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ABSTRACT

Theoretical and experimental investigations of stimulated Brillouin scattering
(SBS) are conducted in Yb-doped fiber amplifiers when the amplifier is simultaneously
seeded with multiple distinct frequencies or with a phase modulated signal. To this end,
detailed models of the SBS process are developed consisting of both a steady-state
approach described mathematically by a coupled set of ordinary differential equations
and also transient effects described by a coupled set of partial differential equations.

For the multi-frequency seeded case, the equations are solved in the steady-state
limit and include the effects of four-wave mixing (FWM), intrinsic and external thermal
gradients, and laser gain. In one configuration of the multi-seeded case, the signals are
separated at twice the acoustic frequency of the fiber medium in order to create nonlinear
Brillouin gain coupling between the seeds and Stokes signals, which suppresses the SBS
process in the highest frequency seed. The concept is theoretically investigated for the
two and three seeded cases. It is shown that for this scheme, FWM becomes quite

significant making this concept unlikely in a practical application requiring single-

frequency output.
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Alternatively, a novel concept is developed to suppress SBS in fiber amplifiers
that relies on laser gain competition among multiple seeds to create both a favorable
thermal gradient and a reduced effective length for the SBS process. In one
configuration, the amplifier is simultaneously seeded with a broadband (A A~ 0.1nm)
and single-frequency Av ~100kHz seed. In this case, several experiments are performed
to validate the theoretical predictions with experiments leading to a 203 W polarization
maintaining (PM), co-pumped monolithic fiber amplifier demonstration. To the best of
our knowledge, this output power is the highest reported in the literature to date for such
an amplifier.

A time-dependent model of the SBS process initiated from random thermal noise
is also developed to study SBS suppression under phase modulated pump conditions. The
SBS suppression is characterized for several phase modulation schemes. It is found that
the SBS suppression for a white-noise phase modulation (WNS) which broadens the

pump spectrum, depends significantly on the length of fiber and only in the long fiber
limit follows the often quoted threshold enhancement formula of P, = F, (1 +Av/ AVB)
where P,,Av and Av,describe the SBS threshold of the single-frequency case, the

effective linewidth of the pump, and the spontaneous Brillouin linewidth respectively. In
addition, the SBS threshold is characterized as a function of modulation amplitude and

frequency for a single-sinusoidal phase modulation scheme.
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1 INTRODUCTION

1.1 INTRODUCTION TO NONLINEAR OPTICS IN FIBERS

An optical fiber is a waveguide which transmits light through a fiber medium. The light is
guided inside the fiber through total internal reflection (TIR), which is an optical phenomenon that
occurs when light propagating in a medium of high density encounters a boundary of lower density.
If the angle of incidence is within a critical angle, the light is completely bent or reflected toward the
denser medium; this process continues down the fiber as shown in Figure 1. The manufacturing
process of the fiber is such that the core has a higher density than the cladding; or in optical

terminology, the core index of refraction is larger than the cladding index of refractionn, > n

clad *

Cladding
. __\\
Acceptance
cone %'/\ Core \
/ Cladding \

Figure 1. An example of total internal reflection in a fiber waveguide. The light propagates down the core of the fiber

since the core optical index is larger than the cladding index n, >n,,, .

Nonlinear optics in fibers is the study of phenomenon that occurs when the optical properties
of the fiber are modified by the presence of light propagating inside the fiber medium. Nonlinear
optical phenomenon is “nonlinear” in the sense that these phenomenon occur when the response of

the fiber material is nonlinear with the strength of the optical field propagating in the fiber. To be


http://upload.wikimedia.org/wikipedia/commons/4/46/Optical-fibre.svg

precise, the response of the optical medium comes as a result of a change in the polarization P(t) do

to the strength of the applied optical field E(t) and is given by [1]:
P(t) =& [ #PEQ) + 7B @) + VB (1) +... | (1.1)
where ¢, 1s the permittivity of free space and y is the optical susceptibility. As shown in Eq. (1.1)

the polarization is expressed as a power series which describe the various orders of the nonlinear

polarization. For example, y, y?,and y® describe the first, second, and third order

susceptibilities respectively. In general, for condensed matter, the value of the susceptibility

decreases with the order and so most nonlinear phenomenon occur in y@, @, and y® processes.

