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Abstract 

 The objective of this research effort was to demonstrate the path to continuous wave, coherent 

beam combination through stimulated Brillouin scattering phase conjugation in optical fiber.  This work 

experimentally determined the fiber parameters necessary for phase conjugation in step-index optical fiber.  

Continuous wave phase conjugation using stimulated Brillouin scattering in step-index fibers was achieved 

for the first time with a fidelity of 0.8 and a threshold power of 16 W in a 15-m fiber with 0.13 NA.  A 

fidelity of 0.8 was also achieved using 40 m of fiber with 0.06-NA and a threshold power of 15 W.  The 

fidelity of phase conjugation was found to decline by ~45% in an additional 20 m of 0.13-NA fiber and by 

~15% in 20 m of the 0.06-NA fiber.  The effective Brillouin gain coefficient of the multimode fibers was 

found to vary directly with fidelity.  A new technique using interference to measure fidelity was tested, and 

stimulated Brillouin scattering in a 2.5-km, graded-index fiber was found to produce beam cleanup to the 

fundamental fiber mode of the fiber with fidelity less than 0.1.  This work demonstrated that coherent beam 

combining via continuous wave phase conjugation in optical fiber is achievable.   
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STIMULATED BRILLOUIN SCATTERING PHASE 
CONJUGATION IN FIBER OPTIC WAVEGUIDES 

 

1. Introduction 

1.1. Motivation  

 The laser is in use in a wide variety of applications on the battlefield and 

commercially.  Automakers employ high-power lasers for precision welding, and it is an 

instrumental tool in medicine, communications, and data storage.  Laser-guided 

munitions have led a revolution in warfare, resulting in the capability to attack multiple 

targets per sortie instead of multiple sorties per target.[1]     

 Lasers are being developed for an expanded role in warfare.  For ballistic missile 

defense, advanced laser radar devices are being developed with such precision that the 

capability to discriminate between warheads and decoys midcourse is becoming a 

reality.[2]  For this purpose, high power lasers with ultra-narrow bandwidth are needed 

for long range and precision tracking.  This same technology is being developed for the 

detection of gases, aerosols, and wind velocity measurements.[3]  Using laser radar 

systems, chemical and biological defenses are being improved and dangerous wind 

conditions at airports can be detected.   

 The laser is also being developed as a weapon with the promise of speed-of-light 

delivery and unparalleled precision.  The most notable aircraft platforms are the 

1 
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Advanced Tactical Laser (ATL) and the Airborne Laser (ABL).[4]  The ATL is a 

program to deploy a “kilowatt class” chemical laser on a C-130H Gunship for precision 

strike purposes.  The ABL program is developing a “megawatt class” chemical laser on a 

747 designed to destroy ballistic missiles in boost phase.  While chemical lasers’ power is 

unmatched, the method of producing the power is through a chemical reaction involving 

high purity basic hydrogen peroxide and chlorine.  The logistics burden of chemical 

lasers has prompted the DoD to develop solid-state lasers for high-power applications 

such as the 100 kW Joint High Power Solid-State Laser program.       

 For the success of laser weapons, the high power laser is needed in addition to 

advanced beam control and atmospheric compensation methods.  Propagation of the laser 

through the atmosphere can severely degrade the beam quality of the laser and result in a 

much shorter kill range.  Deformable optics are being used for atmospheric compensation 

on ground-based telescopes for space object identification and tracking.[5]  The Starfire 

Optical Range in Albuquerque NM employs a laser to generate a fluorescent “star” at 90 

km above ground level.  Wavefront sensors detect the aberrations from this source and 

deformable optics are used to compensate these aberrations.  With atmospheric 

aberrations reduced, the telescope provides a clear view of space objects.   

 The correction of aberrations is also necessary to generate high powers in bulk 

solid-state lasers.  One approach to generating high power in a solid-state laser is with a 

master oscillator followed by power amplifiers (MOPA).  Non-uniform heating in the 

amplifying medium causes aberrations that limit the beam quality of these laser systems.  

By using wavefront reversal after the first pass through the amplifiers, a second pass 

through the amplifiers corrects the beam quality rather than causing further aberrations.  

2 
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Phase conjugation via stimulated Brillouin scattering (SBS) has been used for generating 

wavefront reversal.[6]  In a similar application, SBS has been used for atmospheric 

compensation using a retroreflector in laboratory tests which demonstrated high precision 

tracking as well as phase conjugation.[7]    

 To improve the beam quality of solid-state lasers, high-power systems have been 

constructed using fiber-optic lasers and amplifiers.  Optical fibers can be designed with 

inherently good beam quality and excellent thermal management, and powers over 2 kW 

have been demonstrated.[8]  While there are predictions that single-element power 

scaling can exceed 10 kW before material constraints limit the power,[9] combining 

multiple amplifier channels into a single beam could allow orders of magnitude power 

increases.   

 The elements can be combined using coherent methods or incoherent methods.  

Spectral beam combining is one promising example of incoherent beam combining.[10]  

In the reverse process of splitting a beam into spectral components using a grating, 

multiple beams are incident on a grating from different angles with slightly different 

frequencies.  The result is a single spatial beam comprised of multiple frequencies.  

Incoherent beam combining adds the irradiance of each beam to result in an overall 

irradiance that is proportional to the number of beams.  In contrast, coherent beam 

combining locks the phase, frequency, and polarization of each beamlet such that the 

electric fields of each beam add constructively.  This results in peak irradiance that is 

proportional to the number of beams squared.      

 The first step to coherent beam combination is generating a high-power single-

element beam that is single-frequency and single-polarization.  For fiber lasers, the 

3 
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limitation on single-frequency power from a single element is currently stimulated 

Brillouin scattering in fiber amplifiers.[11]  When the irradiance exceeds a critical value 

in a given length of fiber, a density wave in the material forms and acts as a moving 

Bragg grating to reflect the incident beam.  This process effectively clamps the power 

transmission of the fiber.  The highest reported single-frequency fiber amplifier achieved 

511 W.[12]   

 Coherent beam combining requires that the phase and polarization of each 

beamlet is matched to within a fraction of a wavelength.  Typically, the optical path 

length of each beamlet must be controlled due to dynamic fluctuations caused by heating 

and vibrations.[10]  One method of locking the phases of each beamlet is to generate a 

phase conjugate reflection and propagate the beamlets back through the amplifiers in a 

second pass.[13]  Under certain circumstances, the beam reflected by SBS is the phase-

conjugate of the incident beam.  Therefore, stimulated Brillouin scattering may limit the 

power achievable through a single beam, but it also provides a means of coherently 

combining multiple beams.                

1.2. Overview 

 The objective of this research effort is to demonstrate the path to cw coherent 

beam combination through SBS phase conjugation in optical fiber.  The theoretical 

background is presented in Chapter 2, starting with the physics of nonlinear optics.  

Stimulated Brillouin scattering is shown to arise from specific conditions of nonlinear 

optics, and the chapter concludes with a study of SBS phase conjugation.  Relevant 

experimental work in SBS phase conjugation is reviewed in Chapter 3.  This review of 

the literature traces the achievements from the first observation of SBS in waveguides in 

4 
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1972 through the experimental pulsed laser systems that have successfully used SBS 

phase conjugation to achieve higher pulse-power, to the current challenge of avoiding 

SBS in high power fiber amplifiers.  Particular emphasis is placed on demonstrations of 

SBS phase conjugation, the degree of phase conjugation (conjugation fidelity), and the 

irradiance required for SBS to occur under various conditions and in a variety of 

materials.  The chapter concludes with a review of techniques in coherent beam 

combining.   

Phase conjugation via SBS in optical fiber had not been demonstrated using a cw 

signal beam prior to this work.  Continuous operation represents the limiting case of the 

lowest possible peak power with the highest average power, which is desired for use in 

weapons applications where the goal is to apply the most power onto a target.  CW phase 

conjugation is preferred over pulsed systems for combining fiber amplifiers because the 

small cross-sectional area of fibers is prone to damage from high pulse powers.  Since 

SBS threshold requires high irradiance, phase conjugation via SBS with cw operation 

presents the greatest challenge in terms of average power required.   

 One of the main goals of this research effort is to observe a trend in conjugation 

fidelity as a function of fiber length.  The trend data regarding phase-conjugation fidelity 

as a function of fiber length is needed to show the power and beam quality necessary to 

achieve high-fidelity phase conjugation.  Furthermore, this data is very useful for power 

and efficiency considerations in laser system design.  For example, a fidelity of 0.8 may 

be an acceptable trade over a fidelity of 0.98 if it results in a 90% decrease in SBS 

threshold with a similar decrease in irradiance-induced damage.  The trend in fidelity 

with fiber length was measured using moderately multimode silicate fiber and a high-
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power, cw signal beam, and is presented in Chapter 6.  This study was necessary since 

the theory that existed prior to the start of this work, presented in Chapter 2, is valid only 

for fidelity near 1.  In addition, the experimental efforts using pulsed lasers were unable 

to characterize the decrease in fidelity with fiber length.  This trend was measured in the 

laboratory for two different fibers and guided a model of the behavior performed by a 

Master’s student in our research group.  Using the model, a third fiber was examined, 

and, together with the experimental measurements, a correlation between the fiber 

parameters and fidelity was realized.  This correlation allows the SBS threshold power 

for a given fidelity to be plotted as a function of beam quality accepted by a step-index 

fiber.  Lastly, by measuring the SBS threshold simultaneously with the fidelity of phase 

conjugation, increases in fidelity were shown to decrease the SBS threshold compared to 

previous threshold models.         

 In order to complete this goal, an investigation into predicting the SBS thresholds 

of various candidate fibers was undertaken (Chapter 4).  A model of SBS threshold was 

constructed which could accommodate scattering or absorption losses, different gain 

coefficients, and fiber amplifiers with flexible pump geometry.  While previous models 

had ignored the difference between co-pumping and counter-pumping, this model 

demonstrated that the SBS threshold power could be doubled by choosing the counter-

pumped geometry over co-pumping fiber amplifiers.  This model was then used to design 

and build high-power fiber amplifiers free from nonlinear effects by choosing the pump 

geometry and fiber length for the amplified power predicted.  However, the main use of 

the model was to compare candidate fiber materials for SBS phase conjugation testing, 

specifically looking for those with low SBS thresholds.  In the process, Brillouin gain 
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coefficients measured by multiple research groups were unified under a single model of 

Brillouin gain broadening as a function of fiber NA.  By including scattering loss without 

an approximation for low-loss, the accuracy of calculating SBS threshold was 

significantly improved over the previous threshold models for fibers with large scattering 

losses.   

 Methods for measuring fidelity were analyzed and tested, and a new measure of 

fidelity was devised and tested as described in Chapter 5.  This new fidelity measurement 

technique relies on fringe contrast to measure fidelity equally well over the full range 

from zero to one.  The fidelity measurements described from the literature in Chapter 3 

rely on beam quality measurements or power-in-the-bucket techniques.  As pass/fail 

measurements, these techniques are relatively accurate, but can be misleading when beam 

cleanup occurs.  The in-line pinhole method was shown to distinguish between beam 

cleanup and phase conjugation while simultaneously confirming the beam-cleanup effect 

resulting from SBS in a graded-index fiber.  A more accurate approach to measuring the 

fidelity of phase conjugation was tested which employs the ability of SBS phase 

conjugation to phase-lock two beam paths.  This method was verified using a graded-

index fiber to generate beam cleanup and measuring a fidelity much less than one.  This 

contrasts the pinhole measurement of the same effect which yielded a large range of 

“fidelity” values between zero and 0.6 depending on fiber alignment.   

 Finally, using the results of this work, coherent beam combination of a two-

channel fiber amplifier at 1550 nm was attempted using a chalcogenide fiber to generate 

a phase conjugate beam via SBS.   
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 For reference, a glossary of symbols has been provided at the back of this 

dissertation.                                      
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2.  Theoretical Background 

 In this chapter, I present the physics governing the process of phase conjugation 

via stimulated Brillouin scattering (SBS) in optical fiber waveguides starting with 

Maxwell’s equations.  Brillouin scattering is a 2-photon resonant process which interacts 

with phonons in the material.  It can be described classically as a reflection of the signal 

field off of an acoustic wave in the material which is reinforced through the process of 

electrostriction.           

2.1. Nonlinear Optics 

 The field of nonlinear optics arises from Maxwell’s equations, given here in a 

dielectric material where there are no free currents or charges:[14]   

 0∇ =Di  (2.1) 

 
t

∂
∇× =

∂
DH  (2.2) 

 
t

∂
∇× = −

∂
BE  (2.3) 

 0∇ =Bi . (2.4) 

A dielectric in the presence of an electric field can be envisioned as a grouping of dipoles 

bound together representing electrons with ion nuclei.  As the field passes through the 

material, negatively charged electrons move against the field while positively charged 

ions move with the field.  These charged particles are constrained by the lattice forming 

the solid dielectric and exhibit damped harmonic motion.  The lattice may bind the 

particles evenly in all directions, or the particles may be bound in some directions 

stronger than others to form an anisotropic material.  The field interaction with the 
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material causes oscillation among the bound dipoles.  The polarization P of the material 

is the dipole moment per unit volume, and the electric displacement is then defined as 

 oε= +D E P  (2.5) 

where oε is the permittivity of free space.   

 Since the nuclei are much more massive than the electrons, the motion of the 

electrons typically dominates the polarization of the material under the influence of 

radiation in the optical regime (1014-1016 Hz).  When the amplitude of the incident field is 

small, the electron motion is approximately sinusoidal with the same frequency as the 

incident field.  Classically, nonlinear effects arise because the restoring force on the 

electrons is anharmonic.[15]  As the field amplitude increases, the motion of the electrons 

begins to deviate from that of the applied field and the polarization vector will include 

frequencies not present in the incident field.  From the perspective of quantum 

mechanics, the higher field amplitude is represented by more photons incident on the 

same region of the material.  Therefore, higher irradiance increases the probability for 

multiple photons to interact with the material in processes such as scattering or 

absorption.   

The polarization in the material can be represented by a power series expansion of 

the electric field[16] 

 (1) (2) (3)[ ...]oε= + + +P χ χ E χ EE E , (2.6) 

where χ(1) represents the linear susceptibility of the material, and the nonlinear 

susceptibilities are represented by χ(2), χ(3), and successive higher orders.  The first-order 

polarization results in a linear material response to the applied field and is given by 

 (1) (1)
oε=P χ E . (2.7) 
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The resulting electric displacement from a linear material polarization is  

(1)(1 )oε= +D χ E . (2.8)  

Continuing the expansion as a function of the electric field,  

 (1) (2) (3)(1 ...)oε= + + + +D χ χ E χ EE E  (2.9) 

where χ(1) is a 2nd rank tensor, χ(2) is a 3rd rank tensor, χ(3) is a 4th rank tensor, etc.   

 When the medium is isotropic such as gases, liquids, and glasses, the electric 

displacement can be approximated by just the linear and third-order susceptibility terms.  

The first approximation is to neglect terms higher than fourth order.  What makes this 

possible is that, in general, the contributions to the displacement from each successive 

order of the expansion decrease by an order of magnitude.[16]  Second, χ(1) reduces to a 

scalar function represented by the index of refraction where 2 1n = + (1)χ .  In addition, χ(2) 

and χ(4) vanish in isotropic materials that exhibit inversion symmetry according to 

Neumann’s principle.[15]  Neumann’s principle asserts that isotropic materials such as 

glass must have the same properties when viewed under different coordinate systems due 

to their point-group symmetry.  It follows that the elements of a susceptibility tensor 

describing an isotropic material must be identical after any rotation or inversion of the 

coordinate system.  The result is that χ(n) =(-1)(n+1)χ(n), and all even orders of the nonlinear 

susceptibility must be identically zero in isotropic materials or any material which 

exhibits inversion symmetry.  With diminishing susceptibility amplitude and vanishing of 

both χ(2) and χ(4), the nonlinear susceptibility in an isotropic material can be approximated 

by the χ(3) term in the expansion of Eq.(2.6).  With these approximations, Eq. (2.9) 

becomes 
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 (1) (3) (3)(1 )oε + + = +D εχ χ EE E E P , (2.10) 

where (3) (3)
oε=P χ EEE , and ε is the first-order permittivity of the material.   

2.1.1.  Nonlinear Wave Equation 

 Owing to the form of the electric displacement in Eq. (2.10), the nonlinear 

polarization becomes a driving term in the nonlinear wave equation.  Taking the curl of 

Eq. (2.3) and using the identity  results in the equation 2( ) ( )∇× ∇× = ∇ ∇ −∇E Ei E

 2( )
t

∂
∇ ∇ −∇ = −∇×

∂
BE Ei . (2.11) 

Since μ=B H with μ  defined as the magnetic permeability of the material, the right 

hand side of Eq. (2.11) becomes 

 (
t t

μ )∂ ∂
−∇× = − ∇×

∂ ∂
B H . (2.12) 

Inserting Eq. (2.2) and Eq. (2.1) into Eq. (2.11) and Eq. (2.12) yields 

 
2

2
2t

μ ∂
∇ −

∂
E D = 0 . (2.13) 

where for plane waves in an isotropic medium.  Inserting Eq. 0∇ =Ei (2.10) for D into 

Eq. (2.13), the second derivative of the electric displacement adds a nonlinear driving 

term to the wave equation such that 

 
2 2

2
2 2 ( )t

t t
με μ∂ ∂

∇ − =
∂ ∂

E E P(3) , (2.14) 

where the electric field is assumed to be a superposition of monochromatic waves with 

the form  

 ' * '1
' '2

'
[ i t i te eω

ω ω
ω

−= + ]ω∑E E E , (2.15) 
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and similarly 

 (3) (3) (3)*1
2( ) [ ]i t i tt e eω ω

ω ω
ω

′ ′−
′ ′

′

= +∑P P P . (2.16) 

 From the nonlinear wave Eq. (2.14), one can derive the change in amplitude of 

the electric field responding to the nonlinear polarization term .  The field is 

assumed to consist of a superposition of monochromatic plane waves propagating in the 

z-direction, and each is described by the form .  By equating terms that 

oscillate only at frequency ω, Eq. 

(3) ( )tP

ˆ ikzeω ω=E E

(2.14) reduces to  

 
2

2
2

ˆ ˆ( )ikz ikze e
z

2 (3)
ω ωω με μω∂

+ = −
∂

E E ωP . (2.17) 

The second derivative of the field with respect to z can be reduced using the slowly 

varying envelope approximation:  the second derivative of the field amplitude with 

distance is negligible compared to the first or second derivative of the phase term[15] 

such that  

 
2

2
2

ˆ ˆ( ) 2 ( )ikz ikz ikze ike k e
z zω ω
∂ ∂

≈ −
∂ ∂

E E ˆ
ωE . (2.18) 

Recognizing that 2 2k ω με= , the substitution of Eq. (2.18) into Eq. (2.17) yields the 

change in electric field with distance due to a nonlinear polarization, 

 
2

(3)
ˆ

2
ikzi e

z k
ω

ω
μω −∂

=
∂
E P . (2.19) 

This equation shows directly how the nonlinear polarization term can result in growth or 

attenuation of the electric field at the frequency of the induced polarization of the 

material.   
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2.1.2.  Frequency Dependence  

 Up to this point, the frequency of the nonlinear polarization has been ignored with 

the exception that it will cause a change in the electric field at the same frequency as the 

polarization.  Now we will examine the frequency dependence of (3)
ωP directly.   

 The nonlinear polarization is the mixture of three vector fields (3) (3)
oε=P χ EEE , 

where E is any field present in the material as given by Eq. (2.15).  In terms of frequency, 

the Fourier transform of Eq. (2.15) yields 

 *
' '

'

1( ) [ ( ') ( ')]
2 ω ω

ω

ω δ ω ω δ ω ω= − +∑E E E + . (2.20) 

The Fourier component of the nonlinear polarization at a single frequency denoted by 

σω is 

 , (2.21) 1 2 3

1 2 3

((3) (3)
1 2 3

ˆ ˆ ˆ( ; , , ) i k k k z
o K

σω σ ω ω ω
ω

ε ω ω ω ω + += −∑P χ E E E )e

where the frequencies 1ω , 2ω , and 3ω  each represent any of the field frequencies present 

in the material such that 1 2 3σω ω ω ω= + + , K is a numerical factor that takes into account 

permutations of frequency arguments and factors of ½ arising from Eq. (2.20), i i
i

nk
c

ω
= , 

and the summation denotes the addition of all distinct sets of frequencies that add to σω  

(this summation will be assumed in future equations).  In this form, with frequency 

arguments noted explicitly, one can see that the resulting frequency of the nonlinear 

polarization is a mixture of any three frequencies present in the material.  These 

frequency arguments can be positive, negative, or zero resulting from Eq.(2.15) and Eq. 

(2.20).   
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 If the frequencies present in the material are tuned to an absorption in the 

material, the value of  (3)
1 2 3( ; , ,σ )ω ω ω ω−χ

(3)

 can grow by many orders of magnitude, 

known as a resonant enhancement[15].  This is the situation which brings about 

stimulated Brillouin scattering.  With 
σω

P  resonantly enhanced, large changes in the 

electric field amplitude occur at frequency σω .  With frequency explicitly noted, Eq. 

(2.19) becomes 

 
2

(3)
1 2 3 1 2 32

ˆ
ˆ ˆ ˆ( ; , , )

2
i kzE i K E E

z k c
σω σ

σ ω ω ω
σ

μω χ ω ω ω ω E e− Δ∂
= −

∂
, (2.22) 

where 1 2 3k k k k kσΔ = + + −  is the phase-matching term representing conservation of 

momentum, and all vector notation has been incorporated into the susceptibility, resulting 

in a scalar equation representing a particular arrangement of fields[15]: 

 (3) (3)
1 2 3 1 2 3ˆ( ; , , ) ( ; , , )σ σχ ω ω ω ω ω ω ω ω− = ⋅ −*

σ 1 2 3e ˆ ˆ ˆχ e e e , (2.23) 

where  represents the polarization vector of the electric field at frequency ˆ ie iω .   

 In this section, the change in the electric field at a given frequency was derived as 

a function of the general third-order susceptibility.  In the next section, stimulated 

Brillouin scattering will be developed specifically.  

2.2. Stimulated Brillouin Scattering 

 There are many field frequencies that can be generated from the 3rd-order 

nonlinear polarization.  The main concerns are that conservation of energy, 

1 2σ 3ω ω ω ω= + + , and conservation of momentum, 1 2 3 0k k k k kσΔ = + + − ≈

3σ

, are 

fulfilled.  Typical 3rd-order effects are third harmonic generation (ω ω ω ω ω= = + + ), 
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four-wave mixing ( 4 1 2σ 3ω ω ω ω ω= = + + ), and self-focusing ( σω ω ω ω ω= = − + ).  But 

under conditions of high field strength and resonant enhancement, the nonlinear 

polarization due to stimulated Brillouin scattering can increase by many orders of 

magnitude over other nonlinear effects.   

 Stimulated Brillouin scattering (SBS) is represented by the frequency set, 

b sσ s bω ω ω ω= = − ω+ , where ωs is the frequency of the signal or SBS pump laser, and 

ωb is the frequency of the scattered Stokes field, denoted with a b for “Brillouin.”  

Stimulated Brillouin scattering is described as a two-photon resonant process resulting in 

the excitation of an acoustic or density wave in the material.[15]  The signal wave excites 

the material from an initial energy state (g) to a final state (f) via a virtual level (v)  

(Fig. 1).  The virtual level is represented as a linear combination of all energy levels 

allowed through one-photon transitions from the initial and final energy states.[17]  The 

susceptibility is greatest when the material resonance frequency is equal to the difference 

between the signal frequency and the Stokes frequency:  

 fg s bω ω= − . (2.24) Ω

In SBS, the material resonance fgΩ represents an acoustic wave frequency, and the 

optical frequencies of the signal and Brillouin waves are very close together, separated by 

a frequency on the order of 10 GHz in silicate glass.     
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(g)

(f)

(v)

ωs ωb 

(g)

(f)

(v)

ωs ωb 

 

Fig. 1:  Energy-level diagram depicting SBS on the two-photon transition (g) - (f).[15] 

 SBS can be described as the generation of an acoustic wave in the material from 

electrostriction.[16]  The acoustic wave acts as a dynamic Bragg grating propagating at 

the speed of sound in the material and reflects the signal beam at the Doppler-shifted 

frequency bω .  Initially, the acoustic wave exists as thermal noise in the material, and the 

Stokes wave generated from the interaction of the signal beam with thermal density 

fluctuations is known as spontaneous Brillouin scattering.  After being created from 

noise, the backward-propagating Stokes wave beats with the signal beam to reinforce the 

acoustic wave, which in turn scatters more of the incident signal beam and reinforces the 

Stokes wave.  This is the process of stimulated Brillouin scattering.   

  The acoustic dispersion relation  

 | |B fg B vaΩ = Ω = K  (2.25) 

yields an expression for the frequency of the acoustic wave in the material 

where 2| |B
π

=
Λ

K , is the wavelength of the density wave, and is the speed of sound 

in the material.  Due to conservation of momentum,  

Λ av

 B s b= −K k k ,  (2.26)  
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and the acoustic wave propagates in a general direction away from the signal beam as 

shown in Fig. 2.  Together with Eq. (2.25),  

 2 sin
2

sB

a

n
v c

ωΩ θ  (2.27) ≈

since s Bω >> Ω  and 2s b sω ω+ ≈ ω [16, 18].  Therefore, the value of the Brillouin 

frequency shift is given by:  

 2 sin
/ 2
a

B s
v

c n
θωΩ = , (2.28) 

where n is the index of refraction of the material and θ is the angle between the signal and 

Stokes beams as shown in Fig. 2.  Eq. (2.28) shows that forward scattering is not possible 

under SBS since the Brillouin frequency shift drops to zero when θ equals zero.   

 To examine the amplification of a Stokes beam through SBS, we first look at 

electrostriction in general.  Eq. (2.10), the equation for the electric displacement to 

ks

kb

KB

z

z=0 z=L

θ
kskb

KB

 

Fig. 2: Schematic representation of the SBS process via electrostriction.[16] 
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fourth-order in susceptibility, can be rewritten in terms of the electric permittivity and a 

change in the permittivity such that  

 . (2.29) (3)ε ε ε= + Δ +D E E E P

From Eq. (2.29), the third order polarization vector can be approximated as  

 εΔ(3)P E . (2.30) 

The change in permittivity can be determined using thermodynamics.  The differential of 

the permittivity with respect to the independent thermodynamic properties of temperature 

and density yields  

 
T

T
T ρ

ε εε ρ
ρ

⎛ ⎞∂ ∂⎛ ⎞Δ = Δ + Δ⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠
. (2.31) 

For a low-absorption material undergoing an acousto-optic interaction, the change in 

permittivity with temperature is much less than the change due to density such that 

[16].  The potential energy per unit volume u of a material in an electric field is 

given by  

0TΔ ≈

 

2ˆ

2

E
u ε= , (2.32) 

and the change in energy density uΔ due to a change in permittivity is given by 

 

2 2ˆ ˆ

2

E E
u εε

ρ
⎛ ⎞∂

Δ = Δ = Δ⎜ ⎟∂⎝ ⎠ 2
ρ . (2.33) 

The change in energy density of the material is equal to the work W performed on the 

material in the form of compression: 

 st st
Vu W p p

V
ρ
ρ

Δ Δ
Δ = = = − . (2.34) 

Solving for the strictive pressure pst,  
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2ˆ

2st e

E
p γ= − , (2.35) 

where e
εγ ρ
ρ

⎛ ∂
≡ ⎜ ∂⎝ ⎠

⎞
⎟  is the electrostrictive constant.  In general, the change in ε with 

respect to ρ is positive.  Therefore, the strictive pressure is negative, and regions of high 

field strength have lower pressure.   

