which is at the limit of our ability to record any differencecouple the energy out of the system. The Faraday isolator
in reflectivity versus optical path length. The reflectivity ofn the system is for monitoring the efficiency of the optical
the probe beam was almost identical to that for the two-cdlth selection and preventing any energy from returning back
focused geometry shown in Fig. 15. The quality of the proeward the oscillator. Detector D3 measured the residual
conjugate was better than 1.5 times the diffraction limit, &nergy that was not efficiently coupled to the output of
measured in the same manner as in the two-cell geometfje system toward detector D1. Detector D2 was used to
even with a highly aberrating system, as shown in Fig. 16. measure the total depolarization from both amplifier arms.
The depolarization could be measured for each amplifier
individually by blocking the other arm.
Fig. 18 shows an example of a single pulse extracted from
In incorporating phase conjugation into our design of #he 10-Hz pulse train at 5 J per pulse. This pulse has a diameter
complete laser system, we chose to use the compact singlgual to that of a diffraction-limited pulse when measured to
cell geometry [8]. The single-cell geometry was coupled tiie 1/¢? diameter, but is 1.5 times larger than the diffraction-
the laser system such that vector phase conjugation, belamited spot size when measured using hard apertures that
combining, and optical path selection were implemented fransmit 86% of the total beam energy. For maximum output
the same system. The full system layout can be seen adut of the system, we ha€l3.8% depolarization (detector D2)
Fig. 17. The oscillator is the same variable reflectivity unstabénd <0.8% loss from the optical path selection (detector D3).
resonator used in the preceding section. We used two Nd : YA®mporal traces at maximum output for the pulses striking
rods that were each one inch in diameter. The single-pass ga#étectors D1-D3 can be seen in Fig. 19. Note that the traces
of each rod was only four due to coupling problems betwe@xhibit smooth temporal profiles which implies that the phase
the storage capacitors and the flashlamps. When run atflil@tuations in the pump conjugate do not influence the phase
Hz the stress-induced birefringence was very large leadirgjationships between the probe beams.

200
150
100

V. DESIGN OF A HIGH-POWER LASER SYSTEM
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VI. CONCLUSION [11]

We have demonstrated that it is possible to achieve very

accurate relative phase control of separately conjugated laser

beams in a BEFWM phase conjugate system. We have sholtfl

that we can vary the relative phases of the conjugate beams zin

multiple parametersak, AL, andAg, the last two being the

most practical for most of our applications. Our experimen}§4]
demonstrate the utility of phase control for such applications as
vector phase conjugation, beam combining, and optical path
selection. We demonstrated the ability to have pump bearﬂgl

many orders of magnitude less intense than the probe beams

and still lock the relative phases of the probe conjugates wﬁﬁ
respect to each other. We have also shown that optical p
selection can be achieved, which eliminates the need for large

unidirectional devices in certain laser systems.
We have demonstrated three geometries that can be use
control the phase of the conjugate beams, the two geometries

with probe beams focused inside the BEFWM cell are appﬁl-sl
cable to our specific application, and the one-cell geometry

which may be more suitable for low power applications.

[19]

We have also demonstrated that vector phase conjugation,
beam combining, and optical path selection can all be achievied
simultaneously for a complete laser system. We have built and

tested such a laser system and shown that it can produce mgjig

than 5 J of energy with an average power of 50 W at better

than 1.5 times the diffraction limit in its spatial profile.

[22]
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