However, higher order nonlinearities can always occur if the optical field strength is large enough.
Some order of magnitude estimates for the first three orders of nonlinearity in condensed matter are:

7Y ~1, y#~10"m/v,and y® ~10*m?/v? [1]. For optical fibers, the real and imaginary parts of
the linear susceptibility, Re[ ¥ Jand Im[ |, describe the index of refraction of the fiber medium

and amplification or attenuation of the optical field respectively. In regards to amplification, an
optical fiber can be made into an optical amplifier by doping the core region of the fiber with a rare-
earth ion such as Ytterbium to provide a mechanism for energy to be transferred from one
wavelength of light into another through laser gain. A schematic of such a fiber amplifier is shown
below in Figure 2. In this case, the signal light and pump light propagate down the fiber in the inner
and 1* cladding regions respectively through (TIR). The pump light is typically provided by a laser
diode and as this light propagates down the 1% cladding region it is absorbed by the Yb ion which re-
emits light at the signal wavelength through stimulated emission. Of course, both the signal and
pump light can be attenuated inside the fiber waveguide through absorption processes of the host

material such as silica. However, these losses are usually small in fiber amplifiers since the
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Figure 2. An example of a fiber amplifier. The signal light propagates down the core of the fiber and is amplified when
the cladding pump light from a laser diode (LD) is absorbed by the Yb ion which re-emits light at the signal wavelength

through stimulated emission.

wavelengths of the pump and signal light are chosen in such a way that the host medium is optically
transparent to the signal and pump light.

Most »® processes in fibers and fiber amplifiers are negligible due to the inversion
symmetry of silica glass, which leads to a vanishing »*? . In contrast, »® processes which have non-
zero components for centrosymetric media such as fused silica, dominate nonlinear processes in
fibers and fiber amplifiers. One example of the third order nonlinearity in fibers is self-focusing,
which can occur as a result of the intensity dependent refractive index. In this case, a beam of light
having a nonuniform transverse intensity distribution creates a positive lens in the material. This
causes the rays of light to curve toward each other and can result in an optical intensity that is
sufficiently large to lead to optical damage of the material. Typically, the damage threshold is not
reached in fiber amplifiers because other y® processes, such as stimulated Raman scattering (SRS)
and stimulated Brillouin scattering (SBS), occur before the self-focusing threshold is reached.

In terms of power scaling continuous-wave (CW) fiber amplifiers which possess a very

narrow spectral bandwidth (Av~MHz), SBS is the first nonlinear threshold effect due to its large

gain: g, ~5x10™*'m/W , more than two orders of magnitude larger than (SRS) gain:



Ogs ~8x10m/W 1n fused silica [1]. Figure 3 gives an overview of the progress of power scaling
single-frequency fiber amplifiers in the last decade for co-pumped and counter-pumped
configurations. Here, the terminology of co-pumped and counter-pumped refers to the relative

direction of propagation between the pump and signal light in the fiber amplifier.
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Figure 3. Diagram depicting the technological advancements in power scaling single-frequency co-pumped and counter-
pumped fiber amplifiers over the last decade. Colored regions depict advancements in SBS mitigation which increase the

SBS threshold. The various research institutions responsible for the power level milestones are also labeled.

The colored regions denote significant milestones in SBS mitigation which increase the SBS
threshold through different technologies such as: the development of large mode area (LMA) fibers
[2], the use of a thermal gradient on the fiber [3], acoustic tailoring [4,5], and the use of laser gain
competition between two signals, which is developed in this work. The fiber amplifiers employing a
counter-pumped architecture produce higher output powers due to the SBS suppression that results
from the way the signal evolves in the fiber compared to that of a co-pumped fiber amplifier [6].