 To simplify the remainder of the derivation, assume that the signal beam is 

propagating in the +z direction and the Stokes beam is seeded at a frequency near 

bω given by bω′ and propagating in the –z direction.  The electric fields and density wave 

can then be described as: 

 

( )

( )

( )

ˆˆ( , )
ˆˆ( , )

ˆ ( , ) ( )

s s

b b

B

i k z t
s s s

i k z t
b b b

i K z t
o

z t E e

z t E e

z t z e

ω

ω

ρ ρ ρ

−

′ ′− −
′ ′ ′

′ −Ω

=

=

= +

E e

E e  (2.36) 

where s bω ω′Ω = − , and oρ is the mean density of the material, with the acoustic wave 

propagating in the +z direction.  For effective seeding of the Stokes beam, it is assumed 

that BΩ−Ω < ΓB , where  is the Brillouin linewidth.  In Eq. BΓ (2.36), a unit 

vector was introduced to represent the polarization at frequency,ˆb s′e ,b sω ′ , and the electric 

field amplitude at frequency ,b sω ′ is given by the scalar ,
ˆ

b sE ′ .  In this geometry, the 

magnitude of the acoustic wave vector is the sum of the photon wave 

vectors .  Assuming the material obeys the acoustic wave equation,[16]  B sK k k′ = + b′

 
2

2 2 2 2
2 2

ˆ ˆ ˆB
a

B

v
t K t
ρ ρ ρΓ∂ ∂
− ∇ − ∇ = ∇

′∂ ∂ stp . (2.37) 

The beating of the two electric fields produces a significant material density wave.  Let  
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2 *

2 2
s b

st e ep γ γ ′
= − = −

E E iE
. (2.38) 

Using the slowly-varying-envelope approximation for the acoustic wave, the second 

derivative of the acoustic wave amplitude with respect to z is negligible.  In general, the 

propagation of hypersonic waves is highly damped, and the propagation distance is very 

small compared to the distance where the electric fields vary significantly.  Because of 

this, the first derivative of the acoustic wave amplitude with respect to z is also neglected.  

The acoustic wave equation (Eq. (2.37)) then reduces to: 

 2 2 2 *ˆ ˆ ˆ ˆ2 ( ) (
2

e
B B B s bi i K E E

t
)γρ ρ ′ ′

∂ ′− Ω + Ω −Ω − ΩΓ =
∂

*
s be ei . (2.39) 

Under steady-state conditions, 0
t
ρ∂
=

∂
.  Solving Eq. (2.39) for the acoustic wave density 

yields the density change under electrostriction due to two counter-propagating fields 

 
( )

( )2 *

2 2

ˆ ˆ ˆ ˆ(
4

Bi K z t
o B s b

B B

K E E e
i

ρ ερ
ρ

−Ω )′ ′′ ⎛ ⎞∂
Δ = ⎜ ⎟∂ Ω −Ω − ΩΓ⎝ ⎠

*
s be ei . (2.40)  

This change in density of the material leads to a change in permittivity using Eq. (2.31) 

with .  From Eq.0TΔ ≈ (2.30) and Eq. (2.31), the nonlinear polarization oscillating at ωs 

and ωb is given by 

 

(3)

(3) *

s

b

ω

ω

ε ρ
ρ
ε ρ
ρ

′

′

∂
= Δ
∂
∂

= Δ
∂

b

s

P E

P E
 (2.41) 

and 
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( )

( )

2 ( )22
(3)

2 2

2 ( )22
(3)

2 2

ˆ ˆ ˆ ˆ ˆ( )

8

ˆ ˆ ˆ ˆ ˆ( )
.

8

s s

s

b b

b

i k z t
s bo B

B B

i k z t
s bo B

B B

E E eK
i

E E eK
i

ω

ω

ω

ω

ρ ε
ρ

ρ ε
ρ

−
′ ′ ′

′ ′− +
′ ′

′

′ ⎛ ⎞∂
= ⎜ ⎟∂ Ω −Ω − ΩΓ⎝ ⎠

′ ⎛ ⎞∂
= ⎜ ⎟∂ Ω −Ω + ΩΓ⎝ ⎠

*
s b b

*
s b s

e e e
P

e e e
P

i

i
 (2.42) 

 Using Eq. (2.19) for the change in electric field, we can now derive rate equations 

for the electric field amplitudes from this nonlinear polarization such that   

 
( )

2 222

2 2

ˆ ˆ ˆ ˆˆ

8
s bs s o B

s o B B

E EE i K
z n c i

ω ρ ε
ε ρ

′ ′′∂ ⎛ ⎞∂
= ⎜ ⎟∂ ∂ Ω −Ω − ΩΓ⎝ ⎠

*
s be ei

 (2.43) 

and 

 
( )

2 222

2 2

ˆ ˆ ˆ ˆˆ
,

8
b sb b o B

b o B B

E EE i K
z n c i

ω ρ ε
ε ρ

′ ′′ ′ ′∂ ⎛ ⎞∂
= − ⎜ ⎟∂ ∂ Ω −Ω + ΩΓ⎝ ⎠

*
s be ei

 (2.44) 

where nk
c
σ σ

σ
ω

=  and 2 1

o

c
ε μ

= .  To find the gain at the Stokes frequency due to SBS, 

these equations must be converted from fields to irradiance.  The chain rule must be used 

such that 

 

2
*

*
ˆ ˆ ˆ2 ˆ ˆ

o

E I EE E
z z cn z
σ E

z
σ σ

σ σ
σε

∂ ⎛ ⎞ σ∂ ∂ ∂
= = +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠

, (2.45) 

and the resulting rate equations are  

 
( )

( )  .

s
B s b

b
B s b

I g I I
z
I g I I
z

′

′
′

∂
= − Ω

∂
∂

= − Ω
∂

 (2.46) 

The Brillouin gain coefficient ( )Bg Ω is then given by:[16]  
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In these equations, approximations are used such that the Brillouin-scattered Stokes 

frequency is approximately equal to the signal frequency, and the index of refraction is 

the same for both Stokes and signal beams.  The equations (2.46) are the basic relations 

governing the growth of the Stokes beam and depletion of the signal under stimulated 

Brillouin scattering when the Stokes beam is seeded near the Stokes frequency.  The 

signal depletion and Stokes growth are related to the product of the Stokes and signal 

irradiances.     

2.3. Stimulated Brillouin Scattering Threshold 

 In the SBS gain equations, Eq. (2.46), the change in irradiance due to stimulated 

Brillouin scattering is dependent on the product of the forward propagating signal 

irradiance and the backward propagating Stokes irradiance.  If the material is seeded with 

a counter-propagating beam at the Stokes frequency, then SBS takes place in the material 

to amplify the back-injected seed.  If there is no seed, SBS can still occur.  With a high 

signal irradiance, the thermal noise in the material provides a sufficient seed for the SBS 

process.  Then the onset of SBS (threshold) can be described in terms of signal irradiance 

in a given material at which point the Stokes signal is easily distinguishable from any 

other reflections.  When this threshold is exceeded, increases in signal irradiance are 
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converted to backscattered Stokes irradiance with a slope efficiency of nearly 1.  The 

transmitted signal becomes effectively clamped near this threshold value since any 

additional power is efficiently converted to the backward-propagating Stokes beam.   

 To calculate the threshold of SBS in a fiber waveguide, Eq. (2.46) must be 

modified to include transmission loss of the fiber, sα [19]: 
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∂
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where the subscript on sα  denotes scattering.  It is a good assumption that the signal 

beam is non-depleted when looking for the threshold of the nonlinear effect such that 

s
s s

I I
z

α∂
= −

∂
, and the signal irradiance is  

 ( ) (0) s z
s sI z I e α−= . (2.50) 

Substituting this signal irradiance into Eq. (2.49) for the Stokes beam yields a first-order 

differential equation.  For a fiber of length L, the integration results in  
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where an effective length can be defined by the term in brackets:[20] 

 1 (1 )sL
eff

s

L e α

α
−≡ − . (2.52) 

For the case of undepleted signal, an upper bound on the threshold can be defined as the 

signal power necessary to raise the Stokes power to the level of the incident signal 

at .  While this is experimentally impossible, the Stokes power rises very quickly 

after threshold such that this point represents a slightly high estimate of threshold as 

0z =
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defined earlier.  The Stokes beam is seeded by spontaneous scattering which is modeled 

by an injection of a single photon per mode at the location in the fiber where the 

nonlinear gain equals the natural loss of the fiber (0) s z
B s sg I e α α− = .  The condition for 

threshold is then found to be[19]:  
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where Aeff is the effective mode area of the of the confined light in a waveguide.    
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Fig. 3:  SBS threshold power as a function of fiber length for a silicate fiber with a 
20 μm core and 0.13 NA from Eq. (2.53). 

 

 For a cylindrical fiber, the maximum effective area supported by the fiber can be 

estimated from the fiber properties and wavelength being used.  A typical optical fiber 

consists of a core with radius a and index of refraction ncore.  This is surrounded by a 

region of lower index of refraction called the cladding which may consist of air or 

another glass or plastic material with index of refraction nclad.  A fiber such as this 

confines light incident on the end of the fiber only in a range of angles such that the light 

in the core is reflected inside the fiber via total internal reflection.  The sine of the 
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maximum half-angle accepted by the fiber is called the numerical aperture (NA) and is 

given by 

 2 2
1/ 2sin core cladNA n nθ = = − . (2.54) 

The V-number of a fiber is a normalized frequency parameter which is used to describe 

the number of normal modes that are relatively low loss in a fiber.  The V-number is 

given by 

 ( )oV k a NA= , (2.55) 

where 2ok π λ= .  It has been shown that the fundamental mode of a step-index fiber is 

closely approximated by a Gaussian beam with mode radius ω  such that[21] 

 3/ 2 6

1.619 2.879.65a
V V

ω ⎡ ⎤= + +⎢ ⎥⎣ ⎦
. (2.56) 

The effective area is then simply 2
effA πω=  for a single-transverse-mode fiber.[22]  

However, the power contained in multimode fibers fills the fiber core more evenly than a 

single transverse mode.  In the case of multimode fibers, the effective area is more 

closely approximated by the area of the fiber core.   

A factor less than one, denoted by gK here, is often used in the literature to 

multiply the Brillouin gain coefficient in Eq. (2.53).[23, 24]  This factor is particularly 

important in experiments when the SBS process is seeded by an injected beam at the 

Stokes-shifted frequency from the back end of the fiber.  The factor gK represents the 

polarization overlap between the signal and Stokes seed in these experiments as given by 

the dot product of polarization vectors in Eq. (2.48).  However, when only non-seeded 

SBS experiments are considered, the validity of using the polarization factor is 
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questionable.  The Brillouin gain coefficient has been measured to be lower in fibers than 

in bulk silica material, and this factor with a value chosen between 0.5 and 0.67 has been 

used to explain the increase in SBS threshold power with no seed.[25-27]  Spring et 

al.[28] measured the SBS threshold while varying the signal polarization being coupled 

to a polarization maintaining (PM) fiber.  In this case, they measured  when the 

signal was launched at 45º to the polarization axes of the fiber, which varied sinusoidally 

to a value of 1 when the signal was aligned with the fiber polarization axes.  When they 

tested a similar non-PM fiber, threshold was less than 10% higher than the on-axis 

polarization in the PM fiber, indicating the value of 

0.5gK ≈

gK is much closer to 1.   

 Inhomogeneous broadening of the Brillouin gain has been found to account for 

the decreased SBS gain coefficient in optical fibers.  The Brillouin gain coefficient in Eq. 

(2.53) is reduced from the Brillouin gain at exact resonance if the acceptance angle of the 

fiber exceeds the backscattered angle supported by the linewidth of the acoustic phonon, 

.  When the fiber NA is small, BΓ
B

B

NA Γ
<

Ω
, the Brillouin gain is indistinguishable 

from exact resonance.[29]  For a silica fiber with signal wavelength of 1064 nm, this 

corresponds to an NA less than 0.05.  For fibers with larger NA, the Brillouin scattered 

signal is comprised of subsets of homogeneously broadened components generated from 

the different angular components of the Stokes and signal modes such that[22, 30] 

 ( ) 1 1/ 2( ) tan tan
( ) / 2 / 2

Bo cB
I B

Bo c B B

Fg g
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− −⎡ ⎤⎛ ⎞⎛ ⎞Ω −Ω −ΩΓ
Ω = Ω −⎢ ⎥⎜ ⎟ ⎜ ⎟Ω − Γ Γ⎝ ⎠ ⎝ ⎠

, (2.57) 
⎣ ⎦

27 



www.manaraa.com

where 
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Ω = .  For unseeded SBS, BoΩ ≈ Ω to a good 

approximation, and the inhomogeneously broadened Brillouin gain can be determined 

purely from fiber material and characteristics.  Then Eq. (2.57) reduces to 
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for unseeded SBS.   

 With these modifications to the parameters in Eq. (2.53), this SBS threshold 

prediction (“Smith model”) is typically accurate only to a factor of 2.  Some other factors 

to consider which can impact the threshold include temperature variations[31-34] due to 

absorption or waste heat in fiber amplifiers and lasers, dopant levels,[35] and fiber 

geometry fluctuations.[36, 37]     

 Estimating the SBS threshold in fiber amplifiers has been the subject of much 

research since it is seen as the main obstacle to increasing the power of single-frequency 

fiber amplifiers.[38-41]  In low-power amplifiers, the signal power required to reach the 

SBS threshold is lowered in an amplifier as compared to passive fiber of the same 

composition.  The laser gain g amplifies both the signal and the Stokes waves, which 

lowers the SBS threshold power as if the effective length of the fiber is longer than its 

physical length (see Eq. (2.53), Eq. (2.49), and Eq. (2.52) with s sgα α− → − ).[42, 43]  

However, much higher amplified powers have been achieved than were predicted by this 

model of SBS due to the temperature gradients present in the fiber amplifier under high-

power operation.[44]  The Brillouin bandwidth and frequency shift between the signal 

and Stokes waves is temperature dependent[31-33, 36].  With high thermal gradients 
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caused by end-pumping of a fiber amplifier, the Brillouin gain is effectively broadened, 

and SBS threshold is increased.[45]   

 When SBS is seeded with noise, the Smith equation (Eq. (2.53)) has typically 

been used to predict the SBS threshold in low-loss optical fibers.  The Brillouin gain 

coefficient is used as a fit parameter in this equation, and other modifications have been 

made to this equation to accommodate gain in the fiber, broadening due to the numerical 

aperture of the fiber, or depolarization.  For low-loss, passive fibers, it is reasonably 

accurate, but a more thorough model was developed to predict SBS threshold in fiber 

amplifiers or in fibers with high scattering losses, and is discussed in Chapter 4.        

2.4. Stimulated Brillouin Scattering Phase Conjugation 

 Phase conjugation is the process of reflecting a wave upon itself in such a way 

that it behaves as the time reversal of the incident wave.  In perfect phase conjugation, the 

wavefront of the incident wave is replicated exactly, but the propagation direction is 

reversed at all points.  The action of a phase conjugate mirror is to conjugate the spatial 

and polarization properties of the incident wave.  The signal beam is defined as in  

Eq. (2.15), 

 ( ) (*1 ˆ ˆ( )
2

si t i t
s s st e eω− − − )sω⎡ ⎤= +⎣ ⎦

s sk r k rE E Ei i , (2.59) 

where ˆ
sE represents both the polarization and amplitude of the signal beam.  The ideal 

phase conjugate wave is then defined as[6]   

 ( ) (*1 ˆ ˆ( )
2

si t i
c s st e eω− − + )stω⎡ ⎤= +⎣ ⎦

s sk r k rE E Ei i . (2.60) 

29 



www.manaraa.com

By inspection, the phase conjugate wave is equivalent to the time reversal of the incident 

field .  This conjugate beam has the time-reversed polarization of the 

incident beam as well, such that an incident beam with right-handed polarization will 

have right-handed polarization upon reflection--opposite to the case of a normal mirror.   

( ) ( )c st = −E E t

 A phase conjugate mirror can be used to compensate for aberrations induced on 

the beam during propagation (Fig. 4).[46]  During an initial pass through an amplifier, for 

instance, a perfect phase front can be distorted due to inhomogeneities in the amplifying 

medium.  Reflection by a normal mirror inverts the phase front of the incident beam and 

the distortion is doubled during the second pass through the aberration.  However, a 

phase conjugate mirror does not invert the wavefront, but reverses the direction of 

propagation.  The wavefront backs through the aberration as if time were reversed to 

recreate the initial perfect wavefront upon the second pass through the aberration.   

 The most common method for wavefront correction is through the use of adaptive 

optics.  This method uses a wavefront sensor, a deformable mirror, and a control loop to 

sense and compensate distortions in the phase front of the incident light.  Adaptive optics 

are being used in optical systems to compensate for phase distortions caused by 

atmospheric effects[47] and laser amplifier aberrations.[48]  Highly aberrated beams 

present difficulties in both sensing and compensation techniques for these systems,[49] 

which are seeing rapid development in improved wavefront sensing techniques and 

control algorithms.[50-52] 
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Fig. 4:  Depiction of wavefront distortions (a) after passing through an aberration, 
(b) after reflection from a normal mirror, and (c) upon reflection from a phase 
conjugate mirror. 

 

 In addition to wavefront correction using adaptive optics, there are many 

nonlinear optical methods to achieve wavefront correction through phase conjugation 

such as degenerate four-wave mixing, stimulated Raman scattering, and photorefraction.  

With the exception of photorefractive techniques, the nonlinear optical phase conjugators 

have the benefit of response times in the tens of nanoseconds and do not use any signal 

processing or electronics in constructing the conjugate beam.  Perhaps the simplest of the 

nonlinear phase conjugation approaches is that of SBS.  SBS is characteristic of the class 

of self-pumped phase conjugators in that the signal beam is the only field necessary to be 

incident on the phase conjugate mirror.  In its absolute simplest form, a signal beam is 

focused into a block of material.  This method is referred to as the “focused geometry,” 

and has been used with much success conjugating pulsed lasers as will be discussed in 

the next chapter.  The focused geometry has a very high threshold, however, which 

makes cw phase conjugation difficult with this architecture.  Until this work, cw SBS 

phase conjugation had not been achieved.  To lower threshold to values within reach of 

cw systems, waveguides provide the confinement necessary to maintain high irradiance 
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over a long distance – two of the requirements for a low threshold as given by the 

threshold prediction in Eq. (2.53). 

 Phase conjugation via SBS was first observed in an optical waveguide by 

Zel’dovich in 1972 using a capillary tube filled with methane gas.[53]  Through a modal 

analysis, Zel’dovich showed that the phase conjugate beam experiences preferential gain 

over all other mode combinations for the reflection of the signal.  The incident field is 

viewed as one of many possible modes in the waveguide, which causes a rapidly 

fluctuating irradiance pattern in the waveguide, termed “speckle,” as shown in Fig. 5.  

Since the Brillouin gain is proportional to the product of the irradiance of this field with 

that of the Stokes beam, the mode combination that experiences the highest gain is the 

phase conjugate of the signal beam.  This can be shown starting from Eq. (2.49) with 

explicit radial ( ) and longitudinal (z) dependence,[54]  r⊥
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Integration of the equations over the radial direction transforms the equations into 

functions of power such that[55]  
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where the effective Brillouin gain coefficient is given by 
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In Eq. (2.63), any radial dependence on the Brillouin gain coefficient is represented by 

the normalized variable , which is set equal to one for step-index fiber.  According 

to this equation, the effective gain is the highest for the Stokes modes which exhibit the 

best overlap with the signal, which favors the phase conjugate beam when is a 

constant.  This analysis is applicable to any waveguide which has a homogeneous core 

such as a glass fiber with a step-index core. 

( )G r⊥

( )G r⊥

 SBS in a waveguide does not generate a perfect phase conjugate beam as defined 

in Eq. (2.60).  As a result of the interaction with a phonon wave in the material, the 

Stokes beam is shifted in frequency on the order of 10 GHz.  This small frequency shift 

leads to a limitation in the length of waveguide that can be used to generate a phase 

conjugate beam.  Since SBS phase conjugation derives from the selected gain of the 

conjugate mode, the Stokes beam must overlap the signal wave path exactly to 

(a) (b)  

Fig. 5:  (a) The irradiance pattern of the signal inside a 1 mm segment of step-index, 
multimode fiber.   The diagram in (b) shows a phase conjugate beam at the Stokes-
shifted frequency for the same segment of fiber.[56] 
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experience the gain from the speckle pattern generated from the signal wave.  The 

frequency shift of the Stokes beam thus limits the interaction length for good phase 

conjugation.  A consequence of this is higher power signals are needed to reach the SBS 

threshold power, which is inversely related to waveguide length.  The maximum 

interaction length that can be used to achieve a specified quality of phase conjugation was 

modeled by Zel’dovich in 1977[57] and similarly by Hellwarth in 1978[29] such that  

 
6 (1 ) eff

w

F A
L

N λ
−

≤
Δ

, (2.64) 

where Nw is the number of excited waveguide modes, Δλ is the wavelength difference 

between Stokes and signal beams, and F is the “fidelity” of the conjugated beam.  The 

fidelity is the fraction of the Stokes beam that is the spatial phase conjugate of the signal 

beam.  A perfectly phase-conjugated beam has a fidelity of 1.  Approximating 

( )( )2
2

2 2
o

w

k a NAVN ≈ = for multimode step-index fibers,[58] Eq. (2.64) was later given 

by[59] 
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FcL
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−

≤
Ω

. (2.65) 

where the Stokes shift is represented by angular frequency 22B c λπ
λ
Δ

Ω = .  Similarly, 

Zel’dovich’ model results in a length limitation of 

 2

3 1

B

F McL
n NA

−
≤

Ω
 (2.66) 

where n is the index of refraction of the core and M is a scalar used to account for the 

spatial pump irradiance pattern such as Gaussian ( 2.8M = ) or a flat-top beam ( 12M = ).  
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The models nearly converge in the case of a Gaussian pump.  These models were derived 

analytically using the approximation of near-perfect fidelity.  The non-conjugated 

fraction of the Stokes beam was assumed to be small such that only a few terms in the 

Taylor series were kept.  As a result, these models lose validity as the fidelity declines.  

Another approach described the maximum interaction length as a function of phase error 

φΔ  between the Stokes and signal beams by examining the modal dispersion between 

normal modes of a fiber waveguide.  This method resulted in a maximum length of[55] 

 
( )2

2 core

B

n cL
NA

φΔ
≤
Ω

. (2.67) 

 These methods predict a maximum interaction length of 14 cm to produce very 

good phase conjugation (fidelity of 0.9 or wavefront error less than /10λ ) from a silicate 

fiber that supports ~100 modes (25 µm core diameter with 0.2 NA).  As discussed in the 

next chapter, fibers up to 25 m long have been shown to achieve good phase conjugation 

using pulsed lasers.[60, 61]  The discrepancy is reduced since the effective length of the 

interaction may be limited by the coherence length of the signal laser as in Eq. (3.2).[62] 

However, the result of this dissertation discovered experimentally that these 

analytic models underestimate the length of step-index fiber that can be used to generate 

a good fidelity phase conjugate beam by an order of magnitude.  In addition, the new 

experimental results of this work guided a numerical model that solved the differential 

equations governing SBS in a fiber-optic waveguide to calculate the fidelity.[63] 
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(a) (b)  

Fig. 6:  The irradiance pattern inside a 1 mm segments of step-index, multimode 
fiber after propagating 1 km (a) for the signal beam and (b) for the phase conjugate 
beam.[56] 
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Fig. 7:  Fidelity prediction as a function of fiber length from Eq. (2.65). 

   The previous discussion on SBS phase conjugation fidelity does not apply to a 

waveguide with a non-uniform core such as a graded-index fiber.  A graded-index fiber 

has an index of refraction that decreases from the center of the fiber to the cladding in a 

parabolic profile, and is common in telecommunications applications because the 
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dispersion is reduced over step-index fibers.  Due to the reduction in modal dispersion, 

the previous discussion would lead one to believe that longer lengths of graded-index 

fiber could be used to create high fidelity phase conjugation.  Unfortunately, this is not 

the case.  In this type of fiber, the fundamental Stokes mode is usually favored over all 

other fiber modes by a small margin and experiences the highest SBS gain.[55, 64]  Both 

the modal structure and the dopant distribution in the fiber used to create the index 

variation serve to increase the SBS gain in the center of the core.  In Eq. (2.63), ( )G r⊥ is 

not a constant, and the fundamental Stokes mode is favored through gain guiding.[55]  

Instead of a phase conjugate, SBS in a graded-index fiber causes a Stokes beam primarily 

in the fundamental mode regardless of the modes excited by the signal beam.[64, 65]     

 In summary, phase conjugation is achievable through SBS in a step-index optical 

fiber provided the length is short enough.  This length limitation was calculated with 

approximations for high fidelity in Eq. (2.65) and Eq. (2.66).  However, the power 

needed to achieve SBS threshold is inversely proportional to the fiber length as given by 

Eq. (2.53).  These considerations frame this work.   
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   3.  Literature Review 

 In this section, experimental observations, techniques, and accomplishments will 

be reviewed that pertain to SBS phase conjugation in optical fibers.  Most of the work 

that has been conducted has focused on pulsed laser sources to generate the high 

intensities needed to exceed the SBS threshold.  A progression towards phase conjugation 

at lower intensities will be shown to the level where this work’s achievement of cw phase 

conjugation becomes feasible.   

 The earliest work, including the discovery of the effect, used gas-filled 

waveguides.  Many pulsed lasers have been conjugated by simply focusing into a cell 

filled with a liquid or gas, or into a block of solid material.  The interaction length is 

small in these devices, leading to a large pulse energy requirement.  Multiple cells were 

employed to conjugate lower energy pulsed systems.  A large amount of work has also 

been done using pulsed lasers with solid waveguides as the SBS material.  In these cases, 

the coherence length of the pulsed laser typically limits the effective length of the 

Brillouin scattering interaction.  Long coherence length lasers with long fiber SBS media 

have been used to reduce threshold energy, but as indicated at the end of Chapter 2, this 

has produced beam cleanup or the loss of phase conjugation fidelity.  The SBS threshold 

using cw signal lasers has been recently modeled in fiber amplifiers by several authors 

since it is a limiting factor in high-power, single-frequency fiber amplifiers.  The SBS 

threshold has also been studied in newly developed glass fiber materials such as tellurite 

and chalcogenide glass fiber for the development of fast optical switches.  Those 

experiments demonstrate the promise of using fiber amplifiers, chalcogenide glass, or 

tellurite glass fibers as the SBS media for cw phase conjugation.           
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3.1. Initial Observation of SBS Phase Conjugation  

 The earliest example of phase conjugation was performed by Zel’dovich et al.in 

1972 using a large aperture glass square waveguide placed in a cell of methane gas at 125 

atm[53].  The experimental apparatus shown in Fig. 8 is one of many methods used to 

measure phase conjugation fidelity and will be described in detail here.  A pulsed laser 

was used to generate 110 ns pulses with a peak power of 1.3 MW.  The pulses were 

passed through a 6 mm x 6 mm aperture and an aberrator made from etched glass and 

focused into the methane cell with a 1 m focal length lens.  Stimulated Brillouin 

scattering was observed with 25% reflectivity, and the divergence of the light was 

measured before the etched glass (at C1) and after the etched glass (not shown) to 

examine the amount of distortion the etched glass caused.  The Stokes beam reflected 

from the cell was then measured before (not shown) and after the etched glass (at C2) to 

measure the beam quality improvement caused by the second pass through the aberration.  

A perfect phase conjugate beam will recreate the incident beam divergence after the 

second pass through the aberration.  Comparing the final divergence to the initial beam 

divergence (C2/C1 in Fig. 8) therefore gives a measure of fidelity.  The final corrected 

divergence is also compared to the final divergence observed using a standard mirror 

instead of the SBS cell to reflect the incident beam twice through the aberration.  In 

Zel’dovich’ experiment, the divergence of the signal beam was measured at 0.14 mrad x 

1.3 mrad before passing through the etched glass.  The divergence immediately after the 

etched glass had degraded to 3.5 mrad.  The divergence after being reflected in the SBS 

cell and passing through the etched glass twice was nearly identical to that of the incident 

beam.  However, replacing the SBS mirror with a standard mirror resulted in a 
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divergence of 6.5 mrad – nearly twice the single-pass divergence through the etched 

glass.   

 This successful demonstration of SBS phase conjugation was quickly followed by 

a similar experiment by Nosach et al.,[66] which was the first experiment to show that 

phase conjugation could correct for aberrations induced by an amplifier.  They used a 

ruby laser amplifier as the aberrator with a 3 mm diameter capillary tube 1 m in length 

filled with carbon disulfide to generate SBS.  In one pass, the amplifier caused the 

divergence to increase from 0.13 mrad to 2.5 mrad.  The SBS cell reflected 60% of the 

incident amplified light, and after a second pass through the amplifier, the resulting beam 

had a divergence of 0.15 mrad.  These results were confirmed by duplicating the 

experiment at Hughes Research Laboratories in 1978 using 17 ns pulsed laser [67].  

These early experiments generated phase conjugate beams using short pulses with greater 

than 1 MW peak power.     

C1

C2

Aperture

Aberrator

Methane 
cell

 

Fig. 8:  Experimental apparatus for the earlies observation of SBS phase 
conjugation.  Cameras 1 and 2 measure the divergence of the signal and Stokes 
beams, respectively. 
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3.2. Focused Cells and Capillary Tubes  

 Following this work, a large number of experiments were carried out by simply 

focusing pulsed laser light into a cell containing pressurized gases or liquids as the phase 

conjugate media.[6, 46]  Pulsed lasers were always used due to the high powers necessary 

to exceed the SBS threshold in the focused cell geometry.  For comparison, the Brillouin 

gain coefficient and phonon lifetimes measured in some of the materials used is listed in 

Table 1.[46, 68-70]  

    As a demonstration of the capabilities of an SBS phase conjugator, Eichler used 

an SBS cell in 1995 to improve the beam quality of a 2-pass rod amplifier operating at 

100 W average power.  The beam was improved from 2 times the diffraction limit to 1.2 

times the diffraction limit by reflecting from a phase conjugate mirror instead of a planar 

mirror.[71]  The oscillator produced a beam that was 1.2 times the diffraction limit, and 

the phase conjugating mirror corrected amplifier aberrations such that the resulting output 

beam had nearly the same quality as the oscillator.  The pulse width was 70 ns, and the 

SBS cell was filled with CS2 liquid.  The signal beam was reflected through a flash lamp 

pumped Nd:YALO rod using a polarizing beamsplitter and a Faraday rotator.  The beam 

Table 1:  Brillouin gain coefficients and phonon lifetimes measured in selected 
materials. [46, 68-70] 

Material gb  
(10-11 m/W) 

τp  
(ns) 

CH4 (100 atm) 65 17 
N2 (135 atm) 30 22 
SF6 (22 atm) 35 24 
Xe (39 atm) 44 30 
CS2 130 4.6 
Acetone 20 1.9 
CCl4 6 0.5 
SiO2 5 4.3 
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was focused into the SBS cell using a 2 m focal length lens, and the maximum 

reflectivity of the SBS cell was measured at 60% at an incident irradiance approximately 

7 times above the SBS threshold.  After reflection in the SBS cell, the beam passed 

through the amplifier and Faraday rotator a second time before outcoupling at the 

polarizing beamsplitter.  The thermal lens effect is a main problem in rod amplifiers.  

When operating at high powers, the lens focal length varies with pump power.[72]  As a 

demonstration of the phase conjugate properties of the SBS cell, the beam quality of the 

laser output was found to be 1.2 times the diffraction limit despite a range in pump power 

from 2 to 8 kW, with corresponding average output powers from  

2 W to 102 W.   

 SBS phase conjugation has also been used to increase the pulse power and beam 

quality from zig-zag slab architectures.[73-75]  In zig-zag slab ampifiers, the signal beam 

is incident on the edge of a typically Brewster-cut slab of solid gain material such as 

Nd:YAG pumped on its large face with flash lamps or laser diodes.  The signal reflects 

multiple times inside the slab via TIR.  The optical path averages out much of the thermal 

lens experienced with bulk solid-state amplifiers.  Using a single flash lamp-pumped slab 

in a 4-pass geometry with a phase-conjugate reflection, Offerhaus generated 20 W 

average power at the diffraction limit in 25 ns pulses at 400 Hz.  To generate the phase 

conjugate beam, two cells filled with Freon-113 were used in succession termed an 

“oscillator-amplifier” SBS configuration.  After two passes through the amplifier, the 

signal was focused through a 500 mm cell (“SBS amplifier”) with a 200 mm focal length 

lens.  Any residual transmitted beam was then focused through a 100 mm cell 
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(“oscillator”) with a 50 mm lens to increase the reflectivity of the SBS reflection, which 

was reported to be 60%.   

 The double-SBS cell in a focused geometry used by Offerhaus lowers the power 

required to achieve SBS.  It was originally developed by Crofts et al.[76] with the more 

accurate name of “generator-amplifier.”  SBS threshold depends on the cross-sectional 

area of the beam divided by the effective length as in Eq. (2.53).  The effective length in 

a focused geometry is typically taken as two to three times the Rayleigh range of the 

beam.[77]  It is interesting to note that if the area is approximated as the cross-section of 

the beam at the focus, the quotient reduces to: 

 
2

22 / 2
eff o

eff o

A w
L nw

π
n
λ

π λ
≈ = , (3.1) 

which is independent of spot size and therefore independent of focusing optic used as 

long as the cell is longer than the effective length.  A reduction in SBS threshold arises 

from the existence of the second cell and not the power of the lens used.  In fact, Duignan 

et al. reported a reduction in SBS threshold of a factor of up to 3.4 by using a Herriott 

cell to generate an SBS mirror consisting of effectively 24 cells.[78]  1.7 μs pulses from 

an HF laser at 500 mJ per pulse were focused and refocused into a single cell filled with 

high pressure xenon.  The beam was refocused through the 50 cm cell up to 24 times by 

100 cm focal length mirrors.  They measured ~85% conjugation fidelity with this 

arrangement with peak powers at ~0.3 MW.   

  Dane et al. at Lawrence Livermore National Laboratory used SBS phase 

conjugation to clean up aberrations in an 8-pass zig-zag slab laser using flash lamp-

pumped Nd:glass amplifiers.[74]  The SBS mirror consisted of a double-cell of CCl4.  

After 4 passes through the amplifier, the signal beam was collimated through a 33 cm cell 
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with a beam diameter such that this SBS amplifier cell is operating at 1-2 times SBS 

threshold.  Then the beam was focused into a second “oscillator” cell using a 14 cm focal 

length lens.  At low powers, the oscillator cell performs a majority of the conjugation.  As 

power is increased, the amplifier cell becomes more active and reduces the irradiance in 

the oscillator cell.  The purpose of the two-cell architecture in this case is to enable a 

broad peak power range to be conjugated without concern for competing processes such 

as stimulated Raman scattering, self-focusing, or material breakdown.  Using this 

arrangement, they achieved 88% reflectivity.  They note that to avoid transient effects or 

fidelity fluctuations, it is important when using pulsed systems to ensure the rise time of 

the leading edge of the pulse is long compared to the phonon decay time of the Brillouin 

medium.  Ultimately, their laser system produced over 25 J/pulse in 14 ns pulses, 6 Hz 

PRF, in a beam 1.25 times the diffraction limit for an average power over 150 W.                 

 While SBS in focused cells has been shown to work well with such high powers 

typically found in flash lamp-pumped, short-pulse lasers as noted above, the SBS 

threshold is prohibitive for most cw lasers.  Some success at lowering the SBS threshold 

in focused geometries was achieved by using ring cavities or SBS-cell resonators to 

create a longer path length through the material.[79, 80]  Using an amplifying medium as 

the SBS cell has also been used to lower threshold by increasing the effective length as 

shown in Section 2.3.[81]  However, as the peak power incident on the cell reduces 

toward threshold levels, the fidelity of focused-cell SBS phase conjugation decreases.  

Near threshold, only the most intense portions of the focused beam in the cell are 

conjugated.[82]  In addition, the aberrations in the incident beam can cause such a large 

transverse profile at the single focus that the conjugated components of the beam are 

44 



www.manaraa.com

uncorrelated.[83]  To reduce the SBS threshold for lower peak power lasers, waveguides 

were employed to maintain high intensities for longer effective lengths.   

 Gas or liquid-filled capillary tubes have been used to reduce the SBS threshold in 

pulsed laser systems to as low as 40 W peak power.  Liquids have typically been chosen 

as the SBS medium since the higher index of refraction than the capillary tube results in a 

high NA, which results in better guiding as compared to gas-filled waveguides.  As 

reported by Jones et al.,[84, 85] a benzene-filled capillary tube with a diameter of 60 μm 

was used to lower SBS threshold to 130 W peak power.  Jones achieved 40% reflectivity 

at an even lower peak power of 70 W using a 500 ns pulsed laser and a CS2-filled 

capillary tube that was 2 m long with a 100 μm inner diameter.  In separate experiments 

with CS2-filled waveguides, Jones obtained up to 50% reflectivity and 80% conjugation 

fidelity.  The lowest SBS threshold among pulsed laser experiments with liquid or gas-

filled waveguides was obtained in a tapered waveguide filled with CS2.[86]  The 

diameter of the waveguide was rapidly tapered from 0.5 mm to 10 μm for an additional 

30 cm.  An SBS threshold value of 40 W peak power was measured for this waveguide 

using 15 ns pulses with a reflectivity of ~60%, but fidelity measurements were not 

reported.  In experiments such as this, the small waveguide acts as an SBS seed.  The 

two-waveguide system may begin to act as an amplifier for the seed instead of a phase 

conjugate mirror, which degrades the fidelity.          

3.3. Glass Fiber Optics  

 SBS phase conjugation has been achieved at low peak powers using pulsed lasers 

with silicate-fiber phase conjugators.  The threshold reduction with fiber length has 

enticed some research in cw phase conjugation using silicate fibers, but the 
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implementation has not been successful until this research effort.  Phase conjugation has 

also been explored using pulsed lasers with silicate-fiber amplifiers as the SBS media, 

which resulted in peak power SBS thresholds of less than 10 W, well within the range of 

cw lasers.  Most research related to SBS in fiber amplifiers was aimed at increasing the 

power-limiting threshold of SBS.  Recently, new glass fibers have been manufactured 

commercially such as tellurite and chalcogenide (As2Se3) glasses, which have been 

found to exhibit a very high Brillouin gain coefficient.  While the threshold of SBS has

been explored in these new glass fibers, phase conjugation experiments have not b

performed.  Chalcogenide glass, tellurite glass, and silicate-fiber amplifiers represent 

some of the most promising materials for cw phase conjugation via SBS.     

 

een 

3.3.1. Silicate Fiber 

 One of the earliest examples of phase conjugation in multimode silicate fibers was 

done by Kuzin in 1985.[60]  Using a 7 m multimode fiber (30 μm diameter, 0.12 NA) 

and a pulsed laser with pulse duration of 500 ns, they measured SBS threshold at 50 W 

and achieved ~80% reflectivity at higher powers.  The fidelity was reportedly near 1.  

They tested a fiber with a length of 130 m and encountered depolarization in the Stokes 

beam.  The SBS threshold was measured at ~10 W, and power reflectivity approached 

100% with incident peak powers of 500 W.  From these results, they concluded the 

length of the fiber lowered SBS threshold, but the fidelity was limited by depolarization 

as high as 50% in the fiber at the longer length of fiber.  They did note that analysis of the 

Stokes beam with only the same polarization as the signal exhibited high fidelity 

conjugation.  
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Fig. 9:  Apparatus used by Kuzin to measure phase conjugation fidelity with an in-
line pinhole.[60] 
 

 The method used by Kuzin to measure fidelity employs an in-line pinhole through 

which the incident beam is sent prior to being coupled into the fiber.[60]  The SBS fiber 

itself acts as an aberrating medium, and the pinhole diameter was chosen “so that only 

that fraction of the Stokes wave which was the phase-conjugate replica of the laser beam 

could pass through in the reverse direction.”  The fidelity was measured as the ratio of 

Stokes power that transmits through the pinhole to the total Stokes power, 3 2F P P= .  

Kuzin notes that the error in the Stokes power measurements was 20%, but claims total 

transmission through the pinhole and near perfect phase conjugation using the 7 m fiber.      

Kuzin’s experiment, performed with a pulsed laser, is one case where fibers 100 

m or longer were shown to reduce the fidelity of phase conjugation attributed to 

depolarization.  However, the high fidelity obtained in this pulsed laser experiment with 7 

m of fiber suggests fibers much longer than predicted by Eq. (2.65) and Eq. (2.67) may 

produce good fidelity phase conjugation.    In fact, Vasil’ev et al. employed a 25 m fiber 

as a phase conjugate mirror to effectively remove amplifier-induced aberrations in pulsed 

laser system.[61] 

 The coherence lengths of the pulsed lasers used in Kuzin and Vasil’ev’s  

experiments were not reported.  The work of Eichler would later show the effective 
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length of the SBS interaction in the fiber is reduced based on the coherence length of the 

signal laser.[62]  Eichler used a pulsed laser to study SBS phase conjugation in silicate 

fibers with 200 μm diameter, step-index cores.  The signal laser produced 30 ns pulses at 

1064 nm wavelength, and the coherence length of the laser was varied from 20+/-10 cm 

to 80+/-30 cm.  Fiber length was varied up to 10 m to study reflectivity, fidelity, and 

threshold of SBS phase conjugation.  A schematic of the apparatus is shown in Fig. 10.   

 Eichler found that the reflectivity and fidelity achieved through SBS in the fiber 

behaved as if the length of fiber were only ~1 m even when the fiber was physically 

longer.  After conducting measurements of fidelity, reflectivity, and threshold power as a 

function of both fiber length and laser coherence length, he defined an SBS effective 

length limited by the signal laser coherence length as 

 1 1 1
s

eff coh fiberL L L
= + , (3.2) 

where s
cohL is the coherence length of the signal laser.  Using a 4.1 m fiber, the threshold 

was found at 17 kW peak power and reflectivity reached 50% of the incident power.   
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Fig. 10:  Apparatus used to measure fidelity and reflectivity from a fiber phase 
conjugate mirror.[62] 
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 The result of Eichler’s work shows good fidelity phase conjugation can be 

achieved using effective lengths of a few meters of fiber.  Eichler’s experiments are in 

reasonable agreement (within a factor of 2) with the fiber length predicted by Eq. (2.65) 

for good fidelity conjugation when the coherence length of the signal laser is taken into 

account.  Due to the short coherence length of the signal laser, the expected decrease in 

fidelity with fiber length was not explored during these experiments even though the fiber 

length was increased to 10 m.  Eichler’s conclusions regarding the effective fiber length 

were confirmed in larger diameter fibers (0.4 mm to 1.0 mm diameters) by Pashinin et al. 

using a 10 cm coherence length signal laser and fibers up to 20 m long.[87]  Yoshida 

published similar research using 10 m fibers of 200 μm diameter with a pulsed laser of 

1.2 m coherence length.[88]  Yoshida’s laser had short pulses of only 10 ns and 

experienced damaging effects from the transient effects of SBS in short pulses 

approaching the phonon lifetime of the material.  Eichler later reduced SBS threshold 

powers to 300 W peak power using a 25 μm diameter silicate fiber that was 10 m long 

with an NA of 0.22, but fidelity was not reported.[89, 90]      

 The technique Eichler used to measure fidelity is known as the power-in-the-

bucket technique.  First, the signal beam transmission, T, is measured through a pinhole 

at the focus of a lens, measured at E1 in Fig. 10 above.  The Stokes beam is focused 

through a similar pinhole by a similar lens as shown in Fig. 10, and the energy 

transmitted, E3, is recorded.  The total energy in the Stokes beam is also recorded, E2.  

The fidelity is then given by the ratio of the Stokes energy transmitted through the 

pinhole to the product of the total Stokes energy and the incident beam transmission, 
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3

2

EF
E T

= .  The reflectivity is simply the Stokes energy divided by the incident energy, 

2 / 1R E E= .   

 Several high-pulse-power laser systems have been constructed using multimode 

silicate fibers as phase conjugate mirrors.  In 1985, Vasil’ev et al. used a multimode fiber 

as the phase conjugating medium in a four-pass Nd:glass amplifier[61].  The fiber had a 

core diameter of 50 μm and a length of 25 m.  A single pass of the amplifier typically 

aberrated the single-mode beam to 15 times the diffraction limit.  When the fiber phase 

conjugator was used, the output of the amplifiers matched the divergence of the source 

beam, amplified by an overall gain of ~300.  Eichler’s research team realized similar 

results with a 4-pass MOPA system.  By using a multimode fiber as the phase-conjugate 

mirror, they increased power from 84 W to 124 W with a slight improvement of beam 

quality to 2.2 times the diffraction limit.[91]  In a different arrangement, two amplifier 

channels were separately phase-conjugated and polarization combined to form a total of 

315 W average power in 120 ns pulses with 2.6 times the diffraction limit in beam 

quality.[92]  The SBS fiber was 2 m long with a 200 μm core diameter.  They noted that 

the phase-conjugate reflection from each amplifier leg automatically superimposes the 

beams spatially at the polarizing beamsplitter (Fig. 11).   
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Fig. 11:  Two-channel, polarization-combined 315 W MOPA with multimode fiber 
phase conjugating mirrors. 

 

       In attempting to lower the SBS threshold even further while maintaining high 

conjugate fidelity, Heuer et al. applied a two-cell oscillator/amplifier approach to fiber-

optic phase conjugators.[93]  In this method, a 45 cm-long, 100 μm-core fiber was 

tapered over a length of 5 cm into a 20 μm diameter fiber that was 50 cm long.  The 

narrow section of fiber served to decrease the threshold by a factor of 6.6 times lower 

than if just the 100 μm-core fiber were used with a full length of 1 m.  The reported 

fidelity was above 0.95 with a maximum reflectivity of 92%.  However, the fidelity was 

not reported for energy levels less than 5 times above SBS threshold.  Lower pulse-power 

operation approaching SBS threshold may cause a larger portion of the incident signal 

beam to be conjugated in the narrow portion of the tapered fiber.  This may decrease the 

fidelity since the narrow fiber portion cannot accept the full structure of the signal beam, 

and therefore cannot conjugate the full beam.  This is similar to seeded SBS which will 

be discussed next.       

 Providing feedback into the SBS medium at the Stokes-shifted frequency can also 

lower or even remove the SBS threshold.  The feedback provides a higher power seed 
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than the usual noise source that typically generates SBS.[16]  However, these methods 

tend to degrade the fidelity of phase conjugation.  Enclosing the fiber in a Fabry-Perot 

resonator leads to a lower threshold but also results in periodic power spikes at the 

roundtrip time of the cavity until the signal power is increased to many times above 

threshold.[94, 95]  The disappearance of the spiking at roundtrip times could be due to a 

large portion of the incident power being converted to Stokes power in a single pass of 

the material without using the cavity feedback.  A second method of feedback is the loop 

scheme or ring cavity pictured in Fig. 12.  This method reduced SBS threshold by a factor 

of 1.6 in an experiment using a 30 ns pulsed laser and a 1 m fiber with a 50 μm 

diameter.[96]  The conjugation fidelity was not measured in this test, but very short 

pulses in the Stokes beam with a periodicity of the roundtrip time in the loop were 

observed.  In a separate use of the ring resonator, a much longer fiber of 4.4 km was 

placed in a ring cavity which reduced the SBS threshold by 25%.[65]  While the temporal 

profile of the Stokes beam was studied in these research efforts involving feedback, the 

conjugation fidelity was absent.  The ability of feedback cavities to provide high fidelity 

conjugation is questionable and has not been demonstrated.        
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Fig. 12:  Loop or ring cavity used to reduce SBS threshold.[96] 
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   Since the threshold of SBS is reduced as the length of fiber increases (see Fig. 3), 

it is important to review some published results seeking SBS phase conjugation and beam 

cleanup in long fibers on the order of 1 km or more.  When a signal beam is launched into 

a long, multimode fiber in such a way as to excite nearly all the supported modes of the 

fiber, the backward propagating Stokes beam may emerge in only the LP11 or 

fundamental mode.[64, 65, 97-99]  The effect is known as SBS beam cleanup, as 

mentioned earlier in Section 2.4.  This is different from phase conjugation since a phase 

conjugate beam would be as distorted as the incident signal when reflected by the fiber 

and only experience beam cleanup upon a second pass through the original aberration.  

Bruesselbach first observed beam cleanup using fiber lengths of 2.2 km and 3.3 km that 

supported several hundred modes.  Rodgers demonstrated beam cleanup using a few-

mode, 4.4 km graded-index fiber operated in a ring geometry.  Russell et al. used a 4.4 

km graded-index fiber with a 50 μm core for beam cleanup.  The Stokes beam emerged 

from the fiber with a beam quality near the diffraction limit while the signal beam was 

measured at 18 times the diffraction limit.  To eliminate the possibility of spatial filtering, 

Russell measured the coupled beam quality after 2 m propagation in the fiber and found it 

to be 9 times the diffraction limit.  Grime carried out similar experiments confirming 

beam cleanup in long graded-index fiber with larger diameter cores of 62.5 μm and 100 

μm.  The results of these experiments showed that beam cleanup will occur as opposed to 

phase conjugation in long graded-index fibers, as discussed in Section 2.4.   

 In both modeling and pulsed experiments, Lombard explored graded-index and 

step-index fibers to find conditions for phase conjugation and beam cleanup.[64]  In the 

step-index fiber model, the Brillouin gain was found to be uniform across all supported 
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fiber modes, which is necessary for accurate phase conjugation.  However, the Brillouin 

gain for lower-order modes in a graded-index fiber was nearly twice the gain than the 

higher-order modes, which leads to beam cleanup.  In experiments, Lombard achieved 

“good quality” phase conjugation using a 2 m step-index fiber with a 50 μm core 

diameter, but “bad quality” phase conjugation using a 2 m graded-index fiber with 62.5 

μm core and NA of 0.27.  Beam cleanup was observed using multimode graded-index 

fiber longer than 30 m, and the Stokes beam emitted in the LP11 or LP01 modes 

depending on signal coupling.  In this case, the input beam had a pulse duration of 1 μs 

and was 6.5 times the diffraction limit while the Stokes beam was 1.2 times the 

diffraction limit.  Lombard’s investigations using a 1 km length of the step-index fiber 

did not yield beam cleanup nor phase conjugation.      

 In contrast to the theory and experiments regarding graded-index fibers presented 

above, there are several reports of cw phase conjugation in long, multimode, graded-

index fibers.[95, 100-105]  The experiments typically used several kilometers of 50 μm-

core, graded-index fiber to generate SBS.  The fidelity is measured by comparing beams 

as they transmit an aberration, reflect from the fiber via SBS, and re-transmit the same 

aberration.  The comparisons are done using pictures of beam irradiance, the measured 

beam divergence as done by Zel’dovich, a power-in-the-bucket technique as done by 

Eichler, or an M2 measurement.  In one experiment, a power-in-the-bucket technique was 

used to measure fidelity and phase conjugation was claimed with a fidelity of 0.3.  Since 

beam cleanup can produce a Stokes beam at the diffraction limit, divergence 

measurements, beam quality, and power-in-the-bucket measurements can be deceiving.  

Using these techniques, low fidelity measurements less than 0.5 are especially 
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ambiguous.  The most-likely explanation for their observations is beam cleanup, and 

these papers demonstrate the care that must be taken to distinguish phase conjugation 

from beam cleanup when measuring fidelity.  In this work, the in-line pinhole technique 

is applied to distinguish phase conjugation from beam cleanup, and a new technique to 

measure fidelity more accurately throughout the full range from zero to one is described 

and tested.      

3.3.2. Fiber Amplifiers 

 While much of the research into SBS in fiber amplifiers has been focused on 

raising the SBS threshold to obtain higher power amplifiers, Heuer et al. used fiber 

amplifiers as a phase conjugate medium.[42, 106]  In the experiment achieving the lowest 

SBS threshold, Heuer used a 10 m Yb-doped fiber with a 47 μm core co-pumped with a 

20 W, 940 nm wavelength diode laser (see Fig. 13).  The fiber core was doped with Yb to 

achieve a cladding-launched pump absorption of 1.5 dB/m.  The signal laser was pulsed 

with a duration of 100 ns.  With no pump power, the SBS threshold was reached with a 

signal energy of 12 μJ/pulse.  The effective length of the unpumped fiber is somewhat 

shorter than the length with a low pump power due to signal absorption by Yb.  With 20 

W pump power, threshold was achieved at 0.5 μJ for a threshold reduction by a factor of 

24.  Considering the signal pulse duration, Heuer assessed the equivalent cw threshold 

power at ~5 W.  In addition, due to the use of a fiber amplifier to generate the phase 

conjugate, a reflectivity of ~8000% was achieved when operating just above threshold.  

This reflectivity declined with increased signal power due to amplifier saturation.  

Fidelity was measured using an aberration with the energy-in-the-bucket technique at 0.9  
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Fig. 13:  Apparatus used to investigate SBS phase conjugation using a fiber amplifier.[106] 

for signal energies at ~20 times threshold, and the fidelity decreased slightly to 0.8 as the 

signal energy was increased to 200 times threshold. 

3.3.3.  Chalcogenide Fiber 

 Recent experiments using chalcogenide glass fiber have discovered a very high 

Brillouin gain coefficient in this material.  SBS threshold has been achieved with a cw 

signal laser in single-mode chalcogenide fiber, but there have been no phase-conjugation 

experiments conducted.   

 Chalcogenide glass has been made into mid-IR transmission fiber and is now 

available commercially.  This breakthrough was made possible by research at the Naval 

Research Laboratory which succeeded in reducing impurities.[107, 108]  In addition to its 

low attenuation in the mid-IR region, chalcogenide fiber is being developed for its high 

nonlinear properties.  Using fiber drawn at the Naval Research Laboratory, Florea et al. 

measured the Brillouin gain coefficient of a single mode As2Se3 glass fiber at (6.76+/-

0.36)x10-9 m/W.[109]  The fiber was 5 m long with a core diameter of 6.5 μm and an NA 

of 0.14.  The measurement was performed using an amplified 1.56 μm wavelength DFB 

56 



www.manaraa.com

laser source to generate SBS.  The attenuation in the fiber was estimated at 0.9 dB/m, and 

the SBS threshold was found at 127+/-7 mW.  In a similar experiment, Abedin 

determined the Brillouin gain coefficient using a 5 m length of As2Se3 fiber to be 6x10-9 

m/W.[25]  The fiber had an attenuation of 0.84 dB/m at 1.55 μm wavelength, a 6 μm core 

diameter, and an NA of 0.18.  The SBS threshold for this fiber was 85 mW.  This is 

approximately 120 times greater than the Brillouin gain coefficient of silica.  It should be 

noted that in the reports of both Abedin and Florea, the reported Brillouin gain coefficient 

includes the use of a polarization factor of 0.5gK = (see Section 2.3).   

3.3.4. Tellurite Fiber 

 Tellurite glasses have recently been developed into fiber optics with scattering 

losses as low as 20 dB/km at 1.2 μm wavelength.[110]  The development is being 

pursued mainly due to the large gain bandwidth of the tellurite host doped with erbium, 

as well as the ability to dope tellurite with erbium at a much higher concentration than 

silicate glasses.[111-115]  Some of this work has been sponsored by the Defense Threat 

Reduction Agency in a contract with NP Photonics.[116]  It was discovered that the 

Brillouin gain coefficient in tellurite glass is approximately 20 times higher than silica, 

but phase conjugation experiments have not been conducted.   

 It was predicted and discovered that the stimulated Raman scattering gain 

coefficient in tellurite fiber is much higher than in silica fibers.[115, 117-119]  Mori et al. 

found the Raman gain coefficient to be 16 times that of silica fiber in side-by-side 

experiments.  Measurements of the Brillouin gain coefficient in tellurite soon followed.  

In 2004, scientists at the Army Research Laboratory measured the Brillouin gain of bulk 

tellurite glass at ~1x10-9 m/W.  The Brillouin gain coefficient in single-mode tellurite 
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fiber was measured experimentally in 2006 by Abedin.[26]  Using 2 m and 3 m lengths 

of single-mode tellurite fiber with an NA of 0.36, the SBS threshold was found at 

launched signal powers of 1 W and 630 mW, respectively.  The fiber had an attenuation 

of 0.51 dB/m, and Abedin calculated the Brillouin gain coefficient through several 

different methods to be (1.82+/-0.35)x10-10 m/W, where the factor  was used.  