However, additional aspects of the counter-pumped configuration such as the additional length of



the pump delivery fiber, failure of the pump combiners, and the use of free-space optics can make
this configuration less desirable for monolithic (all-fiber) architectures [6]. In order to power scale
beyond these levels, techniques such as phase modulation, which broaden the laser linewidth, are
becoming a promising technique to scale to the kW level. As such, this work will address phase
modulation from a time-dependent prospective to provide valuable insight into the effects of phase
modulation on the SBS process. In addition, novel concepts which increase the SBS threshold in
single-frequency, co-pumped fiber amplifiers such as those described in this dissertation can help
close the power gap between counter and co-pumped amplifier configurations which will lead to a

more robust and compact laser.

1.2 DISSERTATION STATEMENT

This dissertation is a theoretical development and experimental verification of the
suppression effects on stimulated Brillouin scattering (SBS) in fiber amplifiers due to multi-seeding
and phase modulation. A theoretical framework is developed which describes the physics of
ytterbium (Yb) doped fiber amplifiers seeded with a collection of continuous-wave (CW) signals of
different frequencies. In this framework up to three seed signals are considered. The SBS process is
investigated in three different variations of multi-tone seeding. In the first configuration, the
amplifier seeds are separated by twice the resonant acoustic frequency of the fiber. The seeds
considered are single-frequency with respect to the spontaneous Brillouin linewidth I, ie. Av <Ij.
The concept was demonstrated as an effective SBS suppressing technique using two signals but with
considerable four-wave mixing [7]. This dissertation extends the concept to three signals, provides a
theoretical model that supports the experimental results, and explains the effects of four-wave

mixing. In the second configuration, the effects of SBS are studied when multiple, single-frequency



seeds of arbitrary frequencies spanning the Yb lasing bandwidth (1030-1080) nm are sent into the
amplifier. Finally, in the third configuration the amplifier is co-seeded with a broad-band Av >>T,
and single-frequency laser of different wavelengths. Low and high power experimental results are
presented which support and verify the theoretical conclusions of the latter. The last two
configurations demonstrate, for the first time, SBS suppression through laser gain competition.

For the first time, a time-dependent model that describes the SBS suppression effects of
phase modulation in fibers is developed in this dissertation. The model solves the triply coupled
time-dependent system of partial differential equations describing the three-wave interaction of a
pump, Stokes, and acoustic field. The model includes the effects of noise initiation and phase
modulation (PM). The effects of SBS suppression through phase modulation are examined.
Sinusoidal and white noise modulation schemes are considered. The time-dependent approach serves
to fill a research gap in explaining the apparent discrepancy between experiment and theory in the
SBS suppression factor of a broadband pump for short fibers. Previous approaches were to solve the
equations in the Fourier domain and with an approximation that the fiber length was of the order of
kilometers. While this approach is satisfactory for telecommunication applications, in fiber
amplifiers the fiber length is typically less than 10 m and previous approaches are inadequate.
Unlike the Fourier approach, in which both a pump and SBS differential equation must be solved for
each longitudinal mode in the pump spectrum, the time-dependent method only requires integrating
three differential equations. Furthermore, the time-dependent model handles high reflectivity
regimes.