A second group found SBS threshold in a low-loss, single-mode tellurite fiber at 

.[120, 121]  This fiber had an NA of 0.43 and a length of 200 m.  In 

determining the SBS gain coefficient, the factor 

0.667gK =

101.7 10  m/W−×

0.5gK =  was used. 

3.3.5. Conclusion 

In this section, a reduction of SBS threshold and improvement in phase conjugation 

fidelity was shown using pulsed lasers focused into waveguides.  The SBS threshold was 

reduced further using smaller diameter waveguides.  Other techniques that have resulted 

in reduced SBS threshold include the use of fiber amplifiers, longer fibers, feedback or 

Stokes seeding techniques, and materials with higher Brillouin gain coefficients.  Longer 

fibers have produced phase conjugation fidelity higher than predicted by Hellwarth and 

Zel’dovich’s models as given in Eq. (2.65) and Eq. (2.66), but the coherence length of the 

signal laser may have limited the interaction length between signal and Stokes beams.  

Feedback and seeding techniques were shown to reduce threshold but interfere with the 

fidelity of phase conjugation.  The SBS gain coefficient has been measured in the single-

mode tellurite and chalcogenide fibers, but phase conjugation has not been reported.  A 

measurement of the fidelity of phase conjugation as a function of fiber length has not 
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been conducted, and cw phase conjugation has not been achieved.  This is the main goal 

of this research effort.        

3.4. Phase Conjugation Models 

In the literature, when SBS is not being generated in a fiber amplifier, the seed is 

called a pump.  The language is valid since the pump excites a virtual energy level to 

generate a Stokes beam through the scattering process.  In the description of these 

models, the seed will be called the pump since SBS is not being generated in a fiber 

amplifier where the terminology would become ambiguous.   

Several models have been produced which calculate the phase conjugation fidelity 

from SBS in optical waveguides.  There are several models that are accurate for the case 

of fidelity near 1, but approximations were made which invalidate the models for 

decreased fidelity.  Lehmberg’s numerical model examined the fidelity as a function of 

average irradiance and divergence angle over short interaction lengths.[122]  Lehmberg 

accounted for pump depletion, but the model sets λΔ = 0 and therefore fails to account for 

a decrease in fidelity as fiber length is increased.  Both Zel’dovich et al.[57] and 

Hellwarth[29] reached analytical solutions for the length limitation on fidelity by 

neglecting pump depletion and solving for the case of near perfect fidelity.  Zel’dovich 

approximated the non-conjugated fraction of the Stokes beam in Taylor series expansion 

and kept only the first few terms, which limited the validity of the model to near-perfect 

fidelity.[57]  This method resulted in an equation showing a dependence on the seed 

profile and beam shape.  Hellwarth evaluated the phase-conjugate fidelity that could be 

obtained from a waveguide as a function of waveguide length, core area, and number of 

59 



www.manaraa.com

modes excited.  His analysis was based on a perturbation of perfect fidelity phase 

conjugation which loses validity as fidelity decreases.   

Without making approximations of high fidelity, Lombard et al. solved for the 

SBS gain per mode of both a step-index and graded-index fiber with the assumption that 

all modes were equally excited by the pump.[64]  Pump depletion was included in the 

gain determination under the approximation of uniform depletion of the pump and 

amplification of the Stokes modes.  However, the fidelity achieved was not analyzed as a 

function of fiber length.  The authors deferred to Hellwarth for that discussion, and used 

the model only to show uniform gain across modes in a short, step-index fiber, while 

showing preferential mode selection for a long, graded-index fiber.   

In a model related to phase conjugation fidelity, Russell et al. analyzed the phase 

difference accumulated between the lowest and highest-order modes supported by the 

fiber. [55]  This model determines the maximum fiber length allowed by a given 

difference in phase accumulated between the Stokes and pump modes.  This model 

clearly showed an increasing phase error as the length of fiber was increased, but the 

relationship between phase mismatch and phase conjugation fidelity was undetermined.        

The experimental work of this dissertation inspired a full, three-dimensional 

analysis of phase conjugation in step-index waveguides which included pump-depletion 

effects.[63, 123]  Free-space Fourier propagation was used to propagate a Gaussian beam 

through a pinhole and focus off-center onto the tip of a fiber as done in the experiment 

which is described in Chapter 6.  The fiber modes were determined from the physical 

characteristics of the fiber with numerical root solving methods to find the modal 

transverse and longitudinal propagation constants.  The electric field of each mode in a 
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transverse plane was then determined from the propagation constants.  The product of the 

incident field and a random field in the fiber was integrated over the transverse dimension 

at the face of the fiber and maximized using a perturbation algorithm to obtain a set of 

fiber modes with amplitudes and phases that closely matched the incident field.  The SBS 

portion of the model solved for the Stokes field at the tip of the fiber by perturbing the 

Stokes field until one was found which received the highest SBS gain over the volume of 

the fiber.  The resulting Stokes beam was then counter-propagated in free space to 

determine the transmission through the pinhole.  The SBS portion of the model is 

discussed in more detail here.   

The equations describing stimulated Brillouin scattering are given by Eq. (2.49)

and are shown again here:[54]  

 

( , )
( ) ( , ) ( , ) ( , )

( , ) ( ) ( , ) ( , ) ( , )

p p
B p s p p

s

s
B s p s s

I r z
g r I r z I r z I r z
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I r z g r I r z I r z I r z
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ω
α

ω

α

⊥
⊥ ⊥ ⊥ ⊥

⊥
⊥ ⊥ ⊥ ⊥

∂
= − −

∂

∂
= − +

∂

 (3.3) 

where  represents the Brillouin gain, ( )Bg r⊥ , ( )p sI r⊥ represents the irradiance of the pump 

or Stokes beam, is the transverse fiber direction, and r⊥ ,p sα  represents transmission loss 

in the fiber at the pump and Stokes beam frequency.  The transmission loss in silicate 

fibers is typically less than 5 dB/km and was neglected due to the relatively short lengths 

of fiber where this model was concerned.  The pump and stokes fields are represented as 

a summation over the fiber mode fields as[55] 

 , , , , ,( , , ) ( ) ( ) cos( )f f f f
p s p s p s p s p s p sf

E r z t A z r z t ,ψ β ω φ⊥ ⊥=∑ − + . (3.4) 

The summation is over all the modes allowed by the fiber f , and includes both radial and 

azimuthal dependence represented by a single variable, r⊥ .  The amplitude of each pump 

61 



www.manaraa.com

or Stokes mode is represented by , and the field radial and azimuthal dependences 

are given by 

, ( )f
p sA z

, ( )f
p s rψ ⊥ .   The longitudinal propagation constant, ,

f
p sβ , applies to the 

particular pump or Stokes mode, while ,p sω and ,
f

p sφ  are the pump or Stokes radial 

frequency and modal phase factors, respectively.  Following the work of Russell et 

al.,[55] the irradiance of a pump or Stokes mode was given by 

 
2

,

0 ,

( , , )
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r z t

A z
⊥ ⊥, 0

, , , , ,,

2
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 (3.5) 

where the brackets indicate a time average of the field, 0ε  is the permittivity of free 

space, is the index of refraction of the fiber core, and c is the speed of light.  Shorthand 

notation was used such that 

n

f
, , ,
q f

p s
q

p s p sβ βΔ = β− , and similarly for ,
fq

p sφ .   Δ

SBS causes an increase in amplitude of the scattered fields which correspond to a 

decrease in amplitude of the pump fields.  In reality, these rates are mode dependent and 

coupled together such that the Stokes increase in one mode may correspond to a 

decreased amplitude of multiple pump modes.  To simplify the analysis, all the modes of 

either the pump or Stokes were approximated to vary at the same rate.  This was 

represented by[55]  

 . (3.6) , , , (0)f
p sκ( )p sA z =

,
f
p sA

( ) p sz A f

In this equation, represents the change in amplitude common to all modes of 

either the pump or Stokes beams, and represents the mode field amplitude at the 

pump input end of the fiber.  By integrating over the transverse area, the change in Stokes 

irradiance described by Eq. 

,p sκ ( )z

(0)

(3.3) was expressed as[55] 
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2 2 2
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which includes new notation 
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After making the substitution , Eq. 2( ) ( ) / (0)s s sz P z Pκ =

(sP L

(3.7) was integrated using 

separation of variables to yield an equation for such that[63] )

 2
20
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( )exp ( ) cos( ) cos( ) .
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To evaluate the integral in the exponential, an expression for ( )p zκ was derived.  

The assumption that all the pump modes are depleted at the same rate is equivalent to a 

single-mode fiber approximation with a constant transverse intensity profile across the 

core for purposes of pump depletion.  With the additional approximation that the fiber is 

lossless, the differential equations are: 
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As discussed by Boyd,[16] these equations imply ( ) ( )p sI z I z C= +  where C is a 

constant.  Since 2( ) ( ) (0)p p pz I z Iκ = , separation of variables was used to solve Eq. 

(3.10), yielding 

 2
2

(0)[ (0) (0)] (0)( ) 1
(0) exp{ [ (0) (0)]} (0) (0) (0)

s p s s
p

p p s s p

I I I Iz
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κ
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−
= +

− −
− .  (3.11) 
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The procedure detailed by Boyd[16] for the “SBS Generator” was used to solve a 

transcendental equation for in terms of total SBS gain, (0)sI (0)B B pG g I L= , and SBS 

threshold gain as determined by experiment.  Using this description of pump depletion, 

Eq. (3.9) was evaluated numerically. 

To reduce computation time, the product of cosines in Eq. (3.9) was approximated 

as done by Hellwarth[29] using a trigonometric identity such that 

 
2cos( )cos( )

cos[( ) ] cos[( ) ].
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For nonzero fq
pβΔ and jv

sβΔ , most mode combinations would result in large values for 

these βΔ terms which oscillate rapidly and integrate to negligible values over short fiber 

distances.  Only certain mode combinations were computed in the model.  When 

f q= and j v= , both cosine terms on the right-hand side of Eq. (3.12) equal one.  

Owing to the similarity of the propagation constants under the small frequency shift of 

SBS, the contribution of the cosine term is small compared to the case of f j=  and 

 for the first cosine term on the right-hand side of Eq. q = v (3.12).  This is the case when 

the pump and Stokes modes being compared are in corresponding fiber modes.  The same 

is true when f v=  and q  for the second cosine term on the right of the equation.  

Therefore, the product of cosines was simplified to[63] 
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The Stokes beam generated in the fiber is the combination of fiber modes that 

experiences the highest SBS gain.  For a given combination of Stokes modes, the 

backscattered Stokes power was computed using Eq. (3.13) and Eq. (3.11) to solve Eq. 

(3.9).  An algorithm was used to find the amplitudes and phases of the Stokes modes that 

produced the maximum backscattered power for a given pump configuration.  The 

algorithm steps through the amplitude and phase of each Stokes mode and outputs the 

solution when the iteration fails to improve power more than a set percentage.  The sum 

of all the Stokes modes was then propagated back through free space to the pinhole 

aperture to determine fidelity. 

The results of the model are plotted in Fig. 14 for two different fibers.  In Fig. 

14(a), the fiber core diameter was 20 µm with an NA of 0.13.  In Fig. 14(b), the fiber 

core diameter was 40 µm with an NA of 0.06.  Hellwarth’s model is also shown for these 

fibers.  The results show that Spring’s model predicts the same fidelity in lengths of fiber 

that are approximately an order of magnitude longer than the calculations of Hellwarth’s 

model.  In addition, Spring’s model predicts that fidelity declines slower with length for 

the fiber with a lower NA.   
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Fig. 14:  Spring and Hellwarth models of fidelity achieved as a function of fiber 
length for (a) the 0.13-NA fiber and (b) the 0.06-NA fiber.[29, 63] 
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After the fidelity has dropped to a low value, the model predicts a rise in fidelity 

as the fiber length increases.  This effect resulted from modal phase interactions such that 

( )fq jv
p s z m2β βΔ ± Δ = π , where m is an integer.[63]  When multiple mode sets reach an 

integer number of 2π  change in phase near the same length of fiber, the mode mismatch 

is mitigated, and the model predicts fidelity increases at that length of fiber.   

3.5. Coherent Beam Combination via SBS 

 While coherent beam combining is not the direct goal of this research effort, it is 

the main application of cw phase conjugation via SBS that is being explored in this work.  

Due to materials constraints, single-fiber power scaling of single-frequency beams 

reaches a power ceiling.  By combining elements, the power can be scaled beyond the 

restrictions set by the single elements.  By simply overlapping a number of beams N in 

space, the irradiance of each beam adds to result in a beam that is N times the single 

element irradiance.  However, if the beams are coherent, the electric fields add.  This 

results in an incident irradiance that can be N2 times the single element irradiance if the 

beams are in phase and constructively interfere.  The problem becomes the construction 

of an array of lasers that are all in phase with each other.  The two main approaches are 

through electro-optic control of each element or to combine the amplifiers using 

nonlinear optics.   

 To combine an array of elements coherently using electro-optics, each element is 

first seeded by the same master oscillator.  The optical paths of each of the fiber 

amplifiers must be set and controlled to within a fraction of a wavelength to account for 

vibrations and temperature fluctuations.  To accomplish this, these methods typically 
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compare the phase of each element with that of a reference beam at a photodetector and 

electronically adjust the phase of each element using fiber stretchers or electro-optic 

phase modulators to maintain coherence.[124-128]  Using high-power, Yb-doped, single-

mode amplifiers and lithium niobate phase modulators, Anderegg et al. achieved 470 W 

by coherently combining 4 amplifier channels.[129]  AFRL recently demonstrated 

locking of 9 passive channels and, separately, an array of 6 amplifier channels using a 

self-referencing technique that resulted in residual phase error of / 20λ .[124] 

 Beam combination can also be performed by SBS phase conjugation without 

wavefront sensors or electronic feedback and control mechanisms.  If the phase conjugate 

fidelity is high, the effect of wavefront reversal ensures that the Stokes beam propagates 

back through the amplifier channels and that the phases of the beams are locked after the 

second pass through the amplifier channels. Coherent beam combination via SBS has 

been studied thoroughly in pulsed laser systems with many successful results.  There 

have been several studies using cw lasers, but none have employed a full spatial phase-

conjugate beam.   

 As reported by Valley et al., the first experiments demonstrating phase locking of 

two channels via SBS were performed by Basov in 1980 using a pulsed laser.[130]  

Basov split a single beam into two passive channels using a 50/50 beamsplitter and 

coupled both channels into a common waveguide for SBS phase conjugation.  The two 

channels became a single aberrated wavefront in the SBS cell.  A high-fidelity, phase-

conjugate reflection was created by the SBS cell which locked the phases of the Stokes 

beam after back-propagation through the two channels.   
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 Basov et al. were also the first to demonstrate a constraint on the path length 

differences that can be compensated by SBS phase conjugation.  Due to the frequency 

shift between the signal and Stokes beams, there is a residual phase error between 

different channels when path length differences exist.  The residual phase error or “piston 

error” is given by[131]  

 Bo L
c

δ Ω Δ
= , (3.14) 

where ΔL is the optical path length difference, BoΩ is the SBS frequency shift given by 

2
/
s a

Bo
v

c n
ω

Ω = , and δ is in radians.  As reported by Moyer,[132] when the Stokes beams in 

the two channels were conjugated with high fidelity, the beams recombined at the 50/50 

beamsplitter and constructively interfered in the direction towards the source laser.  

However, when Basov introduced a delay in one of the legs such that δ π= , the beams 

constructively interfered in the direction away from the source laser.  Basov remarked 

that this effect may be used to out-couple power from a phase-locked, multiple-channel 

amplifier system.  The residual phase error given by Eq. (3.14) was confirmed in 

experiments by Rockwell et al. in 1986.[131]   

 Many investigations have been performed to coherently combine multiple 

channels using pulsed lasers in focused SBS cells filled with a liquid or gas.[130, 133-

139]  The reported experiments were typically successful, combined up to 8 parallel 

amplifiers,[134] and achieved phase errors among the channels as low as / 27λ .[135]  

However, the scientists routinely discuss the extreme sensitivity to misalignment of the 

beams in the SBS cell.  Sternklar et al. quantifies the misalignment sensitivity to a 

tolerance of +/-0.64 beam spot diameters in the focal plane.  The beams must be carefully 
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overlapped in the SBS cell to obtain a common phase.  Aberrated beams were shown to 

have more relaxed overlap requirements,[130] presumably due to the larger diameter at 

focus of an aberrated beam.  SBS in an optical fiber as discussed in this work relaxes this 

requirement slightly, requiring only that the beams are coupled into the same waveguide 

where an SBS phase conjugate beam is generated.    

Another attempt to lock the phases of multiple channels using SBS in a focused 

cell architecture seeded the SBS cells with a frequency-shifted Stokes seed.  This 

technique has been examined theoretically[138, 140] and experimentally,[130, 138] with 

the goal of fixing a common phase among all the channels through seeding the SBS 

process.  Using a computer model of steady-state SBS processes called BOUNCE,[122] 

Moyer et al. calculated that the phases of multiple channels should be locked when the 

SBS process is seeded with a Stokes beam with an irradiance that is greater than 10-6 

times the signal beam irradiance.  In contrast to this, Moyer discovered experimentally 

that the power in the seed beam that was needed to lock the phase of the Stokes beams to 

that of the seed was closer to 1% of the signal power.  In addition, when a seed was used 

as a common reference to lock the phase, the conjugation fidelity dropped and the 

coherence of the piston-error conjugation disappeared.  Moyer comments that seeding the 

SBS cell causes the cell to act as a seed amplifier rather than a phase conjugate medium.  

Seeding the SBS process is one method to lower the SBS threshold, but Moyer’s results 

show that phase conjugation fidelity suffers when this technique is used.         

 The use of a light guide for SBS phase conjugation in beam combining ensures 

the overlap of the signal beams once coupled into the guide.[134, 141]  Using a pulsed 

laser with pulse duration of 15 ns, phasing of two optical paths was investigated at AFIT 
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using a 600 μm-core fiber as the phase-conjugate medium.[142]  The two paths were split 

and recombined using prisms before being coupled into the same multimode fiber.  Willis 

et al. used a lateral shearing interferometer to show that the two channels were phased 

when a phase-conjugate reflection was generated, and that the beams were not phased 

when reflected using a basic mirror.   

 The beam-cleanup property of long, graded-index fibers has also been used for 

beam combination without generating a phase-conjugate reflection.[65, 99, 143]  In these 

experiments, up to five beams were coupled into a multimode, graded-index fiber several 

kilometers in length.  Through SBS beam cleanup, the Stokes beam emerges with beam 

quality near the diffraction limit.  This effect was demonstrated for coherent combining 

as well as incoherent beam combining.  In contrast to beam combination using SBS phase 

conjugation, the Stokes beam generated in these experiments does not propagate back 

through the amplifiers.  

 Grime et al. demonstrated cw phasing of a 2-channel amplifier using polarization 

conjugation in long, optical fiber without generating a spatial phase conjugate (Fig. 

15).[144]  This technique involves polarization combining of a maximum of two single-

mode amplifier channels into a long fiber where beam cleanup occurs.  In the experiment, 

the single-frequency beam from an NPRO was amplified by a rod amplifier to 2 W 

before being split into two beams of semicircular cross-section by a prism.  Each beam 

was coupled into separate single-mode fiber amplifiers and amplified to ~10 W.  The 

beams were then polarization combined and coupled into a 4 km long fiber with a 50 μm-

core diameter.  Through the beam cleanup effect of graded-index fibers, a single-mode 

Stokes beam was created which conjugated the polarization of the combined input signal.  
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After propagating back through the polarizing beamsplitter, the Stokes beams passed 

once more through the amplifiers to recombine at the prism beamsplitter.  A lateral 

shearing interferometer was used to verify that the two beams were phased at this point.  

If a phase-conjugate beam was created by SBS, there could be more than 2 amplifier 

channels and the amplifiers could be multimode. 

                      

 

Fig. 15:  Schematic of the apparatus used to phase two amplifier channels using SBS 
beam cleanup in multimode fiber.[144] 
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4.  SBS Threshold Modeling 

4.1. Overview 

In this work, high power, narrow-bandwidth amplifiers must be constructed 

without reaching SBS threshold.  In contrast, multimode fibers must be evaluated such 

that SBS threshold is achievable to generate the phase conjugate beam using the output 

power from the fiber amplifiers.  An SBS threshold model was created for this purpose.   

The SBS threshold power in high-power, fiber amplifiers has been found to be 

much higher than predicted by using the Smith model given by Eq. (2.53) and repeated 

here, 21 ( )th eff B effP A g L≈ .  By incorporating the change in SBS frequency shift with 

fiber temperature in a model of SBS gain in fiber amplifiers, Kovalev was able to explain 

the increased SBS threshold power.[45]  The temperature variation is a result of the 

quantum defect between the pump and laser frequencies coupled with non-uniform pump 

irradiance throughout the length of the fiber.  However, the choice of pump geometry was 

ignored in Kovalev’s model.  Using traditional pump-coupling techniques through the tip 

of the fiber, the pump can be introduced into the signal output end (counter-pumped), the 

signal input end (co-pumped), or both ends (dual-end-pumped).  Unlike the amplifiers he 

was modeling, Kovalev’s model included only the counter-pumped architecture.    

With the pump power and pump absorption set to near zero, the model predicts 

the SBS gain and threshold of a lossless, passive fiber similar to Smith’s model.  As 

discussed in Chapter 3, chalcogenide and tellurite fibers have significant scattering loss at 

the wavelengths being considered in this work.  These scattering losses not only suppress 

the signal, but also the SBS gain.     
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In this work, the choice of pump-coupling geometry was added to the model and 

predicts that the SBS threshold of a co-pumped amplifier can be less than half the 

threshold of a counter-pumped amplifier.  Scattering loss was incorporated, and no 

approximations were made to require low-loss fiber as in Smith’s derivation.  The 

deviation from Smith’s model becomes significant at approximately 0.5 dB/m of 

attenuation.  The approach used in this model was confirmed by the modeling efforts of 

two research groups.[145-147]  In addition, the disparate Brillouin gain coefficients 

measured by several research groups are shown to be related through Brillouin gain 

broadening as a function of fiber NA without use of the polarization factor gK .     

4.2. Model of SBS Threshold 

The model starts with the growth of a signal beam (Ps) with distance as given by 

Yariv:[148]  

 
( )( ) ( ) ( )

( )
ps

s st s s
st s

P zdP z P z P P z
dz P P z

γ
α=

+
− , (4.1) 

where Ps(z), Pp(z), and Pst are the signal, pump, and saturation powers respectively, γ is 

the pump-to-gain conversion coefficient, and αs is the scattering loss coefficient of the 

fiber.  To account for pumping from the front or back ends of the fiber, let Ppf(z) 

represent the pump power coupled into the front of the fiber, while Ppb(z) represents the 

pump power coupled into the back end of the fiber.  Assuming that the pump absorption 

from the front and back are independent, the total pump power along the length of the 

fiber is the sum of power from the two ends such that ( ) ( ) ( )p pf pbP z P z P z= + .  The 

equations  
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describe the attenuation of the pump as a function of fiber length when co-pumped and 

the growth of the pump power in the fiber as a function of length when counter-pumped. 

The amplification of the signal can be described as: 

 ( ) ( )( )( ) ( ) [ (0) ( ) ] (
( )

s Yb s Ybz z Ls s st
pf pb s s

st s
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where the pump power has been integrated from Eq. (4.2) and substituted into Eq.(4.1).  

Then the change in Stokes power with fiber length is: 
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In Eq. (4.5), gI is given by Eq. (2.58), Cδ is the change in bandwidth with temperature, 

and Cf is the change in Brillouin frequency shift with temperature.  The room 

temperature Brillouin frequency shift is Fo, Fν is the frequency of the Stokes beam, ΔT is

the change in temperature as a function of fiber length, and Γ

 

ower due to SB

B is the Brillouin gain 

bandwidth at room temperature.  The terms on the right hand side of Eq. (4.4) represent 

the gain and loss of the Stokes power as a function of fiber length.  The first term 

represents the gain in Stokes p S, ( ) ( , )B BP z G z F− , where the negati

represents increasing power in the di tion of 

ve sign 

rec z− .  The second term is the gain in Stokes 
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power from the amplifier, ) ( )LG z , and the third term is a scattering

( ) ( )B sP z G z+ .  After integrating over z, the SBS threshold is app

( ) 21B L sG F G G+ − ≈ .  Provided the scattering loss term includes negligible ab

the change in temperature along the length of the fiber is g

(BP z−  loss, 

roximated by 

sorption, 

iven by[44]: 

 
2

3

( )
( )T z

2
Yb pP z a

b h
α η

π
Δ =  (4.6) 

where η is the quantum defect, a and b are core and pump cladding radii respectively, and 

h is the convective coefficient at the fiber surface, approximated at 0.8+/-0.3 W/m2K for 

a fiber in ambient air and 1.7+/-0.3 W/m2K for an actively air-cooled fiber.[45]  

 Assuming high power operation allows ( )s stP z P>> , such that the denominators 

can be approximated as .  With this approximation, Eq. ( ) (st s sP P z P+ ≈ )z (4.3) can be 

integrated to find an equation for the signal power as a function of fiber length: 

     ( ) (s sz L
s pb

b

P eα α− − ( ) ( )) ( )Yb s Yb s s s Ybz L z zst
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s Y Yb

P Pe e P e eα α α α α α αγ γ
α

+ + − − − ++ − + −

( )

(0)
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P e

=

2
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α α+
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In the absence of scattering losses, the slope efficiency of the fiber amplifier is 

represented by 

 st
sl

Yb

Pγη
α

= , (4.8) 

which can be used to estimate γ.  The Brillouin gain is found by integrating Eq. (4.4) over 

the length of the fiber.  This integration can be performed using the NIntegrate function 

of Mathematica.  The result is that the Brillouin gain is the sum of the amplification of 

the Stokes signal owing to SBS and that due to laser gain.  Stimulated Brillouin scattering 

threshold occurs when the sum of the Brillouin gain, laser gain of the Stokes beam, and 
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scattering loss reaches approximately 21 when started from noise (1 photon per mode) at 

the output end of the fiber.[19] 

4.3. Fiber Amplifier SBS Threshold 

 The general trend this modeling has revealed is that co-pumping (exciting the Yb 

by launching the pump into the cladding of the fiber from the same end as the incident 

signal) results in relatively high signal power through a long section of the fiber amplifier 

where the thermal gradient is small.  The thermal gradient in the fiber follows the pump 

absorption according to Eq. (4.6), resulting in a large thermal gradient at the front end of 

the fiber where the signal power is lower.  At the back end of the fiber, the signal power 

is higher and the thermal gradient is less, resulting in favorable conditions for SBS 

generation.  In contrast, counter-pumping (launching pump power into the cladding from 

the signal output end of the fiber) causes the signal power to increase rapidly near the 

back end of the fiber.  The thermal gradient is high at this portion of the fiber where the 

signal power increases due to counter-pumping.  This results in a much lower SBS gain 

and higher threshold power for the counter-pumped amplifier.  Using the model, the fiber 

amplifiers used in this work were designed and built at wavelengths of 1064 nm 

(ytterbium fiber amplifiers) and 1550 nm (erbium-ytterbium fiber amplifiers). 

4.3.1. Ytterbium Fiber Amplifier 

 The amplifiers in this work are constructed using Nufern large-mode-area fibers.  

The Yb-fiber amplifiers are pumped with one or two 100 W LIMO diodes at 976 nm.  

The fiber characteristics are listed in Table 2.   
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 To demonstrate the difference between a co-pumped and counter-pumped 

amplifier configuration, a diagram of a co-pumped amplifier is shown in Fig. 16.  The 

diode pump is coupled to the fiber amplifier at the front end of the fiber where the seed is 

also coupled.  With a seed power of 4 W, the temperature difference and signal power as 

a function of position in the fiber at the calculated SBS threshold is shown in Fig. 17 for a 

co-pumped amplifier.  The SBS gain coefficient was approximated at for 

modeling purposes.  The output power achieved in this configuration for a 10 m fiber is 

~22 W.  In contrast, the SBS threshold for a counter-pumped amplifier of the same length 

is over 50 W.  In the counter-pumped architecture, the power rises rapidly and is high 

over a very short length of fiber, and the temperature gradient is high over the same 

length of fiber.  These two conditions raise the SBS threshold for the counter-pumped 

configuration. 

113 10  m/W−×

Table 2:  Characteristics of Nufern, large-mode-area, fiber amplifiers. 

Core diameter (µm)
Core NA
Cladding diameter (µm)
Cladding Yb absorption (dB/m)
Fundamental mode 1/e2 diameter (µm)a

Slope efficiency (%)b

20
0.06
400
1.4
18
77 

Fiber characteristics

aMarcuse, D., Loss analysis of single‐mode fiber splices. Bell Syst. Tech. J, 1977. 56(5): p. 703–718.
bThis work  
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Amplified Seed or 
SignalDiode Pump

 

Fig. 16: Diagram of a co-pumped fiber amplifier. 
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Fig. 17:  Signal power and temperature difference as a function of position in a co-
pumped fiber amplifier at the SBS threshold. 
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Fig. 18:  Signal power and temperature difference as a function of longitudinal 
position in the fiber for a counter-pumped fiber amplifier at the SBS threshold. 

 

 The SBS threshold model of Nufern’s amplifiers was then used to design the 

amplifiers for this work.  The SBS-limited power obtainable under various pump 

geometries is shown in Fig. 19 with a seed power of 4 W.  Longer fiber will absorb more 

pump power and increase the efficiency of the system.  However, the SBS threshold 
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decreases with length, limiting the maximum amplified signal power.  In addition, co-

pumped fiber amplifiers are preferred to limit damage to the diode pumps, but result in a 

lower SBS threshold power for a given fiber length.  For example, this work will have 

access to a maximum of 100 W from a single diode pump.  With dichroic mirror losses, 

Fresnel reflections, and imperfect, free-space coupling to the fiber, an estimate of pump 

power coupled to the fiber is 75 W.  In a co-pumped amplifier using 20/400, Yb fiber, the 

length of fiber must be kept to 5 m or less at this pump and signal power to avoid SBS.  

The shorter fiber length limits pump absorption and the expected output power is 50 W.  

In a counter-pumped architecture, the fiber length is limited to 8 m for an output power of 

57 W.  The counter-pumped amplifier increases amplifier efficiency by 15% in this case 

(57% optical-to-optical), but includes increase risk of diode damage due to amplified 

signal transmission through the dichroic mirror.  If two diodes are available, the power of 

the amplifier can be increased to 82 W with dual-end pumping and a fiber length of 3.6 m 

limited by SBS.  While this is the highest output power, it is the most inefficient (41% 

optical-to-optical) of the architectures due to coupling losses on both pumps combined 

with the shorter length of fiber to absorb the pump.  Additional dichroic mirrors must be 

used in the counter-pumped and dual-pumped architectures, which decrease the 

efficiency further over what is presented in this example.   
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Fig. 19:  Modeled SBS threshold power of fiber amplifier under different pump 
architectures. 

 

 A MOPA (Fig. 20) was designed and built using the model to generate high 

power with a narrow-frequency bandwidth while avoiding SBS.  A 700 mW non-planar 

ring oscillator was the initial seed source.  The linewidth is nominally < 5 kHz, much less 

than the Brillouin gain bandwidth of ~36 MHz.  A preamplifier was constructed with 

10.3 m of Yb-doped, PLMA (polarization-maintaining, large-mode-area) fiber counter-

pumped with a 20-W, fiber-coupled diode at 976 nm.  The output of the pre-amplifier 

was sent through a polarization-dependent, optical isolator to prevent feedback from the 

high-power amplifier.  Polarization was maintained above 95% linearly polarized at an 

output power of ~5 W. 
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Fig. 20:  Diagram of the MOPA constructed with a wavelength of 1064 nm. 
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Fig. 21:  1064 nm pre-amplifier output power as a function of pump power. 

 

The power amplifier was constructed to avoid SBS using a co-pumped 

architecture and a single, 100-W, fiber-coupled diode at 976 nm.  The fiber length was 

cut to 5.2 m in accordance with the modeled SBS threshold.  The output power is shown 

in Fig. 22 after an aperture to remove power in the cladding.  The amplifier required 

periodic maintenance to maintain alignment, which resulted in variations in maximum 

output power achieved.  This power was monitored during testing and was noted between 

42 W and 50 W.    
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Fig. 22:  1064 nm amplifier output power as a function of absorbed pump power. 

            

4.3.2. Erbium-Ytterbium Fiber Amplifiers 

 Fiber amplifiers from Nufern co-doped with erbium and ytterbium are used for 

amplification at 1550 nm wavelength.[149]  Since ytterbium absorbs the pump power, the 

same diodes can be used for these amplifiers.  The energy transfer of the excited energy 

state of ytterbium to the excited state of erbium is a non-radiative transition aided by the 

addition of phosphorus in the glass.  Amplified spontaneous emission (ASE) and lasing 

of the ytterbium is a known problem with these fibers that must be overcome through 

proper fiber construction, high seed powers, and limited overall gain.  Amplifiers have 

been constructed with gain higher than 20 dB,[150] but gain is typically limited to 15 dB 

by the onset of ASE around 1535 nm.[151]  In addition, the large quantum defect 

between pump and signal wavelengths causes the efficiency of these amplifiers to be 

~33%, less than half of a typical Yb-doped fiber.  The thermal gradient along the length 

of the fiber is also higher.  Due to these issues, SBS is less of a concern with Er-Yb fiber 

amplifiers, but still must be taken into account. 
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 The SBS threshold was modeled in both single-mode and LMA fibers for the co-

pumped orientation to find the minimum SBS threshold for a given length of fiber.  The 

fiber characteristics are listed in Table 3.  The SBS gain coefficients were determined 

using the NA-broadening equation (Eq. (2.58)) and an estimated peak gain coefficient of 

at low NA.  Single-mode fiber is suitable for pre-amplifiers, and LMA 

fiber is needed for the high-power amplifiers.  The SBS threshold as a function of fiber 

length for a single-mode amplifier is shown in 

113 10  m/W−×

Fig. 23, and the threshold power for an 

LMA fiber is shown in Fig. 24.  With the pump power limited to 20 W and 100 W 

respectively in the pre-amplifier and high-power amplifiers, SBS threshold can easily be 

avoided.   

Table 3:  Er-Yb co-doped fiber characteristics. 

Core diameter (µm)
Core NA
Cladding diameter (µm)
Cladding Yb absorption (dB/m)
Fundamental mode 1/e2 diameter (µm)a

Seed power (W)
Slope efficiency (%)
SBS gain coefficient (×10-11 m/W)b

7
0.17
130

0.8 at 935 nm
7.7
0.2
32
1.1 

Single-mode Large-mode-area

aMarcuse, D., Loss analysis of single‐mode fiber splices. Bell Syst. Tech. J, 1977. 56(5): p. 703–718.
bThis work

25
0.10
300

2.0 at 976 nm
20
0.8
32
2.1

 

           

83 



www.manaraa.com

15 16 17 18 19 20
4

5

6

7

8

Fiber Length HmL

SB
S
Th

re
sh
ol

d
HW
L

 

Fig. 23:  SBS threshold of single-mode, Er-Yb fiber amplifier in co-pumped orientation. 
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Fig. 24:  SBS threshold of Er-Yb, LMA fiber amplifier in co-pumped orientation. 

 

The seed used in the 1550 nm amplifier was a 10 mW New Focus Velocity laser, 

and was amplified up to 18 W through three fiber amplifiers.  The apparatus diagram is 

shown in Fig. 25.  The Velocity is an external-cavity diode laser with a nominal linewidth 

< 300 kHz.  The Velocity laser output was sent through an optical isolator and an edge 

filter to prevent reflections and ASE from damaging the source laser.  The edge filter was 

used because the isolators designed for 1550 nm may not suppress ASE at ~1060 nm.   
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Fig. 25:  MOPA constructed at a wavelength of 1550 nm. 
 

The first stage amplifier consisted of 5 m of single-mode Er-Yb fiber, counter-

pumped with a 20-W diode at 935 nm.  The power limitation on the first stage amplifier 

was ASE in a 10 nm band around 1535 nm.  With proper alignment, the first stage 

operates with > 95% linear polarization at 500 mW with ASE suppression better than -30 

dB.  ASE at 1060 nm was not present. 

The second stage pre-amplifier consisted of 15 m of single-mode, Er-Yb fiber.  

The fiber was counter-pumped with a 20-W, fiber-coupled diode at 935 nm, and 

generated an output power of 3.38 W at 1550 nm (Fig. 28).  The output power was 

 

Fig. 26:  Ando wavemeter image showing ASE suppression to -35 dB of the first 
stage Er-Yb amplifier.  Output power was measured concurrently at 500 mW. 
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measured after the isolator, and therefore includes only a single polarization.  The 

transmission through the isolators at 1550 nm was typically 95%.  ASE near 1550 nm 

was suppressed to -25 dB (Fig. 27), while ASE at 1064 nm was measured at 263 mW 

from one end of the fiber.  SBS threshold was not reached, as shown by the linear slope 

of the signal with pump power. 

 

 

Fig. 27:  Wavemeter showing low-ASE operation of 2nd stage amplifier at 1550 nm 
wavelength with 3 W output power. 
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Fig. 28:  Stage 2 amplifier at 1550 nm with ASE at 1060 nm. 
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Two dichroic mirrors were placed between the fiber and pump to protect the 

diode from the 1550 nm signal, and an additional dichroic was used to protect the diode 

from ASE at 1060 nm.  In addition, a cladding-mode-stripper was added to the front end 

of the fiber.  This consisted of a section of index-matching glue (Norland 61) applied 

directly to the cladding of the fiber.  Preliminary tests were conducted on a fiber with a 

cladding diameter of 400 µm.  With 4.5 cm of the cladding covered with glue, 95% of the 

power was removed from the cladding.  This demonstrated that while the cladding-mode 

stripper was effective, the Norland 61 did not match the index of refraction of the 

cladding perfectly.  From geometrical optics considerations, the effectiveness of the 

cladding-mode-stripper should increase with smaller cladding diameter, and also increase 

with higher NA.  The cladding-mode-stripper removed all visible power guided by the 

cladding at a length of 2.8 cm on the 130-µm-diameter fiber.    

The high-power amplifier at 1550 nm used a 125-W, fiber-coupled diode at 935 

nm wavelength from Laserline.  Due to the lower absorption at 935 nm, a fiber length of 

18 m was used in a counter-pumped orientation.  An output power of 18 W was observed 

with 90 W of pump power.  A second test of this system is plotted in Fig. 29 and noted 

increasing ASE near ~1060 nm.  SBS was not observed.  In fact, for this fiber and 

orientation, the model predicts that for low enough seed power, SBS threshold cannot be 

reached.  The large quantum defect causes a high thermal gradient along the length of 

fiber which suppresses SBS.  With no pump power, SBS is expected at 28 W of seed 

from the Smith equation.  As pump power is increased to 20 W, the threshold of SBS 

would no longer be exceeded with a 28 W seed, and the output power would have 
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increased to 33 W.  Further increases in pump power cause a continual decline in SBS 

gain.  For decreased seed powers below 25 W, SBS threshold would never be reached.   
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Fig. 29:  3rd stage amplifier at 1550 nm output power and ASE at ~1060 nm. 

     

4.3.3. Tellurite Fiber Amplifier 

Unlike the fiber amplifiers above, a tellurite glass fiber doped with ytterbium was 

designed and purchased from NP Photonics specifically to lower the SBS threshold.  This 

amplifier was purchased as a candidate to produce phase conjugation instead of the 

previous amplifiers which were designed to amplify the seed.  The manufacture of 

tellurite glass fiber is immature, and the fibers produced have an unpredictable scattering 

loss up to 3 dB/m.  The goal was to overcome scattering losses by adding gain to the 

fiber.  A multi-mode fiber was designed for a cladding absorption of 3+/-1 dB/m using 

Beers Law absorption and measurements of the absorption cross-section of Yb in tellurite 

glass.[116]  The fiber had a core diameter of and an NA of 0.22.   25 μm

A cutback test was performed on the fiber to determine the effective pump 

absorption and scattering loss in the fiber at 1064 nm.  The scattering loss was assumed 
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to be the same in both the core and cladding.  Since the absorption of ytterbium is 

different for the core-launched signal at 1064 nm and the cladding-launched pump at 976 

nm, the cutback test was analyzed using the fiber amplifier model to decouple the effects.  

The total attenuation of the signal was measured at 2.1 / 0.3+ − dB/m, while the 

attenuation of the pump was 3.8 / 0.3+ −

2.0 / 0.2+ −

dB/m.  The signal power as a function of fiber 

length was modeled and shown in Fig. 30.  With scattering and absorption losses as fit 

parameters in the model, the loss in the tellurite was determined to be dB/m 

with a pump absorption of dB/m.      
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Fig. 30:  Seed power as a function of length measured (data points) and modeled (solid 
curve) in a tellurite amplifier. 
  

As discussed in Section 3.3.4, the Brillouin gain coefficient of tellurite has been 

measured several times by three different research groups.  The SBS gain coefficient in 

tellurite fiber can be determined from these experiments as a function of the NA of the 

fiber.  Using the measured SBS threshold power from the fiber experiments, the gain 

coefficient was determined from the SBS threshold model and plotted along with the 

expected gain broadening curve from Eq. (2.58) in Fig. 31.  The curve yields a value for 
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the gain coefficient in bulk tellurite of ~0.95x10-9  m/W, which is similar to the value 

measured by Dubinskii et al.[152]  

èè

éé ãã

0.0 0.1 0.2 0.3 0.4
0

2.μ10-10

4.μ10-10

6.μ10-10

8.μ10-10

1.μ10-9

Numerical Aperture

SB
S
Ga

in
Co

ef
fi

ci
en

t
Hm
êW
L

 

Fig. 31:  SBS gain coefficient of tellurite plotted as a function of numerical aperture.  
Experimental measurements from Dubinskii (solid circle), Abedin (hollow circle), 
and Qin (square) are shown. 
 

The model was used to calculate the SBS threshold of the tellurite amplifier.  The 

SBS gain coefficient of the fiber is expected to be 103.0 10−× m/W from the gain 

broadening curve in Fig. 31.  The high scattering loss acts on both the signal and the 

pump to reduce the interaction length for SBS.  In this case, the co-pumped orientation 

has a higher SBS threshold than dual-end pumping.  The calculated SBS threshold for a 

tellurite amplifier that has a length of 5 m is plotted in Fig. 32.  Due to the scattering loss, 

significant seed and pump powers must be launched into the fiber to achieve SBS 

threshold.  For pump powers below ~40 W, the high scattering loss negates the 

amplification from the counter-pumping diode.  For pump powers higher than 40 W, the 

signal power remains high in the fiber due to the amplification from the counter-pumped 

diode overcoming the scattering loss.    
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Fig. 32:  Calculated SBS threshold of a dual-end-pumped tellurite amplifier. 

4.4. Passive Fiber SBS Threshold 

 As shown above in Fig. 32, the fiber amplifier model with no pump power can be 

used to calculate the SBS threshold of a passive fiber.  The SBS threshold was calculated 

for two different wavelengths for tellurite and chalcogenide fibers since these fibers 

exhibit significantly lower scattering losses near 1550 nm and beyond.  In addition, the 

SBS threshold was measured and calculated for silicate fiber as a function of fiber length.  

The threshold model was used in this section to evaluate whether SBS threshold could be 

reached in these fibers using the amplifiers discussed above.    

4.4.1. Silicate Fiber 

 Due to its availability, low cost, and low attenuation, the most common fiber used 

in phase conjugation experiments is commercial, silicate fiber.  The Brillouin gain 

coefficient is an order of magnitude lower than tellurite.  However, it has negligible 

scattering loss at the lengths important for phase conjugation and has a high damage 

threshold.  With the fiber amplifier sources above, this work is limited to ~40 W of power 
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to generate SBS threshold.  Phase conjugation requires a multimode fiber, but the SBS 

threshold increases with core area.  The number of modes supported by a fiber increases 

with the normalized frequency parameter of the fiber, given by  

 2 (V a N )Aπ
λ

= , (4.9) 

where is the radius of the fiber core.[153]  The number of modes can be increased by 

increasing the core radius, the NA, or decreasing the wavelength.  By examination of  

Eq. 

a

(2.65), a fiber with a low NA is predicted to produce an equivalent phase conjugation 

fidelity as a shorter fiber of similar material with a higher NA.  In addition, the SBS gain 

coefficient is expected to be lower in a fiber with a higher NA due to gain broadening.   

 With these factors, two commercially available fibers were chosen for further 

examination.   Both of the fibers support a similar number of modes as shown in Table 4.  

Including the scattering losses, the predicted SBS threshold power is plotted as a function 

of fiber length in Fig. 35.  

 

Table 4:  Passive silicate fiber parameters at 1.064 µm wavelength.[153] 

Core diameter (µm)a

Core NAa

Core attenuation (dB/km)a

Cladding diameter (µm)a

V parameter
Fiber ~M2 (V/2)
Supported modesb

20
0.13

2
125
7.7
3.8
34

40
0.06

7
400
7.1
3.5
30

0.13 NA fiber 0.06 NA fiber

a Manufacturer supplied, CorActive
b Adams, M.J., An introduction to optical waveguides. 1981: Chichester: Wiley.  

 The SBS threshold was measured for these two fibers each at a length of 100 m.  

The threshold of the fiber with an NA of 0.13 was measured three times at this length.  
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The fiber was polished at an 8º angle on both sides to eliminate Fresnel reflections from 

interfering with measurements of the Stokes power.  A pickoff was used to measure the 

incident and reflected powers, and the power transmitted through the fiber was measured.  

The cladding of the fiber had a high attenuation such that only the core-coupled power 

was measured at the output.  The coupling efficiency was measured below SBS threshold 

by measuring the transmitted power as a function of incident power and taking into 

account transmission loss and Fresnel reflections.  This coupling efficiency was assumed 

to be constant as the SBS threshold was exceeded, and allowed the computation of 

coupled power throughout the test.  The SBS threshold was then determined using linear 

regression of the Stokes power and is plotted in Fig. 33.  The threshold was 

W, with the error given by the standard error of the linear fit, which 

corresponds to a Brillouin gain coefficient of .     

4.66 / 0.51+ −

11(1.47 / 0.17) 10  m/W−+ − ×
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Fig. 33:  Plot of Stokes power as a function of coupled power into a 100-m fiber with 
NA of 0.13. 

 

 Similar measurements were made with the 0.06-NA fiber at a length of 100 m as 

shown in Fig. 34.  The SBS threshold was determined to be 6.9 / 1.4 W+ − , which yields 
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a Brillouin gain coefficient of .  Using these experimental 

measurements, the expected SBS threshold of the silicate fibers as a function of fiber 

length are shown in 

11(4.33 / 0.88) 10  m/W−+ − ×

Fig. 35.   
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Fig. 34:  Plot of Stokes power as a function of coupled-seed power in 100 m of 0.06-
NA fiber. 
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Fig. 35:  Calculated SBS threshold as a function of fiber length for the two silicate 
fibers. 

 

 The Brillouin gain coefficient in optical fiber is expected to decrease with 

numerical aperture as discussed in Section 2.3.  Equation (2.58) describes the broadening 
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of the Brillouin gain coefficient with fiber numerical aperture, and is plotted in Fig. 36 

along with the measured values of the Brillouin gain coefficient in the 0.06-NA fiber and 

0.13-NA fiber.  Considering that the fibers were manufactured with different amounts of 

core dopants, a reasonable agreement with Eq. (2.58) was obtained. 
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Fig. 36: Brillouin gain coefficients measured in 100-m silicate fiber plotted as a 
function of numerical aperture.  The theoretical curve of the Brillouin gain 
coefficient of silicate fiber due to numerical aperture broadening is also shown. 

4.4.2. Tellurite fiber 

 The SBS threshold was also modeled in undoped, tellurite fiber.  The scattering 

loss was measured in a 15-m length of tellurite fiber to be ~0.7 dB/m at a wavelength of 

1550 nm.  The tellurite fiber has an NA of 0.22, and accepts an approximate beam quality 

of .  A scattering loss of 2.0 dB/m was also modeled to investigate the effects of 

scattering loss as measured in the Yb-doped, tellurite fiber at 1064-nm wavelength.  At 

0.7 dB/m of scattering loss, the difference between the model in this work and Smith’s 

model are clearly visible as shown in 

2 5.6M ≈

Fig. 37.  For scattering losses of 2 dB/m, the error 

in Smith’s model is significant.   

 According to the manufacturer, the optical damage threshold of tellurite fiber is 

similar to silicate fiber.[154]  During tests of the fiber, poor cleaves would result in 
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m  of the fiber tip.  However, when the tip was properly prepared, the damage 

threshold was higher than 215.5 MW/cm .  The damage threshold in silicate fiber als

depends on the surface quality and has been shown to exceed 100 MW/cm

elting

o 

2.[155] 
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Fig. 37:  Modeled SBS threshold of passive tellurite fiber as a function of fiber 
length for scattering loss of 2 dB/m and 0.7 dB/m.  The Smith model prediction is 
also shown (dashed). 

 reached in chalcogenide fiber by two different research groups 

as men e threshold in single-mode fiber with a 0.18 

, 

t 

 

 both 1064 and 1550 nm wavelengths.  At 1064 nm, chalcogenide fiber has a 

very large attenuation of ~10 dB/m, and the damage threshold was less than 50 kW/cm2.  

4.4.3. Chalcogenide Fiber 

SBS threshold was 

tioned earlier.  Abedin measured th

NA with a length of 5 m.  Two fibers were purchased from the same manufacturer as 

Abedin.  The first was a single-mode fiber, 1.7 m long.  The second was 24 m in length

and multimode for phase conjugation experiments.  Both fibers had an NA of 0.18, bu

the multimode fiber had a 65 µm core diameter, while the single-mode fiber was 6 µm in

diameter.   

 The single-mode chalcogenide fiber was tested for transmission loss and damage 

threshold at

This  work, 0.7 dB/m

S mith, 0.7  dB/m

This  work, 2  dB/m

S mith, 2 dB/m
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At 1550 nm, the attenuation was 1.3 / 0.1 dB/m+ − , and the highest damage threshold 

observed was 400 kW/cm2.  The highest reported irradiance in a single-mode, 

chalcogenide fiber is 221 kW/cm2.[25] 

 Using the experimental da the SBS gain coefficient was calcula

using this work’s model at 93.55 10  m/W−× for a fiber with an NA of 0.18.  Thi

approximately two orders of magnitude 

ta from Abedin, ted 

s is 

higher than the gain coefficient of silicate fiber.  

threshold was f

At 1550 nm, the transmission loss of the multimode chalcogenide fiber was measured at 

0.33 dB/m, and the damage ound to be less than 50 kW/cm2.  The 

threshold power was calculated as a function of fiber length, and is shown in Fig. 38, 

along with the highest reported irradiance.   
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Fig. 38:  Multimode threshold as a function of fiber length 
for a wavelength of amage irradiance (dashed). 

 
4.5. Conclusion 

 The SBS threshold model aided in the design of source amplifiers while avoiding 

SBS an esearch.  

Amplifiers were designed and built with the aid of this model to avoid SBS and generate 

up to 50 W in a single-frequency beam a 1064 nm and 18 W at 1550 nm.  Without 

 chalcogenide fiber SBS 
 1550 nm with estimated d

d predicted achievable thresholds in fibers for phase conjugation r
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a

improved over the Smith m

pproximations for low scattering losses, the accuracy of SBS threshold calculations was 

odel.  In addition, the effects of scattering losses were 

observed to severely limit the effective length of high-loss materials:  after a relatively 

short length of 10 – 20 m, longer lengths fail to reduce threshold.  While novel fibers 

have one and two orders of magnitude higher Brillouin gain coefficients than silica, the 

scattering loss at a wavelength of 1064 nm prohibits reaching SBS threshold in 

chalcogenide fiber while raising the threshold power significantly in tellurite.  Taking 

into account the lower efficiency amplifiers at 1550 nm, tellurite and chalcogenide fibers 

are not predicted to show a decline in phase conjugation fidelity with length as well as the 

silicate fibers at 1064 nm.        
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5.  Fidelity Measurement Techniques 

 

5.1. Overview 

 Phase conjugation fidelity is the fraction of the Stokes beam that is the phase 

conjugate of the seed or SBS pump.  If the seed beam includes multiple transverse 

modes, then the perfect phase conjugate beam will include the same transverse modes 

propagating in the opposite direction.  Phase conjugation is typically employed to 

recreate a single-mode beam at the diffraction limit.  Therefore, divergence and beam 

quality measurements both before and after phase conjugation have been used as a 

measure of fidelity.  Similarly, the beam quality has been measured by the power 

transmission through a pinhole aperture on portions of the beam.  An improvement on 

this technique places the pinhole aperture in the main beam, and therefore verifies not 

only the maximum waist size of the Stokes beam, but also the direction of propagation.  

These methods provide a measure of fidelity that can be highly accurate in determining 

whether high-fidelity, phase conjugation has occurred, but the results are increasingly 

ambiguous as fidelity decreases.  There can always be some transmission through a 

pinhole, even for very poor quality beams.  If beam cleanup occurs instead of phase 

conjugation, the result is a low-order-mode beam, typically LP01, which has excellent 

beam quality and low divergence.  While high beam quality is the goal of many phase 

conjugate systems, coherent beam combining through phase conjugation requires a more 

rigorous approach.   
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In this chapter, a new measure of phase conjugation fidelity is devised and tested 

which is applicable to coherent beam combining by measuring the fringe visibility of 

interfered beams.  The results of this method are compared to those achieved through 

other methods by using a long, graded-index fiber to generate the Stokes beam.  In long, 

graded-index fiber, stimulated Brillouin scattering has been reported to produce 

continuous wave (CW) phase conjugation.[105, 156]  Conversely, it is also reported to 

produce a pure fiber mode regardless of pump mode structure.[64, 65, 97, 157, 158]  This 

process is referred to as beam cleanup.  These results are contradictory, but can be 

attributed to the methods used to measure fidelity.  In this work, the Stokes reflection 

from the graded-index fiber is shown to be beam cleanup, and the measurements of 

fidelity are compared using their ability to distinguish beam cleanup from phase 

conjugation.          

 

5.2. Beam Quality Methods 

 Improving beam quality is the goal of many phase conjugation experiments.  The 

earliest phase conjugation experiments set a standard for measuring phase conjugation by 

intentionally distorting the input beam.[53, 66]  The input beam was spatially filtered or 

was otherwise near the diffraction limit before propagating through a piece of acid-etched 

glass or an imperfect amplifier.  The distorted beam then reflected off the phase 

conjugate mirror back through the aberration (see Fig. 39).  Measures of beam quality are 

made on the input beam both before (position A in Fig. 39) and after (position B in Fig. 

39) the aberration to quantify the degree of distortion.  After reflection from the phase 

conjugate mirror, the beam quality is sampled again both before (C) and after (D) the  
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Fig. 39:  Typical apparatus diagram for measuring fidelity of phase conjugation 
using beam quality techniques. 

 

aberration to show improvement.  Often, the phase conjugate mirror is replaced with a 

standard mirror to show the beam distortion induced by two passes through the 

aberration.  The fidelity of phase conjugation is measured as a ratio of the initial beam 

quality at A to the final beam quality at D after the second pass through the aberration.  

As a variation of this approach, no external aberration is used, and the fiber where SBS is 

generated is considered the aberration itself.  The beam quality measures used to compare 

the initial and final beams are beam divergence measurements, M2 measurements, and 

pinhole transmission. 

 5.2.1. Divergence Measurements 

 As discussed in Chapter 3, Zel’dovich et. al used divergence measurements to 

verify phase conjugation in the earliest phase conjugation experiment.[53]  A single pass 

through an aberration resulted in an increase in divergence from ~1 mrad to 3.5 mrad.  

The beam was restored to the initial divergence after the second pass through the 

aberration via SBS, but a second pass using a normal mirror resulted in a divergence of 

~6 mrad.   
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This example shows that when fidelity is high and the induced aberrations are 

substantial, the divergence measurement is ample verification of phase conjugation 

fidelity.  When fidelity declines, this measurement becomes more ambiguous.  In the 

example above, for instance, the standard mirror could be claimed to generate a phase 

conjugation fidelity of 0.17.  By varying the aberration induced on the incident beam, this 

“fidelity” could be increased further.    