1.3 STIMULATED BRILLOUIN SCATTERING
Since the invention of the laser, there has been extensive and sustained interest in developing

high average power lasers. Recently, rare-earth doped fiber lasers have gained considerable attention



as a means of realizing this goal since they are typically characterized by compact and robust
architectures, superior thermal management properties, near diffraction-limited beam quality and
high conversion efficiencies. In addition, the rapid progress of high brightness diodes to pump fiber
amplifiers have enabled kilowatt class, single transverse mode fiber lasers. [8] In general, high
average power fiber lasers require several meters of gain fiber and are characterized by broad
linewidths in the range of 10-20 nm. While these lasers offer a considerable benefit in material
processing where raw power is sought, their broad linewidths render them ineffective for a range of
applications that require single frequency operation such as coherent beam combination, [9]
nonlinear frequency conversion [10], adaptive optics [11], and inter-satellite communications. [12]
More narrow linewidth lasers may be realized by seeding a fiber amplifier with a master-oscillator
or distributed feedback laser (DFB) whereby the final amplification stage inherits the narrow
linewidth and frequency stability characteristics of the seed laser. Power scaling in single frequency
continuous-wave (CW) fiber amplifiers is primarily limited by the onset of stimulated Brillouin
scattering (SBS). Single frequency, in this context, refers to light sources whose linewidth is
spectrally narrow compared to the spontaneous Brillouin linewidth. For a fiber amplifier made of
fused silica, the spontaneous Brillouin linewidth is approximately 60MHz. The SBS process,
depicted in Figure 4, is a third-order nonlinear effect that couples acoustic phonons to the optical
field and its associated backscattered Stokes field. The SBS gain coefficient is an intrinsic property
of the guiding medium and in silica-based fibers its value is approximately (1—5)x107"'m/W ,
making it the lowest threshold nonlinear process in single frequency CW fiber amplifiers. In
comparison, the next lowest threshold phase-matched process is stimulated Raman scattering (SRS)
which has a peak gain coefficient in silica fibers of less than10™’m/W ; two-three orders of

magnitude lower than the SBS gain coefficient.



The SBS process is started from spontaneous scattering of the signal light from thermally
excited acoustic waves, or in the low-temperature regime, from quantum noise associated with the

fiber medium. [13,14,15]
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Figure 4. Three wave interaction of the SBS process. An incident field is scattered off an acoustic wave, which

generates the Stokes wave that travels in the backward direction.

The scattered Stokes light is zero in the forward direction, non-zero at 8= 0°, and maximum at

0 =180".[1] The SBS process is characterized by conservation of momentum and energy:
q:IZL—IZS and hog =ho, —hQ, where k, kg, and g are the laser, Stokes, and acoustic

wavevectors respectively which are related to their respective angular frequencies
w, =ck, /n, o, =ckg/n, and Q, =vq. Here n is the index of refraction of the medium, c is the
speed of light, and v is the velocity of sound in the medium. When an incident beam is launched
into the fiber medium spontaneous Brillouin scattering will develop leading to backward traveling
Stokes light. The incident laser field and resulting Stokes field interact leading, through
electrostriction, to variations in density and pressure in the fiber and consequently further
amplification of the acoustic and Stokes waves. While the initial process is spontaneous, a
resonance condition quickly develops in time since only those Stokes frequencies within the
spontaneous acoustic bandwidth I, have appreciable SBS gain. If the intensity of the incident laser

field is high enough, the Stokes field becomes so large that an exponential rise in the backward



power is observed known as the SBS threshold. Operation of the amplifier near or beyond this point
is problematic due to high-energy pulsations within the fiber medium capable of reaching the
threshold intensity for optical damage to fused silica at approximately 3GW/cm?. [1] To that end,
suppression of SBS in fiber amplifiers remains a major challenge and novel SBS suppressing
concepts such as the one developed in this dissertation help pave the path forward.
1.4  OVERVIEW