As the fidelity declines, the Stokes beam direction is no longer the exact opposite 

of the seed.  The divergence technique ignores this distinction and makes no measure of 

propagation direction.  Since the direction of propagation is different than the input beam, 

the distortion imparted to the beam by the aberration is not controlled.  It is possible that 

the aberration induced on the reflection is different from that of the incident beam, which 

further reduces the accuracy of this method.    

 In the event of SBS beam cleanup, the Stokes beam can exist entirely in the 

fundamental mode regardless of the seed input, as in Fig. 40.  In this example, the seed 

beam was wavefront split into two semicircular beams.  The beams were then tiled 

together as shown in Fig. 40(a) before being coupled into a 2.5-km-long, multimode, 

graded-index fiber.  The Stokes reflection is shown in Fig. 40(b) with a Gaussian-like 

irradiance pattern.  The waist of the Stokes beam is determined by the fiber 

independently.  If the induced aberration is low, and the coupling is carefully chosen to 

match that of the fundamental mode, the resulting beam would nearly match the 

divergence of the input and erroneously register a fidelity near one.   
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(a) (b)
 

Fig. 40:  Example of SBS beam cleanup.  Irradiance images show (a) the incident 
beam comprised of two wavefront-split Gaussian beams and (b) the Stokes 
reflection from SBS in a graded-index fiber. 
    

 Perhaps the largest source of error is due to the beam quality of the Stokes 

reflection.  Since SBS beam cleanup produces good beam quality regardless of seed beam 

quality (as in Fig. 40), the resulting beam has only been distorted once by the aberration.  

This can account for the improved beam quality of the Stokes reflection over that from a 

standard mirror as shown in Fig. 41(c) and (d). [100]  In this experiment, a long, graded-

index fiber was used to generate the SBS reflection and phase conjugation was claimed.  

However, these images alone are insufficient to prove phase conjugation.  According to 

typical practices, Fig. 41(c) should be comparable to Fig. 41(a).  The center lobe of (c) is 

similar to (a), but there is no measurement of the power in the sidelobes of (c).  There is 

also no measure of the direction of propagation of the (c) as compared to the input beam, 

and therefore the aberration experienced by the reflection may be different from that of 

the incident beam.  No image of a single pass through the aberration was provided to 

compare to (c).  Instead, a double-pass through the aberration is given in (d), which 

exaggerates the effect.         
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Fig. 41:  Irradiance images at decreasing exposure levels of (a) the incident beam, 
(b) the Stokes reflection without distorting object, (c) the Stokes reflection with 
distorting object, and (d) the reflection from a standard mirror through the 
distorting object.[100] 

        

5.2.2. M2 Measurements 

 As a slight improvement on the divergence measurements, some researchers have 

measured the beam quality to determine the fidelity of phase conjugation.[105]  Fidelity 

in this case was defined to be the improvement in M2 due to the aberration acting on the 

Stokes beam divided by the decline in M2 measured as the seed passes through the 

aberration.  With reference to Fig. 39,[105]  

 
2 2

2
C

B A
2
DM MF

M M
−

=
−

, (5.1) 

where 2
AM  represents the beam quality at position A of Fig. 39.  However, if 2 2

D CM M≥ , 

the fidelity is defined as zero.  Therefore, if the aberration fails to improve the beam 

quality of the Stokes beam, the fidelity is set to zero.   

 This method addresses the main issue raised in the previous section.  It 

automatically negates a Stokes beam that is not improved in beam quality after passing 

through the aberration, which was a main problem with the divergence method.  Beam 
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cleanup is seemingly elimated by this step.  However, there is no measurement of the 

propagation direction of the Stokes beam.  A phase conjugate beam would propagate in 

the opposite direction as the seed.  As fidelity declines, the aberration affecting the Stokes 

beam may not be the same as the distortion on the incident beam.   

 In addition, the measurement of beam quality is susceptible to errors.  An 

international standard describes the process for measuring the beam waist and divergence 

along two principal axes using a focusing optic and camera system.[159]  As stated in the 

standard, “Noise in the wings of the power density distribution . . . may readily dominate 

the second order moment integral.”  The correct values of background noise reduction 

and cross-sectional integration limits must be chosen carefully to yield accurate results.  

 Using a long, graded-index fiber to generate SBS, Mocofanescu et al. measured a 

phase conjugation fidelity of 0.31 using this technique.[105]  In a second trial with the 

same fiber, the measurements were set to zero due to beam cleanup.  The measurements 

from the same fiber over the range of 0 to 0.31 in fidelity demonstrate the error in this 

technique. 

5.2.3. Pinhole Transmission 

 The technique used by Eichler and described in Chapter 3 was referred to as a 

“power-in-the-bucket” technique.  The fidelity is measured by first recording the 

transmission of the incident beam through a focusing lens and aperture on a pickoff from 

the main beam (see Fig. 10 and Chapter 3 for a more thorough description).  The fiber 

itself is used as the aberration to the seed beam, and the Stokes beam transmission 

through the same or similar lens and aperture system is recorded.  The fidelity is 

determined as the Stokes transmission divided by the incident beam transmission.   
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 The fidelity measured using a pinhole measurement loses validity as the fidelity 

declines.  Even a very poor quality beam will have some transmission through a pinhole, 

so the fidelity will never be zero.  A Stokes beam generated through beam cleanup can 

increase this error.  There is also no measure of the direction of propagation on the Stokes 

beam with relation to the incident beam.  As a result, the pinhole can be aligned to 

maximize the transmission of the Stokes beam, further improving the fidelity measure in 

the event of beam cleanup.  The method is also susceptible to small errors which can 

occur during the optimization of transmission through a pinhole. 

 Using this technique, the parameters of the seed beam and size of the pinhole 

becomes very important for distinguishing beam cleanup from phase conjugation.  

Consider the case that the parameters of the incident beam are set to match the beam 

diameter of the fiber fundamental mode.  The pinhole would normally be chosen at 2 to 3 

times the waist size to transmit 86% or 99% of the beam, assuming perfect beam quality 

and focusing optic.  However, if beam cleanup occurs, nearly the same transmission 

would be achieved after optimizing the location of the pinhole on the Stokes beam 

pickoff.  A fidelity of nearly one would be erroneously measured.   

To minimize the errors in this approach, the beam must be coupled into the fiber 

at the highest accepted NA.  The incident beam is therefore collimated at the largest 

diameter possible for the combination of fiber NA and coupling objective, and relates to 

the smallest diameter pinhole that can be used for a given lens.  In the event of beam 

cleanup, the fundamental mode has a lower NA than the seed and a larger diameter at the 

fiber tip, which results in a larger beam diameter when imaged onto the pinhole.  Low 
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measures of fidelity are still ambiguous, but beam cleanup can be eliminated from 

measurements of fidelity higher than a predictable value.   

The technique can be improved by using an in-line pinhole as done by Kuzin et 

al.[60] and described in Chapter 3.  The seed is focused through a pinhole before being 

coupled into the fiber where SBS is generated.  This is the only technique discussed that 

provides a measurement of beam direction that is integral to the diagnostics system.  

Since the seed being coupled into the fiber passed through the pinhole, a perfect phase 

conjugate reflection would achieve 100% transmission back through the pinhole.  This 

would be achieved regardless of exact fiber and pinhole alignment, provided perfect 

coupling efficiency into the fiber was maintained.  In the event of beam cleanup, the 

measured transmission would vary with fiber alignment, with a maximum value set by 

the incident beam characteristics and pinhole size as discussed above.  Low values of 

fidelity remain ambiguous, however.            
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Fig. 42:  Diagram depicting the distinction between phase conjugation and beam 
cleanup in pinhole transmission.[160] 
         

 An experiment was conducted to demonstrate the ability of the in-line pinhole to 

discriminate beam cleanup by generating SBS in a long, graded-index fiber with a core 

diameter of 50 µm and an NA of 0.21.  The full beam was focused through a pinhole with 

66% transmission before being coupled into the test fiber where SBS was generated, as 

shown in Fig. 43.  Plano-convex lenses with focal lengths of 250 mm were used to focus 

the incident beam through the 300-µm-diameter pinhole and collimate the beam before 

coupling into the graded-index fiber.  Wedged windows with one uncoated side were 

used to measure the power and to reflect a portion of the beam to a screen where the 

incident beam, the fiber transmission, and the Stokes beams could be simultaneously 

recorded.  The fiber coupling lens was an asphere with a focal length of 6.2 mm.     

108 



www.manaraa.com

MOPA 
Source 
~50 W

Power 
Meter 1

Power 
Meter 2

Pinhole Aperture
Wedge Wedge

SBS Test Fiber

 

Fig. 43:  Diagram of the experiment to distinguish phase conjugation from beam 
cleanup using an in-line pinhole.[160] 

 

 As a preliminary test, the fiber tip of the graded-index fiber was translated while 

maintaining good coupling efficiency.  A perfect phase conjugate reflection would 

propagate along the direction opposite the seed regardless of small changes in fiber 

position.  However, the Stokes reflection from the graded-index fiber visibly moved 

across the screen as the fiber tip was translated by 25 μm.  Fig. 44 shows the 

displacement of the Stokes beam at the extremes of the fiber tip translation.  The incident, 

Stokes, and fiber transmission images were collected simultaneously by imaging each 

beam as reflected off a screen.  The screen reflection caused speckle in the images which 

was filtered out using 6-pixel averaging.  Also apparent in the figure is the higher 

divergence of the Stokes beam as compared to the seed.   In the upper right of each 

image, the transmission through the fiber is shown, and it is apparent from those images 

that many modes were exited in the fiber.  The input signal in the upper left was clearly 

aberrated by propagation through the fiber.   
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Fig. 44:  Irradiance images of (1) the seed beam, (2) the beam transmitted through 
the test fiber, and (3) the Stokes beam using a long, graded-index fiber to generate 
SBS.  The fiber tip was translated by 25 µm between image (a) and (b). 
 

 The transmission of the Stokes beam through the pinhole was measured to 

quantify this effect and show the distinction between phase conjugation and beam 

cleanup.  The optics were chosen to image the pinhole onto the fiber tip with a 

magnification such that the pinhole image diameter was much less than the fiber core 

diameter.  The pinhole image diameter on the fiber tip was calculated at 8.7 µm, limited 

by the test fiber NA.  Using an approximation for the Gaussian beam diameter of the 

fundamental mode in a graded-index fiber, 

 3/2 6

2 0.23 18.01a
V V V

ω
⎡ ⎤

= + +⎢ ⎥
⎣ ⎦

, (5.2) 

the fundamental mode diameter of the fiber is calculated at 12.9 µm.[21]  The 

transmission of such a Gaussian beam with diameter of 12.9 µm through a circular 

aperture with a diameter of 8.7 µm was calculated at 60% provided the beam is centered 

on the pinhole.  An off-center beam would have lower transmission.   
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The fiber tip was once again translated a total displacement of 25 µm in 

increments of 2.5 µm.  SBS was generated in the fiber, and the Stokes transmission 

through the pinhole was recorded as a function of fiber displacement.  The pinhole 

transmission was measured as the ratio of Power Meter 2 to Power Meter 1 as shown in 

Fig. 43, calibrated by taking measurements with no pinhole in place.  The data is plotted 

in Fig. 45.  After the pinhole transmission was recorded, the fiber was cut to ~3 m and the 

fiber transmission was recorded over the same incremental displacements to measure the 

coupling efficiency.  The coupling efficiency is also shown in Fig. 45.  The pinhole 

transmission is shown to match the calculated pinhole transmission of a Gaussian 

approximation of the fundamental mode through the image of the pinhole aperture at the 

fiber tip, which is shown as a continuous curve.  In the calculated transmission curve, the 

coaxial position was chosen at a displacement of 15 µm to match the experimental data.   
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Fig. 45:  Pinhole transmission of the Stokes beam and coupling efficiency of the seed 
are shown as a function of fiber tip translation.  The alculated transmission of the 
fundamental mode of the fiber through a circular aperture is also shown.[160] 
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These results verify the ability of the in-line pinhole technique to distinguish 

beam cleanup from phase conjugation.  Based on the fundamental mode diameter and the 

pinhole, a maximum transmission due to beam cleanup can be determined.  Transmission 

higher than this value indicates phase conjugation, while pinhole transmission below this 

value remains ambiguous.  The fundamental fiber mode in this experiment was limited to 

~60% transmission, while a perfect phase conjugate of the seed would achieve up to 

100% transmission.  Furthermore, controversy remains over the ability of a graded-index 

fiber to generate a phase conjugate beam as discussed in Chapter 2.  Viewed from this 

perspective, these results show that beam cleanup occurs in a long, graded-index fiber 

and not phase conjugation.    

5.3. Interference Method 

 For laser systems where improving the far-field irradiance is the goal, the 

previous methods of measuring fidelity are accurate.  When an improvement in beam 

quality is desired, using beam quality as a diagnostic is adequate.  However, coherent 

beam combination via SBS requires the spatial coherence among multiple beams, and a 

new measure of fidelity is warranted.[161]  In this section, a new method of measuring 

fidelity using the visibility of interference fringes is described and tested.  In this case, the 

ambiguity which arises from beam quality techniques is removed.   

 In this work, a seed beam was split into two paths before both beams were 

coupled into the same graded-index fiber.  Phase locking between two beams via SBS 

beam cleanup was directly measured using lateral shearing interferometers (LSIs) 

immediately after the Stokes reflection exits the fiber.  Another LSI was used to measure 

the coherence after the Stokes beam travels back through the two beam paths.  The 
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degree of coherence at this LSI is a more accurate measure of fidelity which extricates 

the measurement of phase conjugation from calculations of beam quality.  Although the 

use of LSIs to measure beam phasing is not unique to this experiment, this is the first 

time it is used to determine the relative phase characteristics of two tiled beams at 

locations critical to both beam cleanup and the fidelity of phase conjugation.  This 

measurement directly determines the relative phase of the two beams without the added 

complexity of a beam quality measurement.  From this data, a clear determination of 

spatial coherence, fidelity of phase conjugation, and beam phasing can be made. 

5.3.1. Apparatus   

The apparatus is shown in Fig. 46.  The MOPA source laser was described in 

Chapter 4, and is summarized here.  It consisted of an external cavity diode laser 

operating at 10 mW (1550 nm) followed by a 2-stage fiber amplifier.  The first fiber 

amplifier was 5 m of Nufern’s Er-Yb, co-doped 7/130 polarization maintaining fiber 

counter-pumped with a 20 W LIMO fiber-coupled diode at 935 nm.  The output of the 

first stage was ~500 mW with ASE suppressed to -36 dB.  The second stage was 15 m of 

the same fiber, co-pumped with another 20-W LIMO fiber-coupled diode at 935 nm.  

Free space coupling was used and the fiber ends were polished at 8°.  The 2-stage 

amplifier produced an output power of up to 5 W.  
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Fig. 46:  Apparatus diagram for measuring fidelity of phase conjugation using an 
interference method.  LSI: Lateral shearing interferometer, HR:  High reflecting 
mirror. 

 

After isolation, the beam was expanded to 10 mm diameter and wavefront split 

with an uncoated right angle prism into two beams with semicircular cross sections.  The 

beams then propagated through different paths.  One of the paths was equipped with an 

optical trombone to test the ability of the fiber to compensate for path length variations.  

The optical trombone consisted of a 180° turning prism on a longitudinal translation stage 

which could be controlled with a piezo-electric transducer for rapid oscillations.  The two 

beams were tiled side-by-side with a prism and coupled into 2.5 km of 50-µm core, 0.21-

NA, graded-index fiber.  As shown in Fig. 46, a lateral shearing interferometer (LSI) on 

each beam pickoff was used to analyze the SBS reflection from the graded-index fiber 

immediately after reflecting from the fiber (LSI 2) and after recombination (LSI 1).   

The beam emitted by the single mode amplifiers before being split into two channels is 

shown in Fig. 47.  A prism was placed in the beam to reflect half of the beam through a 

different optical path.  This resulted in two truncated, semicircular beams.  After 
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propagating through two separate paths, the beams were then tiled side-by-side using 

another right angle prism (Fig. 48).   

5.3.2. Mirror Reflection Example 

To contrast the unique properties of the Stokes reflection and to characterize the phase 

properties of the incident beams, interference images were taken of the beams as reflected 

by a highly reflective (HR) planar mirror. The mirror was placed in front of the fiber 

coupling lens to reflect the collimated incident beams back toward the source.  A wedge 

sent a portion of the beam to LSI 2.  The LSI produced an interference pattern of the two 

beams.  The LSI is made from two wedged windows separated by ~ 1 cm, and each 

window had one side AR-coated.  The two uncoated faces create reflections laterally 

 

 

Fig. 47:  Irradiance image and contour plot of the MOPA output beam. 

 

 

Fig. 48:  Tiled beam profile after propagation through separate paths. 
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shifted relative to each other.  In the resulting interference pattern, there are three zones 

of interest.  As shown in Fig. 49(b), zone one is the left semicircular beam interfering 

with itself, while zone 3 is the right beam interfering with itself.  As long as the two 

wedges are stable and much closer than the coherence length of the individual beams, 

these self-interference zones will produce stable fringes regardless of fluctuations in the 

phase of the incident beams.  This contrasts with zone two, which is the mutual 

interference between the left and right beams.  In this region, the position of the fringes 

depends on the relative phase between the left and right beams.  High contrast fringes 

indicate spatial coherence across the two semicircular beams.  If the beams are both 

coherent and have the same phase, the maxima of the high-contrast fringes will line up 

across all 3 zones.  If the beams are not coherent with each other, there will be no fringes 

visible in zone 2.  Lastly, if the beams are coherent but have a phase offset, the fringes in 

zone 2 will be visible but discontinuous between the zones.  

 

(a) (b)

1 2 3

 

Fig. 49:  Schematic of the beam profiles (a) after reflecting from the HR mirror and 
(b) after reflecting off the LSI.  The three interference zones of the LSI are 
numbered in (b) to clarify self-interference (1 and 3) and mutual interference (2) 
zones. 
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With the path length held constant, Fig. 50(a) was collected.  Each image in this 

work is an average of 10 images taken successively at the camera frame rate of 30 Hz.  

Interference fringes with good visibility in zone 2 show that the beams are spatially 

coherent, but the discontinuity on each side of zone 2 shows that the beams are not in 

phase after propagating through different paths.  In fact, the fringes in zone 2 shift rapidly 

with any translation of the path delay prism, while the fringes in zones 1 and 3 remain 

stable.   

The transducer on the path delay prism was activated to demonstrate the loss of 

spatial coherence between the two reflected beams from the HR mirror.  The vibration 

was chosen in the form of a triangle wave with a 5.5 Hz oscillation frequency to avoid 

resonance with the camera.  The full range of travel was 0.2 mm.  As shown in Fig. 

50(b), the self-interference fringes in zones 1 and 3 remain visible.  Since the transducer 

imparted a rapidly changing relative phase difference between the two beams, it resulted 

in a dramatic loss of visibility in zone 2.  

 

(a) (b)  

Fig. 50:  Interference images of the two beams at LSI 2 after one pass through 
separate paths and reflected by a standard HR mirror with vibration (a) off and (b) 
on. 
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 The fringe visibility in zone 2 of Fig. 50(b) was higher than expected since there 

was no mutual coherence at this point.  Further inspection of the self-interference images 

show that the remaining fringes in zone 2 are not due to mutual coherence.  The self-

interference was viewed from each channel independently with the other channel was 

blocked.  The images are shown in Fig. 51.  The fringes visible in zone 2 of Fig. 50(b) are 

visible in the self-interference images and are not due to mutual coherence.  Diffraction at 

the wavefront-splitting prism caused the semicircular beam to spread into zone 2 and 

interfere.  

 Similar images were taken at LSI 1 with the HR mirror in place (Fig. 52).  A lens 

was used to image the point of recombination at the right angle prism onto the camera.  

Fig. 52(a) shows the interference pattern with both beam paths held constant.  Again, the 

fringe discontinuity between the three zones indicates that the beams were not phased.  

This was emphasized by activating the vibration and noting the loss of fringe visibility in 

zone 2 in Fig. 52(b).  As expected, the results of Fig. 50 and Fig. 52 indicate that the 

beams are not in phase after traversing separate optical paths, nor after being reflected by 

an HR mirror back through the system. 

(a) (b)
 

Fig. 51:  Self-interference images at LSI 2, each taken with one path blocked.  The 
self-interference shows the fringes extending into zone 2 are not due to mutual 
coherence. 
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(b)(a)  

Fig. 52:  Interference images of the two beams at LSI 1 as reflected back through 
the respective beam paths by a standard HR mirror with vibration (a) off and (b) 
on. 

 

5.3.3. SBS Reflection Results 

The SBS reflection was characterized in the same manner, but with remarkably 

different results.  After the HR mirror was removed, the beams were coupled into a 2.5 

km length of 50/250 graded-index fiber with a core numerical aperture of 0.21.  The 

coupling efficiency to the fiber was 80+/-5%.  Care was taken to ensure that both beams 

had an equivalent coupling efficiency into the fiber.  The high coupling efficiency 

indicates that the fiber did not significantly spatially filter the input beams.  To verify that 

the coupled light was not single mode, images of the beams transmitted through the fiber 

were collected and are shown in Fig. 53.  The transmission through the fiber was clearly 

multimode and slowly varied over time.   

 

Fig. 53:  Sample irradiance images of the transmission through the graded-index 
fiber. 
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SBS threshold was reached in the fiber at 0.4+/-0.1 W of transmitted power.  The 

typical Stokes beam is shown in Fig. 54.  The Stokes beam would periodically form the 

double-lobed mode shown in Fig. 55, but this mode was very sensitive to minute changes 

to fiber alignment and the path delay prism.  The single lobe pattern of Fig. 54 was much 

more common.  The generation of the fundamental and low-order modes in the Stokes 

beam is expected from SBS beam cleanup.    

A lens was placed after wedge 2 (Fig. 46) to image the beams and measure the 

interference pattern as it would be at the location where the two optical paths come back 

together.  The interference pattern of the Stokes beam immediately after reflection from 

the graded-index fiber was measured by LSI 2.  Whether the vibration is off (Fig. 56(a)) 

or on (Fig. 56(b)), the Stokes beam remains unchanged.  An image of the 2-lobed Stokes 

beam was collected from the interferometer (Fig. 57).  In the null region between the two 

 

Fig. 54:  Stokes beam irradiance pattern.  The same image is shown as a contour 
plot for clarity. 

 

 

Fig. 55:  A two-lobed fiber mode resulting from SBS in a graded-index fiber. 
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lobes, the fringes lose contrast as the irradiance drops, and it appears that the two lobes 

are phase-shifted by π as would be expected from an LP11 mode.  When vibration was 

activated, the careful conditions required to observe the two lobed pattern are lost and the 

interference pattern recorded was identical to Fig. 56(b).  This shows that a single, 

spatially-coherent Stokes beam is generated in the fiber via SBS, as expected from beam 

cleanup.  However, a phase conjugate beam immediately after reflection from the fiber 

would not be coherent at this point.  A perfect phase-conjugate beam would have the 

coherence of the incident beam, which was shown to be incoherent at this point after a 

single pass through separate paths.  To measure the phase conjugation fidelity, the 

coherence at LSI 1 must be analyzed.  

 

(a) (b)
 

Fig. 56:  Images of the Stokes beam at LSI 2 with vibration (a) off and (b) on. 
 

 

Fig. 57:  Interference image of the double-lobed Stokes beam at LSI 2. 
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The Stokes reflection viewed using LSI 1 showed that the beams were not phased 

after propagating back through the separate paths (Fig. 58).  Fig. 58(a) shows the beams 

without interference as collected from only one of the two wedges in the LSI.  Fig. 58(b) 

shows a discontinuous fringe pattern produced in zone 2 where mutual interference 

occurs.  When the vibration was activated as shown in Fig. 58(c), the self-interference 

zones remained stable, but the mutual interference fringe visibility dropped as the fringe 

pattern rapidly oscillated.  The low-contrast fringes remaining in zone 2 of Fig. 58(c) 

appear to be self-interference since the fringes do not extend throughout the entire region 

and are at a different angle than the fringes shown in Fig. 58(b).  This indicates that the 

relative phases were not locked after propagation back through the optical paths.   

As discussed above, a phase conjugate reflection would not be phased at LSI 2.  

The fringe results should mimic those from the HR mirror.  The reflection should also 

have an irradiance pattern that closely mimics that of the incident beams.  At LSI 1, 

however, the phase conjugate reflection should be spatially coherent.  Because of the 

 

(c)(b)(a)
 

Fig. 58:  Stokes beam from the graded-index fiber after propagating back through 
the two paths.  The beams are shown at LSI 1 after recombination (a) without 
interference, (b) with interference and still prism, and (c) with interference and 
prism vibration. 
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wavelength shift induced by SBS, the two Stokes beams may not be phased after 

propagation back through the individual paths.  The dephasing of the two beams would 

be ( )2 p s l cφ π ν νΔ = − Δ , where pν  ( sν ) is the pump (Stokes) frequency, and  is the 

difference between the two beam paths.[55]  Given the small Stokes shifts in optical fiber 

(~11 GHz), this function varies slowly relative to a wavelength.  The relative phase shifts 

by 

lΔ

2π  when 27 mm.  Given that one path includes the optical trombone, the two 

beam paths vary by more than 27 mm.  It is therefore expected that a phase conjugate 

beam would only coincidentally be phased after propagation back through the two paths, 

which would generate continuous fringes in 

lΔ ≈

Fig. 58(b).  More importantly however, an 

additional 0.4 mm change in optical path length caused by vibration of the path in the 

optical trombone would have a negligible effect on the relative phase ( 0.1vibφΔ ≈ ).  

Therefore, a phase conjugate reflection would be characterized by visible fringes in zone 

two of the LSI fringe pattern even with the vibration stage turned on.  Furthermore, if the 

power in each channel was equivalent, a fringe visibility of one would result, which is the 

fidelity of the perfect phase-conjugate beam.   

Beam cleanup would have remarkably different characteristics.  Since the beam 

exits the fiber in a pure fiber mode, it would be spatially coherent across its transverse 

dimension immediately after exiting the fiber.  Once it is split into two independent 

beams which propagate through time dependent path lengths and are finally tiled 

together, the spatial coherence of the beam is lost. 

The two paths act as a beam distortion in the traditional fidelity measurements 

discussed above.  The divergence of the Stokes beams after recombination at LSI 1 

matches that of the incident beam quite well despite the double-semicircular pattern of 
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the beam (Fig. 58(a)).  Using the divergence method of fidelity, the conclusion would be 

a high phase conjugation fidelity.  Similar results would be expected from power-in-the-

bucket measurements, while the alignment of the Stokes reflection would cause an in-line 

pinhole technique to measure a varied transmission similar to the experiment plotted in 

Fig. 45.  Since the reflected beam shown in Fig. 54 has better beam quality than the input 

double-semicircular pattern of Fig. 48, the M2 technique would accurately assign a 

fidelity of zero to this situation.   

However, the occurrence of beam cleanup to the LP11 mode shown in Fig. 55 

presents some ambiguity to these methods.  The double-lobed structure of Fig. 55 could 

certainly be interpreted as a phase conjugate replica of the pump with decreased fidelity 

due to the high spatial frequency components being filtered out.  Interpreting the Stokes 

reflection as a phase conjugate is not consistent with the highly sensitive nature of the 

spatial characteristics of the reflection to variations in the coupled beam.  Additionally, 

the SBS reflection required precise angle alignment of the fiber tip in order to propagate 

back through the system on-axis.  This adjustment would not have been necessary if a 

phase conjugate beam had been generated, since a phase-conjugate reflection should 

remain stable with small perturbations to the coupling characteristics.  However, the 

fringe pattern at LSI 1 observed when the phase of one beam is rapidly varied (Fig. 

56(b)) demonstrated clearly that the beams lack coherence at this point.  Therefore, this 

double-lobed structure does not introduce error into the measurement of fidelity through 

the interference method.     

Using the interference method, fidelity near zero was determined and clearly 

indicated beam cleanup, but not phase conjugation.  The beam cleanup conclusion is 
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supported by the LSI measurements which indicate that the reflected Stokes beam 

immediately after the SBS generating fiber is spatially coherent.  This is verified even 

with significant and variable phase error between different components of the input 

beam.  But, the fact that the two legs of the Stokes beam after propagation back through 

separate beam paths do not produce a spatially coherent beam as measured by LSI 1 

eliminates the possibility that this type of reflection could be interpreted as a phase 

conjugate replica of the pump. 

The image was analyzed by reading it into Mathematica.  The pixel values were 

used to determine the maximum and minimum values of the fringes along vertical lines 

through the image.  The fringe visibility was then determined according to[162] 

 max min

max min

( ) I IV q
I I

−
=

+
, (5.3) 

where V(q) is the visibility in the vicinity of point q, and Imax and Imin are the maximum 

and minimum irradiances near point q.  When the average irradiance from the two beams 

is equivalent, the visibility represents the degree of coherence.  When the beams are 

unequal, the more general form of the equation must be used to determine the degree of 

coherence 12 ( )γ τ  for a given path difference τ such that[162] 

 ( ) 1 2
12

1 2

( ) ( )( )
2 ( ) ( )
I q I qV q

I q I q
γ τ +

= . (5.4) 

The pixel columns were grouped by interference zone and averaged together.  

While the peak of the mean irradiance in zones 1 and 3 was found to differ 

by , the mean fringe visibility was comparable within these zones at 

 and 77.3 .  The fringe visibility in zone 2 was measured at 

9.6+/-3.1%, while the mean visibility in zones 1 and 3 was 76.8+/-2.7%.  Since the 

29 / 2%+ −

75.6 / 3.1%+ − / 2.7%+ −
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irradiance was not equal between the two paths, the degree of coherence was computed 

using Eq. (5.4) at 9.7+/-3.1% in zone 2.     

A significant error in zone 2 is the residual fringes.  These fringes can be 

attributed to residual self-interference occurring through diffraction from the beams in 

zones 1 and 3.  The fringes are not as significant as those seen in zone 2 of Fig. 50 and 

Fig. 51, but exhibit the same characteristics.  This leads to the conclusion that the residual 

fringes are not indicative of mutual-coherence.  For instance, the fringes do not span zone 

2 as do the fringes shown in Fig. 58(b).  The fringes are also at a different angle than 

those in zone 2 without vibration, again shown in Fig. 58(b).  The appearance of these 

fringes may be minimized through better imaging of the prism near LSI 1 in Fig. 46 

where the beams were recombined.   

As a result of these measurements, the fidelity measured using this method was 

.  The measurement deviated from zero on average due to the error of 

self-interference fringes in zone 2.            

0.097 / 0.031+ −

5.4. Conclusion 

 Measurements of fidelity using beam quality methods were shown to be fairly 

accurate for applications demonstrating fidelity near one.  However, the occurrence of 

beam cleanup and other applications where fidelity declines cause additional error in 

these methods.  A more precise measure of fidelity was found using interference fringes, 

which is more applicable to beam combining applications. 
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6.  CW Phase Conjugation 

 

6.1. Overview 

As discussed in Chapter 2, fiber optic waveguides provide a long interaction 

length which lowers the threshold of SBS to power levels easily achievable by CW laser 

sources.  Since the Stokes wave experiences a small Doppler shift, the longitudinal 

propagation constants of the modes excited by the Stokes wave differ slightly from those 

excited by the seed.  The SBS reflection becomes out of phase with a theoretical perfect 

phase conjugate reflection over many meters of fiber.  As a result, the fidelity of phase 

conjugation from SBS in step-index fibers decreases with increasing fiber length.  While 

longer fibers are preferred in order to reach threshold at a lower power, shorter fibers are 

needed to generate a high fidelity phase conjugate beam.   

CW phase conjugation in step-index fibers had not been achieved prior to this 

work.  Typically only pulsed lasers could generate the irradiance necessary to exceed 

SBS threshold in fiber short enough to generate phase conjugation.  At the start of this 

work, existing theory predicted fiber lengths shorter than a few meters were needed to 

generate phase conjugation.  In Chapter 3, there are a handful of examples of fiber 

lengths longer than a couple meters generating phase conjugation using pulsed laser 

sources.  Kuzin et al. compared phase conjugation characteristics from 7 m and 130 m 

fibers.  While the 7-m fiber produced conjugation better than ~80%, they noted that 

~50% depolarization occurred in the Stokes beam for the 130 m fiber.[60]  Vasil’ev et al. 

employed a 25-m fiber as a phase conjugate mirror to effectively remove amplifier-
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induced aberrations.[61]  Fiber amplifiers up to 10 m in length have been used as well to 

generate high fidelity SBS phase conjugation with pulsed lasers to seed SBS.[106]     

     In order to design efficient CW laser systems using SBS phase conjugation for 

coherent beam combination, the length of fiber that can be used to generate a high fidelity 

phase conjugate reflection was explored further.  In this work, the phase conjugate 

fidelity was measured as a function of fiber length during cutback tests on two silicate, 

step-index fibers.  Fidelity was lower at longer lengths of fiber.  As the fibers were cut 

back, the fidelity increased to ~0.80 using a 40-m length of a 40-µm core diameter, 0.06-

NA fiber (CorActive Ge740).[123]  Similar fidelity was achieved from 15 m of 20-µm 

core, 0.13-NA fiber (CorActive MM-20/125).[123]  This work inspired Spring’s 

numerical model described in Chapter 3.  Along with modeling results for these two 

fibers plus an additional one, the fidelity obtained was related to a scaled length 

parameter which showed a correlation among the different fibers.[123]  SBS beam 

cleanup in step-index fibers was observed at longer fiber lengths, as well as the transition 

from beam cleanup to phase conjugation.   

6.2. Phase Conjugation Experiment 

The apparatus is shown in Fig. 59.[123]  It consisted of a 1064-nm, narrow-

linewidth laser (NPRO) operating at 700 mW and a 2-stage fiber amplifier as described in 

Chapter 4.  The first fiber amplifier is 10.3 m of Nufern’s Yb-doped 20/400 (core 

diameter/clad diameter in microns) PLMA fiber, counter-pumped with a fiber-coupled 

diode from LIMO which generated up to 20 W through a dichroic mirror.  The output of 

the first stage was 5.5 W.  The second stage was also a 20/400 PLMA fiber with a length 

of 5.2 m.  The second stage was co-pumped with a 100-W, fiber-coupled diode.  Co-
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pumping was chosen to prevent damage to the diodes, and the fiber length was reduced to 

prevent the onset of SBS in the amplifier as discussed in Chapter 4.  The shortened length 

reduced the pump absorption in the fiber by approximately 20%.  The 2-stage amplifier 

produced an output power of 50 W.   

Free space coupling was used throughout the experiment, and each fiber tip 

including the test fiber was polished at 8° to prevent cavity effects and Fresnel reflection 

noise in the data.  The output of the first stage amplifier was over 95% linearly polarized.  

To bypass polarization control on the high power amplifier, each polarization of the 

signal beam after the second-stage amplifier was separately isolated and recombined.    

The method employed to measure fidelity was the in-line pinhole method similar 

to Kuzin et al. [60] and described in Chapter 5.  While the interference approach was 

shown to be more accurate in distinguishing beam cleanup, the implementation would 

have required test fibers that support many more modes for efficient coupling of two tiled 

beams into the test fiber.  The larger test fiber would have required additional seed power 
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Fig. 59:  Apparatus used to test phase conjugation fidelity of silicate fibers at 1064 
nm wavelength. 
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which was not available to generate SBS in the short lengths of fiber necessary for phase 

conjugation.  An alternative to higher power is to use a fiber such as chalcogenide which 

has a much larger SBS gain coefficient as described in Chapter 4.  The higher gain 

coefficient allows chalcogenide fiber to support more modes while reducing the SBS 

threshold power.  The use of a chalcogenide fiber for this purpose is described in the next 

chapter.             

The full signal beam was focused through a pinhole with a diameter of 300 µm 

before propagating to the test fiber.  The pinhole was imaged onto the fiber tip such that 

the pinhole image diameter was less than half of the core diameter of the fiber.  The 

pinhole image size was chosen as small as possible and ultimately limited by the NA of 

the test fiber to maintain coupling efficiency.  Since the entire incident beam passed 

through the pinhole, a perfect phase-conjugate Stokes beam would have complete 

transmission back through the pinhole.  The pinhole transmission of the Stokes beam was 

the measure of fidelity.   

This fidelity measurement technique can distinguish between phase conjugation 

and SBS beam cleanup to the fundamental mode as described in Chapter 5.  Since the 

pinhole has a smaller image diameter than the fundamental fiber mode, it was calculated 

that less than 66% pinhole transmission would be achieved in the event that the Stokes 

reflection propagates in the fundamental mode.  The coupling parameters for each fiber 

are shown in Table 5.  The maximum transmission would be observed provided the 

pinhole image was centered on the fiber tip.  To further reduce this error, the signal was 

coupled off-center into the test fiber by 7.2 / 1.2 mμ+ −  for the 0.13-NA fiber.  The 

expected transmission from the fundamental mode was reduced in this case to 17+/-7%.  
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Similarly, the expected transmission of a flat-top beam would be less than 25%, which 

was computed using a ratio of the area of the pinhole image to the core area of the fiber.  

The coupling efficiency with the 0.06-NA fiber was more sensitive to position, which 

prohibited significant off-center coupling.  The fiber was centered within a few microns 

to maximize coupling efficiency.  With this coupling, pinhole transmission of 63% or less 

using the 0.06-NA fiber could be the result of beam cleanup, and a flat-top Stokes beam 

would be expected to have a transmission of 21%.  As with all spatial measurements of 

phase conjugation fidelity, low-fidelity measurements are ambiguous.    

Wedged windows with anti-reflection coating on one side were used to measure 

the power before and after the pinhole.  Additional beam pickoffs were used to reflect 

portions of the beam to a screen where a Cohu, solid-state camera simultaneously 

recorded the beam irradiance cross-section incident on the test fiber, the transmission 

through the test fiber, and the Stokes beam. 

  

Table 5:  Fiber and coupling characteristics for phase conjugation experiments. 

Core diameter (µm)
Core NA
Fiber M2 (V/2)
Fundamental mode 1/e2 diameter (µm)*
Pinhole image diameter at fiber tip (µm)
Incident beam diameter at fiber tip (µm) 
Coupling NA
Coupling efficiency (%)

20
0.13
3.8

14.5
9.6

5.5+/-0.3
0.119+/-0.006

79+/-5 

40
0.06
3.5

29.4
18.5

11.3+/-0.6
0.057+/-0.004

84+/-5 

0.13 NA fiber 0.06 NA fiber

*Marcuse, D., Loss analysis of single-mode fiber splices. Bell Syst. Tech. J, 1977. 56(5): p. 703–718.
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6.2.1. Data Collection and Analysis 

The fiber was cut back in set intervals, polished, and tested at its new length 

without disturbing the input end of the test fiber.  This enabled the measurement of 

fidelity as a function of fiber length.  To measure fidelity, the power meters labeled PM4 

and PM5 in Fig. 59 were connected to an oscilloscope.  The powers were measured 

simultaneously by the oscilloscope and the ratio of PM5 to PM4 provided the raw fidelity 

data.  To avoid large errors caused by dividing by voltages near zero, all data 

corresponding to reflected powers less than 600 mW was discarded.  A single 

measurement consists of the average of all calibrated data after SBS threshold is 

exceeded giving a Stokes reflection greater than 600 mW.  Multiple measurements were 

taken at each length whenever possible.   

By taking the data with the oscilloscope, the number of data points per trial was 

typically ~500 or more.  It was observed that connecting the power meters to an 

oscilloscope for data collection bypassed the internal calibration algorithms of the 

individual meters.  Since the response and zero of each uncalibrated meter was slightly 

different, the calibration was a function of power.  To calibrate the measurements, an HR 

mirror was placed in front of the fiber and aligned to reflect the incident beam back 

through the pinhole towards the amplifiers.  The pinhole was then removed, and 

calibration data consisted of the ratio of PM5/PM4 as a function of the PM4 power, 

shown in Fig. 60.  This accounted for differences in the power meters as well as for small 

losses from each optic between PM4 and PM5.   

The calibration data was separated into groups (bins) defined by the reflected 

power, and a span of 200 mW of reflected power per bin was chosen.  The mean and 
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standard deviation of the ratio of PM5/PM4 was taken of each bin.  The standard 

deviation of the reflected power in the bin was also calculated, and this data was plotted 

as a function of the center of each bin as shown in Fig. 61.   

  During the experiments, the seed power was increased to generate SBS in the 

test fiber.  The oscilloscope simultaneously read the seed power both incident and 

transmitting the fiber, and the Stokes power both incident (PM4) and transmitting (PM5)          
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Fig. 60:  PM5/PM4 calibration data as a function of reflected power. 
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Fig. 61:  Error bar plot showing the mean and standard deviation of the calibration 
data in 200-mW bins of reflected power. 
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the pinhole aperture.  The oscilloscope also took the ratio of PM5/PM4, and this ratio was 

plotted as a function of Stokes power as shown in Fig. 62 taken from a 20-m length of 

0.13-NA fiber.       

The raw pinhole transmission data was then calibrated by Stokes-power bin using 

the calibration data in Fig. 61.  For each bin i of the raw data, the mean ( )i
rμ and standard 

deviation ( )i
rσ was computed, where r denotes “raw data.”  The calibrated mean ( )iμ and 

standard deviation ( )iσ  was then computed for each bin using the calibration data for that 

bin, where the mean ( )i
cμ  and standard deviation ( )i

cσ  are denoted by the subscript c for 

“calibration.”  The mean was computed as ( ) ( )i i ( )i
r cμ μ= μ for each bin, and the standard 

deviation was determined using[163] 

 
22 ( )( )

( ) ( ) 2
( ) ( )( )

ii
i i cr

i i
r c

σσσ μ
μ μ

⎡ ⎤⎛ ⎞⎛ ⎞
⎢ ⎥= + ⎜ ⎟⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

. (6.1) 

The calibrated data for this trial is shown in Fig. 63.   
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Fig. 62:  Uncalibrated pinhole transmission by the Stokes beam measured as a 
function of Stokes power reflected by a test fiber with 0.13 NA and length of 20 m. 
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Fig. 63:  Calibrated mean and standard deviation of the pinhole transmission as a 
function of Stokes power. 

 

 To determine the fidelity of the Stokes reflection for this experiment, the data in 

the bins was averaged for all Stokes-power bins above 0.6 W.  The mean was determined 

using the formula:[163] 

 
( ) ( ) ( )

( ) 2 ( ) 2( ) ( )

i i i

i
i i

N μμ
σ σ

=∑ ∑ i
N , (6.2) 

and the standard deviation was calculated as 

 

1
( ) 2

( ) 2( )

i

i
i

Nσ
σ

−
⎛

= ⎜
⎝ ⎠
∑ ⎞

⎟ . (6.3) 

For the sample fiber shown above, the resulting fidelity was 0.552 / 0.002+ − .    

 

6.2.3. Results       

The results of the cutback test show a distinct increase in phase conjugation 

fidelity as each fiber is shortened as shown in Fig. 64.[123]  The blue dots with error bars 

are the experimental results of this work, while the blue line represents modeling results 
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obtained by Spring.[63]  The red, dashed line represents fidelity as a function of length 

given by Eq. (2.65).  With a 40-m long fiber, the fidelity was ~0.40.  A fidelity of 

0.791+/-0.004 was achieved with a fiber length of 15 m for the 20-µm core, 0.13-NA 

fiber.  While the input coupling was not adjusted during testing, small changes in 

coupling due to thermal effects in the amplifiers and optics change the modes excited in 

the test fiber.  While this was not noticeable within an individual trial, these small 

coupling changes are probably responsible for the variation in measured fidelity between 

trials at the same fiber length.    

A fidelity of 0.837+/-0.008 was obtained from a 40-m length of the 0.06-NA, 40-

µm core fiber (Fig. 65), which was increased from a fidelity of ~0.65 at a length of  

100 m.   
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Fig. 64:  Phase conjugation fidelity as a function of fiber length for the 0.13-NA 
fiber.  The experimental data is compared to Spring's model and Hellwarth's model. 
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Fig. 65:  Phase conjugation fidelity as a function of fiber length for the 0.06-NA 
fiber.  The experimental data is plotted along with Spring's model and Hellwarth's 
model. 
 

These sets of data document the first time CW phase conjugation via SBS has 

been achieved in step-index fiber.  It is also the first time that the deterioration of phase 

conjugation fidelity with fiber length has been traced experimentally.   

Images were taken during testing of both of these fibers to show the beam 

incident on the test fiber, after fiber transmission, and the Stokes reflection.  The beams 

were reflected from wedged windows placed in front of PM2 (incident), PM3 

(transmitted), and PM4 (Stokes) shown in Fig. 59, and each beam was propagated to a 

screen and imaged simultaneously.  The images are shown in Fig. 66 and Fig. 67 to show 

general beam shape and relative divergence.  In each image, the incident beam is shown 

in the upper left of the frame, the transmitted beam is in the upper right, and the Stokes 

beam is shown in the lower portion of the frame.  The images were smoothed using 6-

pixel averaging to remove speckle induced by reflection from the screen.  The 
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transmission through the test fiber is multimode in each image, and the Stokes beam is 

single-lobed for all lengths tested using the 0.06-NA fiber (Fig. 66).  Coupling conditions 

were varied prior to the cutback test which occasionally resulted in an LP11 Stokes beam 

using a 100-m length of fiber.   

For the 0.13-NA fiber, the images show the Stokes beam in the LP11 mode at 40 

m and a progression toward single mode as the fiber is shortened.  While the front of the 

fiber was not disturbed throughout the cutback tests, the back end had a new 8° polish 

and slight differences in location after each cut.  These changes in the back end of the test 

fiber caused the beam to move relative to the camera image.  The incident beam was 

coupled off-center, which was the most-likely cause of the LP11 mode in the Stokes beam 

at longer fiber lengths where phase conjugation fidelity declines.  As the fiber length was 

shortened, the phase conjugation fidelity improved and the LP11 mode was gradually 

replaced by a phase conjugate of the incident beam.  Spring’s model predicts the 

occurrence of beam cleanup in step-index fibers when the test fiber is too long for good 

fidelity phase conjugation beginning at fiber lengths as short as 20 m as seen in this 

work.[63]          
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Fig. 66:  Clockwise from top left:  incident beam, test fiber transmitted beam, and 
Stokes reflection from the 0.06-NA fiber with a length of 40 m.   

 

(a) (b) (c)
 

Fig. 67:  Clockwise from top left in each frame:  incident beam, fiber transmission, 
and Stokes beam from the 0.13-NA fiber with lengths of (a) 40 m, (b) 30 m, and (c) 
15 m. 

 

6.2.4. Discussion 

The experiment shows high-fidelity phase conjugation is generated by lengths of 

fiber approximately an order of magnitude longer than had been calculated before the 

start of this work.  The model of Hellwarth is shown in Fig. 64 and Fig. 65 for each fiber.  

It predicts a very rapid decline in fidelity that reaches zero at ~ 1 m for the 0.13-NA fiber 
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in Fig. 64 and at ~5 m for the 0.06-NA fiber in Fig. 65.  For longer lengths of fiber, the 

Hellwarth model predicts negative fidelity values which are undefined.   

The fidelity predicted using the Spring model is more accurate than previous 

models.  The Spring model predicts high fidelity from much longer lengths of fiber as 

verified by this work, and it also accurately predicts the occurrence of beam cleanup in 

step-index fibers.  However, the predicted fidelity was typically ~20% lower than the 

experimental results as the fidelity decreases from one and levels off at a low fidelity 

level.  The Spring model also predicted an increase in fidelity as the fiber is lengthened 

further which was not supported by the experiment.  The main approximation in Spring’s 

model is that all pump modes and, separately, all Stokes modes vary equally with power 

as a function of length.  The common mode amplitude growth and decay rate used in the 

model prevents the relative power between modes from evolving along the length of the 

fiber, which may be responsible for this resonance effect in the model.  This indicates 

that the deviation between experiment and model may be explained through the highly-

coupled analysis of modal interactions and varied gain or depletion among modes.  

Differences in coupling could also cause discrepancies between the model and the 

experiment.    

The fidelity achieved with the 0.06-NA fiber in both modeling and experiment 

decreased with length at a much slower rate than the fiber with 0.13 NA.  Although the 

calculations of Zel’dovich (Eq. (2.66)) and Hellwarth (Eq. (2.65)) lose validity as the 

non-conjugated fraction becomes large, both of their models include an analytic solution 

for the interaction length that is inversely proportional to the NA2 of the fiber.  
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Specifically, the length of fiber that was calculated to produce a given phase conjugation 

fidelity was given by:[59]  

 2

6 (1 )

B

F c
L

NA
−

≤
Ω

 (6.4) 

Russell demonstrated a similar dependence as a function of maximum phase error, φΔ , 

such that[55] 

 2

2

B

ncL
NA
φΔ

=
Ω

 (6.5) 

The relationship between phase error and fidelity is not known, but the models of 

Hellwarth and Zel’dovich suggest 1 FφΔ ∝ − .  Regardless of this exact relationship, 

the fidelity is expected to decrease as the phase difference increases, since it is this phase 

mismatch that theoretically causes the length limitations.  Therefore, the fibers in this 

experiment and model were compared based on the physical length of the fiber, the 

Stokes shift, and the square of the fiber core NA.  This scaled length parameter has units 

of meter·GHz and is given by 

 . (6.6) 2
s BL L NA≡ Ω

The maximum phase difference as defined in Eq.(6.5) differs from this parameter by a set 

of constants 

 
2

sL
nc

φΔ = . (6.7) 

From inspection of Eq. (6.4) and Eq.(6.7), sL may be a constant for a given phase 

conjugation fidelity.[123]  In Fig. 68, the fidelity achieved experimentally with the two 

fibers as a function of fiber length is plotted for the experimental results in this work and 

Spring’s model.  In addition, a third fiber was modeled and included in this plot.  The 
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additional fiber had an NA of 0.20 and a core diameter of 20 µm.  In Fig. 69, these results 

are plotted against the scaled length parameter.  As expected the data from the model and 

experiment are well correlated using this relationship.  Also included in Fig. 69 is the plot 

of Eq. (6.4).    
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Fig. 68:  Measured fidelity is plotted as a function of fiber length for two step-index 
fibers.  Results from Spring’s model are also shown. 
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Fig. 69:  Fidelity plotted as a function of scaled length. 
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Using the correlation between fidelity and the scaled length parameter, the SBS 

threshold power was approximated as a function of the quality of the beam that could be 

conjugated by a given fiber.  The SBS threshold for a given multimode fiber is 

approximately given by[19] 

 21
th

I

AP
g L

≈ , (6.8) 

where the core area, A, has been substituted for Aeff , and the fiber was approximated as 

lossless.  Solving Eq. (6.6) for L and substituting into Eq. (6.8) gives an expression for 

the SBS threshold power Pth as a function of the fiber parameters, SBS parameters, and 

scaled length parameter: 

 
221 ( )B

th
I s

A NAP
g L
Ω

= , (6.9) 

where must be given in units of GHz.  The fiber parameters dictate the beam quality 

of the incident beam which can be accepted by the fiber.  According to ISO 11146[159], 

the beam quality parameter M

BΩ

2 is defined as 

 2

4
odM θπ

λ
= , (6.10) 

where is the diameter of the beam waist andod θ  is the full beam divergence.  To 

determine the beam quality a fiber could accept, let 2NAθ =  and 2od a= .  Since the 

fiber core cross-sectional area is 2A aπ= , the beam quality acceptance of the fiber, 

2 /NAM aπ λ≈ , was substituted into equation (6.9) such that 

 
2 421 B

th
I s

MP
g L
λ
π

Ω
≈ , (6.11) 

where  is in units of GHz for this equation. BΩ
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Extrapolating the results of this work yielded a relationship between sL  and the 

fidelity of phase conjugation.  From the method of measuring fidelity, it is expected that 

the measured fidelity will approach a constant as the fiber length increases beyond the 

lengths necessary for phase conjugation.  For example, a flat-top beam would be 

expected to achieve a pinhole transmission of 0.22.  At very long fiber lengths, the Spring 

model achieved rapidly oscillating values with an average of ~0.4.  Using an exponential 

fit to the experimental data, the best fit curve approached 0.46.  A simple fit to the 

experimental data was constructed using a Gaussian exponential function 

2
1 1(1 ) [ ]sc c Exp k+ − − L

L

 such that the function returns perfect fidelity at  and a 

constant as L

0sL =

s increases to infinity.  Using Mathematica’s “FindFit” function, a fit to the 

experimental data was determined, 

 , (6.12) 20.4585 0.5415 [ 0.001093 ]sF Exp≈ + −

where the constant in the exponential has the units of (m·GHz)-2.  This function is plotted 

against the combined experimental results in Fig. 70.   

Solving Eq. (6.12) for Ls and substituting the result into Eq. (6.11) yields an 

expression for SBS threshold that is a function of beam quality accepted by the fiber and 

fidelity.  The specific core area, length, and NA of the fiber have been replaced by beam 

quality acceptance and fidelity.  Fig. 71 shows three curves of the SBS threshold power 

as a function of the maximum M2 accepted by the fiber which is expected to yield fidelity 

in a range of values (0.95, 0.90, and 0.80), with , 113 10  m/WIg −≈ × 1064 nmλ = , and 

0.1 nmλΔ ≈ .    
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Fig. 70:  Curve fit to experimental measurements of fidelity as a function of the 
scaled length parameter. 
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Fig. 71:  SBS threshold power of silicate fiber for a given fidelity of phase 
conjugation as a function of the beam quality accepted by the fiber. 

 

A reduced irradiance at an equivalent fidelity of phase conjugation can be realized 

when a fiber is chosen with the lowest NA possible that accepts the beam quality 

required.  For the same M2 value, a lower NA fiber requires a larger core area, but a 
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longer interaction length can be used to generate the same fidelity.  The SBS threshold 

power is approximately equal, and the power is spread over a larger core area in the low 

NA fiber.   

For example, the test fibers in this work were chosen to be multimode with a low 

SBS threshold.  At 40-m length, the 0.06 NA fiber reached SBS threshold at ~14.5 W, 

while the 0.13 NA fiber reached threshold at ~16 W for a 15 m length.  Both fibers 

achieved ~0.80 fidelity at these respective lengths, but the irradiance on the 0.06 NA 

fiber was reduced by a factor of four.  Other fiber characteristics that effect the SBS gain 

coefficient such as the concentration of core dopants[164] and the SBS gain coefficient 

broadening are expected to have a secondary impact that was not included in this 

analysis.   

To extend this analysis to fibers other than silica, the scaled length parameter was 

used to solve for the maximum phase difference as a function of fidelity from Eq. (6.7).  

The maximum phase difference was then assumed to be a constant for a given fidelity 

across all fiber materials such that and ( ) ( )( ) ( )ch sF Fφ φΔ = Δ

 
( )

( ) ( )
( )( ) ( )
ch

ch s
s s

nL F L F
n

= s , (6.13) 

where the scaled length parameter is shown explicitly as a function of fidelity, the 

superscript (s) denotes silica, and (ch) denotes chalcogenide or other fiber material of 

interest.  The index of refraction of chalcogenide is ~2.8,[25] and that of tellurite is 

~2.0.[165]  Therefore, the scaled length parameter was determined to be a factor of ~1.9 

longer for chalcogenide and ~1.3 for tellurite for a given fidelity of phase conjugation.  

This effect further reduces the threshold power necessary for a desired fidelity value in 

these fibers compared to silicate fiber.  A plot of the SBS threshold power as a function 
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of beam quality acceptance is shown in Fig. 72 for three different fiber materials and a 

predicted fidelity of 0.9.  The silicate fiber was assumed to be lossless, while the 

calculations for chalcogenide and tellurite fiber each include a low scattering loss 

estimate of 0.33 dB .  Inclusion of the scattering loss required some loss of generality 

in this model due to the length-dependent loss.  The NA of the tellurite and chalcogenide 

fibers was fixed at 0.22 and 0.18, respectively, and the beam quality acceptance varied 

with fiber core area only.  For the purpose of comparing fiber materials shown in 

/m

Fig. 72, 

these approximations are reasonable, but specific threshold calculations are necessary for 

fibers with non-negligible attenuation.     
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Fig. 72:  Comparison of three different fiber materials showing the approximate 
SBS threshold power needed to generate a phase conjugate beam with fidelity of 
~0.9, shown as a function of beam quality accepted by the fiber. 