This dissertation is an attempt to address several questions related to SBS in fiber amplifiers
that are seeded with multiple signals or when a single seed is phase modulated. To that end, detailed
models of the SBS process are developed throughout this dissertation. The models consist of steady
state and transient differential equations that describe the SBS process. In the multi-tone case, the
differential equations are solved in the steady state. The effects of four-wave mixing, intrinsic and
external thermal gradients, and laser gain are also included. In the configuration where the signals
are separated at twice the Brillouin shift the seed ratio required to maximize SBS suppression is
developed. The effects of four-wave mixing provide insight into the practicality of using this
concept as an effective means of suppressing the SBS process. The major questions that are
answered as they relate to this concept are: the optimal seed ratios and expected SBS enhancement
for N tones and the magnitude of the four-wave mixing for the two and three seed cases. Another
major question this dissertation addresses is if laser gain competition between one or more signals
within the fiber can reduce the SBS process. To that end, this dissertation is the first demonstration
of SBS suppression via laser gain competition. The theoretical details, requirements on wavelength
and seed ratio, and the expected SBS suppression of this concept are discussed in Chapter 4.

Experimental results and comparison to theory are presented in Chapter 5.



Finally, in Chapter 6 a time-dependent SBS model is developed to study the SBS effects of
phase modulation. The time-dependent approach is developed to address ongoing concerns about
the discrepancy between the expected SBS threshold under broadband pumping conditions and
experimental results in short fibers. In addition to resolving this discrepancy, the SBS threshold for
several different modulation schemes is characterized.

1.5  SIGNIFICANCE OF THE DISSERTATION STUDY

This study is being conducted for several reasons. First, this dissertation advances
knowledge of SBS in multiple wavelength amplifiers and phase modulated amplifiers. Second, it is
the first investigation of SBS suppression through phase modulation using a time-dependent
approach. Finally, this dissertation demonstrates a novel concept of SBS suppression through laser
gain competition; leading to the best of our knowledge the highest reported power for a co-pumped,
single-frequency Yb-doped fiber amplifier.

The SBS suppression due to a fiber simultaneously illuminated with multiple single-
frequency signals with equal wavelength separation was studied previously in passive fibers. [16,17]
The study was limited to long fibers and also fails to describe a unique case of SBS suppression by
seeding with multiple signals at twice the Brillouin shift. In this dissertation we advance knowledge
of the SBS process in this area by extending the study to active fibers. In particular, the case of
multiple wavelengths in Yb doped fiber amplifiers is considered. Contrary to previous studies, no
assumptions are made about the fiber length. We also incorporate an additional term to describe
non-linear coupling between multiple Stokes waves separated at twice the Brillouin shift.

Phase modulation of a pump spectrum can create a multiple wavelength spectrum. To that
end, the previous study described above is adequate in describing the suppression of SBS for a phase

modulated pump beam in long fibers or when the separation between wavelengths is large. [17]
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However, most fiber amplifiers are only several meters long making this approximation invalid. In
addition, previous approaches fall short of describing the SBS suppression for several signals
separated within the Brillouin line width. The differential equation system describing a multi-
wavelength pump spectrum and the SBS process has also been considered in the Fourier domain.
However, these studies ignore the phase-mismatched terms resulting from cross-interactions
between Stokes waves for the same reasons mentioned above (ie. long fibers and large wavelength
separation). Furthermore, the system of differential equations in the Fourier domain is large since
one must solve a differential equation for each pump and Stokes wavelength in the spectrum. This
dissertation extends knowledge in this area by considering the effects of phase modulation on SBS
suppression using a time-dependent approach. In this way, only three differential equations are
solved and no assumptions are made on the fiber length or wavelength separation. This allows the
effects of phase modulation on the SBS process to be studied in short fibers and when the phase
modulation scheme creates closely spaced modes.

Another significant achievement of this dissertation is the development and verification of a
novel SBS mitigation concept using laser gain competition. Only a handful of SBS mitigation
concepts for fibers have been discovered over the last thirty years. While these concepts such as
thermal gradients, acoustic tailoring, phase modulation, and applying stress enhance the SBS
threshold in fibers they cannot necessarily be used in conjunction. On the contrary, SBS mitigation
through laser gain competition may be paired with all known SBS mitigation strategies. To that end,
the concept developed in this dissertation is well suited for power scaling narrow-line fiber
amplifiers.