 

6.3. Effect of Fidelity on SBS Threshold 

 By analyzing the SBS threshold power measured during the cutback tests on the 

two silicate fibers, it was discovered that the effective Brillouin gain coefficient in 
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multimode fiber increases with phase conjugation fidelity.  This effect lowers the SBS 

threshold below that expected using the Smith model as the fiber length decreases and 

phase conjugation is achieved.  In fact, analysis of the SBS threshold as the fibers were 

shortened reinforces the phase conjugation fidelity measurements described in the 

previous section. 

 The experimental trials of Section 6.2 were analyzed to determine the SBS 

threshold of each trial as the two fibers were reduced in length.  To determine threshold, 

the fiber transmission was plotted against Stokes power for each trial.  When SBS 

threshold was reached, the Stokes power would rapidly increase while the power 

transmitting the fiber would remain relatively constant.  Using the bin technique 

developed earler, the mean and standard deviation of the transmitted power was recorded 

for the Stokes power bin comprising all data points between 0.6 W and 1.0 W.  An 

example of this technique is shown in Fig. 73.  The transmitted power was then used to 

calculate the initial power coupled into the fiber.  This was done first by assuming a 

Fresnel reflection of 4% at fiber exit face.  The attenuation of the fiber was used to 

determine the coupled power just inside the entrance face of the fiber.  The attenuation 

used in the calculation was the value provided by the manufacturer but verified using the 

cutback data.    

 The resulting threshold data was plotted as a function of fiber length for each of 

the two fibers.  The Smith model, Eq. (2.53), with Leff from Eq. (2.52), was plotted 

against the threshold data in these figures using the Brillouin gain coefficient as a fit 

parameter.  The 0.13-NA fiber threshold data is shown in Fig. 74, and the 0.06-NA fiber 

is shown in Fig. 75.  The standard deviation of the data to the fit was calculated at 1.4 W 
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for the data taken with the 0.13-NA fiber, considering deviations for the threshold power 

only, and 1.6 W for the 0.06-NA fiber.   
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Fig. 73:  Power transmitted through the test fiber plotted as a function of Stokes 
power to calculate SBS threshold. 
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Fig. 74:  SBS threshold measurements are plotted as a function of fiber length for 
the 0.13-NA fiber.  The solid curve is the Smith model fit to the data. 
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Fig. 75:  The SBS threshold measured using the 0.06-NA fiber is plotted as a 
function of fiber length, as well as the Smith model fit to the data. 

 

 While SBS threshold has been examined at very short fiber lengths using pulsed 

lasers and km-length fibers using both pulsed and cw lasers, this work represents the first 

time the intermediate region has been examined.  For single lengths of fiber, matching the 

Smith model to the data is a matter of solving for the Brillouin gain coefficient.  

However, taken as a set, the SBS threshold measured during the cutback tests did not 

increase as rapidly as predicted by the Smith model as the fiber was shortened.   

 Examination of Eq.(2.63) presented an improvement to the Smith model in this 

region, and the equation is shown again here 

 
( ) ( , ) ( , )

( )
( ) ( )

s b
eff I

s b

G r I r z I r z dr
g z g

P z P z
⊥ ⊥ ⊥

= ∫ ⊥ . (6.14) 

This equation predicts that the effective Brillouin gain coefficient increases with the 

overlap between signal and Stokes beams in the fiber.  The phase conjugation fidelity 

also results from this overlap.  While the exact overlap at long lengths of fiber is not 
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known, it does not drop to zero since both beams remain guided.  The fidelity as 

measured by the in-line pinhole technique in this work was therefore used as an estimate 

of the overlap between the signal and Stokes beams as a function of fiber length.  The 

Smith model was modified by multiplying the Brillouin gain coefficient by the fidelity of 

phase conjugation in Eq. (6.12) such that 

 21
( )th

I eff

AP
F L g L

≈ , (6.15) 

where F(L) is the fidelity generated by a given length of fiber, L.  In Fig. 76 and Fig. 77, 

Eq. (6.15) is plotted against the threshold data for the 0.13-NA and 0.06-NA fibers, 

respectively.  In these calculations, was used as a fit parameter and was set to 

for the 0.13-NA fiber and for the 0.06-NA fiber.  The 

standard deviation of the fit was reduced to 0.5 W in both data sets.                    
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Fig. 76:  The threshold data for the 0.13-NA fiber is shown with the threshold model 
from this work. 
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Fig. 77:  The SBS threshold measurements for the 0.06-NA fiber are shown with a 
fit using this work's model. 

 

 The increase in the effective Brillouin gain coefficient resulting from increased 

phase-conjugation fidelity has not previously been documented.  However, the same 

physics underlies both effects.  For example, perfect phase conjugation results in a 

maximum fidelity value, and, by definition, results in a maximum value for the overlap 

integral in Eq. (6.14).  In this way, the analysis of SBS threshold in the multimode fiber 

provided a secondary measure of the fidelity of phase conjugation.    

 

6.4. Beam Combination in Chalcogenide Fiber 

 Using the results of this work, an apparatus was built to phase-lock two amplifier 

channels together using chalcogenide fiber and single-frequency amplifiers at a 

wavelength of 1550 nm.  The apparatus is shown in Fig. 78.  The pre-amplifiers were 

described in Chapter 4 which generated over 3 W of power in a narrow-linewidth, single-

polarization, single-mode beam after isolation.  The apparatus was identical to Fig. 46 

except for the addition of fiber amplifiers in each leg.  Each fiber amplifier was made 
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from a Nufern  prototype Er-Yb co-doped fiber provided to AFIT by AFRL/RDLO.  The 

fiber characteristics are shown in Table 6.  The fiber amplifiers were each 7.5 m long and 

pumped with LIMO fiber-coupled diodes generating up to 100 W at 976 nm.   

 As shown in Table 6, the fiber supports 20 modes through a calculation of the V-

parameter of the fiber.  However, for this application, the number of modes must be 

reduced significantly for good coupling efficiency into the test fiber.  One method to 

achieve this is by coupling into the fundamental mode of the fiber.[166]  Since the beam 
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Fig. 78:  Apparatus for beam-combination experiments via SBS phase conjugation 
in chalcogenide fiber at 1550-nm wavelength. 
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was wavefront-split by necessity, many high-order spatial frequencies existed in the seed 

which prevented efficient coupling to the fundamental mode of the fiber.  The method 

implemented was to introduce significant bend-loss through coiling.[167]  The low-order 

modes experience less attenuation than the higher-order modes when the fiber is bent.  

With a coil diameter of 10 cm, the divergence of the beam exiting the fiber was measured 

at 0.20 rad, full-width, at e-2 power, which is over twice the diffraction limit of 0.095 rad.  

In addition, the beam was clearly multi-mode.  When coiled at a diameter of 1.6 cm, the 

divergence was reduced to 0.11 rad.  With fine adjustment of the input coupling, a single-

lobed beam could be maintained at this divergence.     

 The amplifiers were tested at low power to verify their performance relative to 

previous amplifier systems discussed in Chapter 4.  The amplifier in channel 1 is shown 

in Fig. 79.  The slope efficiency as a function of total pump power was 14%, and the ASE 

is significant in the region of 1060 nm with a 3% slope.  Similarly, the amplifier in 

channel 2 is shown in Fig. 80.  The slope efficiency at 1550 nm was 10% as a function of 

total pump power, and the ASE at 1060 nm had a slope of 3%.  ASE in the vicinity of 

1550 nm was suppressed below 30 dB during the tests.  Since ASE at 1060 nm could 

damage the chalcogenide, two dichroic mirrors were used in the beam path between the     

Table 6:  Characteristics of Er-Yb co-doped fibers used in two-beam combination 
experiment. 

Core diameter (µm)a

Core NAa

Cladding absorption ~975 nm (dB/m)a

Cladding diameter (µm)a

V parameter
Supported modesb

25
0.11
2.1
300
5.6
20

Er-Yb Fiber

a Manufacturer supplied, Nufern
b Adams, M.J., An introduction to optical waveguides. 1981: Chichester: Wiley.  
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amplifiers and the test fiber to eliminate 99% of the power near 1060 nm wavelength.  

From these tests, it was estimated that the total power that could be generated from these 

amplifiers is approximately 20 W at full pump power.   

 A chalcogenide fiber was used for generating SBS, and the specifications are 

listed in Table 7.  To determine the fidelity of phase conjugation expected from this fiber, 
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Fig. 79:  Channel 1 Er-Yb fiber amplifier performance and ASE ~1060 nm as a 
function of pump power. 
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Fig. 80:  Channel 2 Er-Yb fiber amplifier performance and ASE ~1060 nm as a 
function of pump power. 
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the scaled length parameter was compared to that of silicate fiber using Eq. (6.13).  The 

approximate fidelity was then computed to be 0.85 by using Eq. (6.12).  The SBS 

threshold of the fiber was computed at 2.5 W of coupled power using the measured 

attenuation and the threshold model described in Chapter 4.  Due to the high index of 

refraction of ~2.8, the Fresnel reflection is calculated to be 22%.  Both ends of the fiber 

were polished at 4º to divert the Fresnel reflections.   

 Coupling to the fiber was first attempted using a surrogate to test the coupling 

efficiency.  A silicate fiber with a core diameter of 50 µm and an NA of 0.21 was inserted 

into the beam.  The fiber was only a few meters long for the purpose of measuring 

coupled power, and a coupling efficiency of ~66% was achieved.  The chalcogenide fiber 

supports more modes than the silicate fiber, but coupling into the chalcogenide fiber was 

slightly worse at 61 .  This value was determined by using an aperture on the 

output end of the fiber to eliminate the cladding modes, and comparing that value to the 

total transmission including the cladding modes.  This method assumes the cladding to be 

equally transmissive as the core.  The surface quality of the chalcogenide fiber was not as 

/ 5%+ −

Table 7:  Chalcogenide fiber characteristics. 

Core diameter (µm)a

Core NAa

Core attenuation ~1550 nm (dB/m)
V parameter
Fiber ~M2 (V/2)
Length (m)
Stokes shift (GHz)b

Scaled Length Parameter (m·GHz)

65
0.18
0.33
23.7
11.9
20
8

32.6

Chalcogenide Fiber

a Manufacturer supplied, CorActive
b Abedin, K.S., Single-frequency Brillouin lasing using single-mode As2Se3
chalcogenide fiber. Optics Express, 2006. 14(9): p. 4037-4042.
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good as the polish obtained using silicate fiber, which may have been the cause of the 

decreased coupling efficiency.  With this coupling efficiency and the Fresnel reflection of 

22%, it was calculated that the incident power required to achieve SBS threshold was  

5.3 W.   

 Four tests were conducted, and SBS threshold was not achieved.  The 

transmission efficiency of the fiber decreased with increasing power as shown in Fig. 81.  

At low seed powers, the transmission efficiency exceeded 9% including fiber attenuation 

and Fresnel reflections.  As power was increased, the transmission efficiency dropped to 

less than 4%.  The decrease was reversible when power was decreased.  For example, test 

3 was conducted without material failure.  Test 4 was conducted minutes later and 

exhibited the higher efficiency transmission at low powers before eventually failing at 3.5 

W of seed power.  Two forms of failure were observed:  test 1 and 2 failed when the fiber 

tip ignited, but test 4 failed from the fiber softening and bending at the edge of the mount 

for the fiber tip.  However, along with each failure, a segment of fiber approximately 1-m 

long was permanently damaged and required removal before polishing.    
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Fig. 81:  Chalcogenide fiber transmission as a function of seed power.  Zero power 
was recorded to indicate material failure. 
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The highest reported irradiance on chalcogenide fiber was 221kW/cm2 using a 

single-mode fiber.[25]  This is approximately 3 times higher than the irradiance at failure 

during these tests.  The decrease in transmission efficiency is believed to be a precursor 

to material failure.  In this case, the increased attenuation shortens the effective length of 

the fiber as power is increased, which increases the SBS threshold accordingly.   

6.5. Conclusions 

High-fidelity, cw phase conjugation in step-index fiber was achieved for the first 

time, and is achievable with longer lengths of fiber than previously calculated.  The 

increased fiber length reduces the SBS threshold and results in higher conversion 

efficiency from pump to Stokes for a set seed power.  For the same beam quality 

supported by the fiber, a larger core area and lower NA is preferred to generate a high 

fidelity phase conjugate with lower pump irradiance.  This mitigates damage concerns in 

phase conjugate laser systems.   

The specific length of fiber that can be used to generate a given phase conjugate 

fidelity is inversely proportional to the square of the numerical aperture of the fiber as 

discussed in previous works.  A relationship was established between the fidelity of phase 

conjugation and a scaled length parameter which is linearly related to the maximum 

phase difference among fiber modes.  The fidelity of phase conjugation can be predicted 

from fiber parameters and material characteristics, and the SBS threshold power needed 

to achieve a desired fidelity can be approximated based on this work.   

Through an analysis of the SBS threshold power, a new application of existing 

theory was discovered.  Specifically, increases in fidelity represent improved overlap 
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between the signal and Stokes beams.  This increase in the overlap reduces the predicted 

SBS threshold for lengths of fiber where phase conjugation occurs.   

Using the results of this work, a beam-combination experiment using SBS in 

chalcogenide fiber was designed and experimentally tested.  A degree of coherence of 

~85% was expected from SBS in a multimode, chalcogenide fiber, but the fiber material 

failure limit was reached before SBS threshold.  High power laser systems designed to 

use SBS beam combining must greatly exceed SBS threshold for efficient operation.  

Therefore, chalcogenide fiber must be used in pulsed systems only to avoid the thermal 

effects encountered in these experiments.  Due to the scattering loss in the fiber, the 

interaction length is limited to approximately 20 m.  This removes the possibility of using 

a fiber with a larger core, lower NA, and longer length to generate the phase conjugate 

beam with lower irradiance.  Tellurite and silicate fiber provide a higher damage 

threshold to SBS threshold ratio for cw operation.     
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7. Conclusion 

 The objective of this work was to demonstrate the path to cw beam combination 

through SBS phase conjugation in optical fiber.  One of the obstacles to cw phase 

conjugation was the high powers required to reach SBS threshold in the short, step-index 

fibers required to generate high fidelity phase conjugation according to the existing 

theories on phase conjugation fidelity and SBS threshold.  Due to the high powers 

required, phase conjugation had only been achieved using pulsed laser systems and fibers 

of only a couple meters.  Reports of phase conjugation in fibers longer than 10 m were 

rarely reported and often limited in effective length by the coherence length of the laser 

system.  By contrast, phase conjugation using cw lasers had only been attempted using 

km-length fibers.  While some researchers claimed cw phase conjugation had been 

achieved using long, graded-index fibers, additional experiments by other research 

groups and in this work negated these results.   

 The approach used in this work was to study cw, SBS, phase-conjugation fidelity 

achieved using intermediate lengths of multimode silicate fiber between 10 m and 100 m 

in length.  A secondary approach was to study phase conjugation from more immature 

materials of tellurite and chalcogenide fibers which were recently reported to have much 

higher Brillouin gain coefficients, but much higher scattering losses as well.  To 

accomplish this, an experiment was designed and implemented to generate a high-power, 

narrow-linewidth seed at 1064-nm wavelength and measure the fidelity of phase 

conjugation from SBS as the fibers were shortened.  A second, narrow-linewidth laser 

was constructed at 1550-nm wavelength, and the material properties of chalcogenide and 

tellurite fibers were analyzed at both wavelengths.  A model of SBS threshold was 
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adapted from existing work to include scattering losses and the flexible end-pumping 

configurations of fiber amplifiers.  The model was used to design and build the amplifier 

systems at both wavelengths to avoid SBS, and it was used to ensure SBS threshold could 

be reached in the test fibers during phase conjugation experiments.  The measurement of 

fidelity was also studied with particular attention paid to distinguishing beam cleanup 

from phase conjugation.  Lastly, cw, beam combination via SBS phase conjugation was 

attempted using chalcogenide fiber at 1550-nm wavelength.   

7.1. Significant Accomplishments 

 The model of SBS threshold in fiber amplifiers showed that co-pumping a fiber 

amplifier reduced the SBS threshold significantly over counter-pumping.  When both 

ends are pumped, the SBS threshold is between the extreme cases of co-pumping and 

counter-pumping.   

 The SBS threshold model also showed the effect of scattering loss on SBS 

threshold is much more significant than predicted by the Smith model.  The SBS 

threshold is higher than predicted by the Smith model as the level of scattering loss 

increases.  This deviation was found to be significant for fibers with scattering losses 

exceeding 0.5 dB/m.   

 The fidelity study showed discrepancies in the fidelity measurements used in the 

literature when beam cleanup is a possibility.  The in-line pinhole technique was shown 

to distinguish beam cleanup from phase conjugation, and this was confirmed in an 

experiment which generated SBS in a long, graded-index fiber.  A more accurate measure 

of fidelity was developed and demonstrated using interference techniques.  
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 CW phase conjugation was achieved for the first time.  The increase in fidelity 

was measured as the fiber was shortened, and fidelity over 0.8 was measured using 

lengths of fiber approximately an order of magnitude longer than previously-existing 

models indicated.  A correlation between the experimental data and modeling of three 

step-index fibers was shown based on a scaled length parameter.   The scaled length 

parameter was related to the maximum phase difference between pump and Stokes modes 

in a fiber.  The fidelity and threshold powers were then calculated based on fiber 

parameters for silicate fibers and other fiber materials, independent of exact fiber 

dimensions.  Materials with a higher index of refraction and lower Stokes shift than 

silicate fiber of the same NA were predicted to achieve higher fidelity phase conjugation 

at longer lengths.   

 The phase conjugation fidelity was found to increase the effective Brillouin gain 

coefficient by increasing the overlap between seed and Stokes modes.  As fidelity 

increased, the SBS threshold was measured lower than predicted by existing models.  

This work represents the first time this effect has been documented or predicted, even 

though the effect can be derived directly from the basic differential equations describing 

SBS.    

7.2. Conclusions 

 For fiber amplifiers, the co-pumped configuration is the most-favored geometry 

due to engineering constraints.  The diodes are protected from the amplified signal in this 

configuration.  Pump combiners which fuse multiple pump-delivery fibers to the cladding 

of a single fiber amplifier may not work in the reverse direction, forcing a co-pumped 

configuration when the highest pump power can be delivered.  When single-frequency 

162 



www.manaraa.com

amplifiers are being constructed, the lower SBS threshold of the co-pumped geometry 

must be balanced with the other design constraints.  Shortening the fiber amplifier, and 

applying a higher dopant concentration of active elements in a large mode area fiber are 

perhaps the simplest ways to avoid SBS threshold under these conditions.  The shorter 

fiber presents less of an effective length for SBS, and the higher dopant concentration 

introduces a larger thermal gradient along the fiber, which mitigates SBS.  In addition, 

when passive fibers with a high scattering loss (above 0.5 dB/m) are being used, the 

Smith model provides a lower bound to SBS threshold calculations since the 

approximations used in that model lose validity.      

 Graded-index fibers produce SBS beam cleanup, not phase conjugation, and this 

can be deceiving when measuring fidelity through methods common in the literature.  For 

beam combining purposes, the interference technique should be used to measure fidelity, 

as spatial measures can be ambiguous.   

 The threshold power needed to achieve high-fidelity phase conjugation is 

approximately an order of magnitude lower than previously calculated.  The irradiance 

required can be reduced further through the use of low-NA fibers.  As the fidelity of 

phase conjugation increases, the effective Brillouin gain coefficient increases 

proportionately due to the increased overlap between the seed and Stokes beams.  The 

increase in fidelity lowers the SBS threshold even further than calculated by the Smith 

model in short, step-index fibers.  The lower threshold reduces the damage risk 

associated with such systems and increases the efficiency of cw beam combining using 

this technique by an order of magnitude over previous models.   
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 This work demonstrates that beam combining via SBS phase conjugation in 

optical fiber is achievable.  Using the results presented here, a laser system can be 

designed for high power and beam quality which takes into account the amplifier power, 

the SBS fiber characteristics, and the damage threshold of the materials.  In such a 

system, the use of a different material as the phase conjugate mirror would avoid seeding 

the SBS process in the amplifiers.  However, this effect should not degrade the coherence 

between the amplifier channels provided a spatial phase conjugate beam is generated in 

the SBS fiber.     

7.3. Future Work 

             One such system would use a multimode tellurite fiber to conjugate two silicate 

fiber amplifiers.  The apparatus is similar to Fig. 78, with two major differences.  First, it 

should be constructed at 1064 nm wavelength to take advantage of the additional 

amplifier efficiency for the demonstration.  Second, a 80/20, non-polarizing beam splitter 

should be inserted after the isolators but before the split into multiple channels.  The 

80/20 beam splitter should transmit only 20% and will serve as the output coupler for the 

laser system.  A high-power pre-amplifier should be used to generate ~20 W before the 

splitter to enable sufficient power coupled to each amplifier for efficient seeding.  The 

amplifiers should each be pumped with up to 200 W to generate at least 100 W of output 

power per channel.    

 To generate SBS, a low-loss tellurite fiber (0.33 dB/m or better) should be 

procured.  The same dimensions of this work’s chalcogenide fiber should be sufficient for 

ample coupling efficiency, since the number of modes supported by the fiber is increased 

with the switch to the shorter wavelength of 1064 nm.  The 65-µm core fiber with an NA 
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of 0.18 is calculated to generate fidelity of 0.9 with a physical length of 7.7 m.  The SBS 

gain coefficient is calculated to be , and SBS threshold is calculated to 

be ~50 W for this length of fiber for an irradiance of 1.5 MW/cm

10~ 2.7 10  m/W−×

2.  Longer lengths 

should be attempted first for testing purposes.  If a coupling efficiency of 80% can be 

achieved into the tellurite fiber, threshold can be exceeded by a factor of 4, and each 

amplifier should be seeded on the return path with ~40 W at full power through SBS 

phase conjugation.  After the second pass through the amplifiers, up to 200 W would be 

incident on the 80/20 beam splitter, and up to 160 W would be generated in two, 

mutually-coherent beams.  The system efficiency in this prototype would be low, but 

would be scaled with the number of channels combined.  Six channels could be combined 

using the “Gatlin-gun” combiner developed by Grime et al.[99] for coupling into the 

tellurite fiber.            

 An experiment should be conducted to verify the fidelity of phase conjugation 

predicted from non-silicate fibers.  The maximum phase shift was used as a constant as a 

function of fidelity to compare different fibers, which adds the index of refraction into the 

computations of the scaled length parameter.  Also, it is unknown whether the scattering 

loss in a fiber will cause an effective scaled length parameter shorter than calculated in 

this work.  If so, the fidelity achieved should be higher than predicted.  Two lengths of 

multimode tellurite fiber should be tested.  The fibers should have the same geometry but 

different levels of scattering.  A cutback test similar to this work should be conducted 

using an in-line pinhole to measure the fidelity.  The results should be examined with 

particular attention to the effects of scattering loss and the relation between fidelity and 

maximum phase difference.             
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 Hollow-core waveguides are commercially available with core diameter of 20 µm 

and an NA of 0.13 for use at 1550 nm.[168]  Combined with the very small Stokes shift 

of methane or xenon of approximately 0.6 GHz at 1550 nm, a hollow-core guide filled 

with one of these gases could produce a phase conjugate beam with fidelity of 0.9 at 

lengths of ~140 m.[16, 169]  The Brillouin gain coefficient of these gases at 10 atm is 

approximately , which increases to ( for CH111 10  m/W−× 1144 10  m/W−× 1165 10  m/W−× 4) 

at 39 atm.  Even at the lower pressure of 10 atm, the SBS threshold is calculated at 4.7 W 

with fidelity of 0.9.  As a result of this work, the Brillouin gain coefficient alone is not 

the deciding metric on a material.  In the case of these gases, the small Stokes shift 

enables much longer waveguide lengths and comparable reduction in threshold.  A 

custom, large core waveguide should be used to increase the acceptance of the fiber.  

This technique would include the added benefits of hollow-core waveguides by 

eliminating damage concerns and significant Fresnel reflections at the fiber surface.                        
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Glossary of Symbols 

 
a radius of the fiber core 
Aeff area of the confined power in a waveguide 
Af(z) field amplitude of fiber mode f as a function of z 
B magnetic induction 
b radius of the fiber cladding 
Cδ coefficient of the change in bandwidth with temperature 
Cf coefficient of the change in Brillouin frequency shift with temperature 
D electric displacement 
E electric field 

ωE  electric field at monochromatic frequency ω 
ˆ
ωE  electric field amplitude and polarization at frequency ω 

Êω  electric field amplitude at frequency ω 

ê  unit vector in direction of electric field polarization 
F fidelity, ratio of power that is in the phase conjugate mode to total power 
Fo room temperature Brillouin frequency shift 
Fc frequency parameter of the NA-broadened Brillouin gain coefficient 
Fν Stokes beam frequency 
g laser or amplifier gain 
go peak Brillouin gain coefficient 
gB(Ω) homogeneously broadened Brillouin gain coefficient 
gb(z,F) temperature broadened Brillouin gain coefficient 
geff effective Brillouin gain due to radial integral of pump and Stokes beams 
gI(Ω) inhomogeneously broadened Brillouin gain coefficient 
GB total Brillouin gain 

( )G r⊥  radially dependent Brillouin gain factor 
GL total laser gain 
Gs total scattering loss 
H magnetic field 
h fiber convective coefficient 
ħ Planck’s constant divided by 2π 
I intensity, power per unit area 
K numerical factor representing frequency permutations and factors of 1/2 
Kg polarization factor used with Brillouin gain coefficient 
k wave vector 
KB Brillouin acoustic wave wave vector 
l path length 
L fiber length, also Lfiber
Leff effective length of the SBS interaction 

s
cohL  coherence length of the signal laser 
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Ls scaled length parameter equal to LΩBNA2
 

M scalar term related to irradiance pattern of SBS pump 
M2

 beam quality as defined by ISO 11146 
N molecular density  
n index of refraction 
NA numerical aperture or acceptance half-angle 
Nw number of excited waveguide modes 
P electric polarization, dipole moment per unit volume 
PP  

(n) electric polarization, dipole moment per unit volume, nth-order 
Pω electric polarization at frequency ω 
P power (Watts) 
Pst saturation power 
pst strictive pressure 
Ps signal power 
PB Stokes power 
Pp pump power 
Ppf(b) pump power incident from the front (back) of the fiber 
R reflectivity 
T temperature 
u potential energy per unit volume 
V normalized frequency parameter of a fiber 
V(q) visibility of fringes in vicinity of point q 
W work 
wo beam waist 
z longitudinal position 
α loss or attenuation coefficient, s=scattering, Yb=Ytterbium absorption 
βf

 propagation constant of mode f 
Γfg linewidth of photon transition 
ΓB Brillouin resonance natural linewidth 
γ pump power to laser gain conversion coefficient 

12 ( )γ τ  degree of coherence due to pathlength difference τ 

γe electrostrictive constant 
δ phase error or piston error in radians 
ε electric permittivity 
εo permittivity of free space 
φ  phase factor of electric field 
η quantum defect 
ηsl slope efficiency of amplifier above threshold 
θ angle between signal and Stokes beams 

1/2θ  acceptance half-angle of a fiber 
( )zκ  field amplitude longitudinal dependence for all modes 

Λ acoustic wavelength 
λ wavelength 
μ magnetic permeability 
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μ statistical mean 
νa acoustic frequency 
νp(s) electric field frequency of the pump (Stokes) beams 
ρ material density 
σ standard deviation 
τ pathlength difference equal to  
χ(n)

 susceptibility tensor, nth order 
( )f rψ ⊥  electric field radial and azimuthal dependence for mode f 

Ω difference in angular frequency between signal and Stokes beams 
ΩB acoustic wave frequency due to SBS interaction 
ΩBo acoustic wave frequency from SBS directly backscattered 
Ωfg phonon transition frequency, homogeneously broadened 
ω angular frequency (rad/s) 
ωb Stokes frequency  
ωs signal frequency  

σω  sum frequency 
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