In summary, a detailed analysis of multi-tone amplification and the SBS process is presented

which extends previous studies to incorporate an active lasing medium. Phase modulation effects on
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the SBS process is studied for the first time using a time-dependent approach, which eliminates
previous approximations for long fibers and large wavelength separations. Finally, a novel SBS
mitigation concept that uses competition between laser gain is developed in this dissertation. For
these reasons this dissertation makes a significant contribution to the field of SBS in fiber amplifiers.
1.6  DESCRIPTION OF DISSERTATION CHAPTERS

This dissertation is organized into seven chapters. The second chapter is a review of
literature related to this dissertation. The results of previous studies of SBS effects on multi-
wavelength pumps are summarized. This section also includes an examination of previous
approaches to modeling SBS in the time-domain. Phase modulation studies carried out in the
Fourier domain are also reviewed in this section. Chapter Two ends with a brief overview of past
experimental results of SBS suppression through phase modulation. Chapter Three examines the
SBS process when multiple signals separated at twice the Brillouin shift are sent into a fiber
amplifier. The theoretical framework for modeling multiple seeds in a fiber amplifier is presented.
This chapter also discusses the theoretical optimal seed ratios for up to N tones. For this special case
of multi-tone seeding, the suppression effects of SBS and considerations of FWM are also
characterized in this chapter. Chapter Four presents the first demonstration of SBS suppression in
multiple-wavelength fiber amplifiers through laser gain competition. First, an overview of the
theoretical concept is presented with the intention of introducing the reader to this novel concept.
Second, optimization of the seed ratios for maximum SBS suppression is discussed. Chapter Five
presents the experimental results and verification of SBS suppression through laser gain
competition. The experimental setup, procedures, and results of low and high power experiments are
demonstrated in this chapter. The experiments also consider SBS suppression effects when the two-

tone concept is used in conjunction with intrinsic and external thermal gradients. Chapter Six
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introduces the time-dependent approach to modeling phase modulation and the effect on the SBS
process in fibers. The theoretical framework and numerical approach to solving the system of
differential equations is presented first. Next, the numerical models are verified using several
validation criteria. SBS suppression is then characterized using the time-dependent model for several
different types of phase modulation schemes. Chapter Seven summarizes the major findings of this
study. A synopsis of the SBS suppression effects in multi-wavelength fiber amplifiers is presented
along with a recap of the SBS suppression concept through laser gain competition. This chapter also
summarizes the major conclusions of the effects of phase modulation using a time-dependent

approach. Finally, the benefits and future work of this dissertation are discussed.
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2 REVIEW OF RELATED LITERATURE
2.1 SBS MITIGATION IN FIBERS THROUGH MULTI-TONE SEEDING

SBS mitigation effects in a fiber seeded with multiple signals was explored theoretically and
verified experimentally in 1987 by Litchman et. al. [16] This study explored the effects of SBS in a
passive fiber excited by two pump frequencies in the steady-state regime. The motivation of this
work was to find the dependence of the SBS gain on the frequency separation ) between the two
pump modes. The main conclusion of this work was that the SBS gain vs. frequency separation of

the two pumps depended on the relative magnitude between the coherence length L, = 7c/Q and

coh
the SBS gain length L, ~1/g (I, +1,) of the fiber. Here, /, and I, are the intensities of the two
pump fields and g, is the small signal SBS gain coefficient.

In the regime where L, <<L,, the effect of interactions between the two Stokes modes

coh
may be neglected. For this case, the two Stokes modes act independently with each of there pump
modes and the SBS gain of each is reduced according to the separation between the two optical
pumps. In addition, in the large separation limit where /I, >>1, the normalized SBS gain
(normalized to that of the single frequency case with the same total intensity: /=1 +1,) of each
Stokes frequencies approaches 1/2. This means that if the fiber is seeded with two signals each at
the SBS threshold 7,: 1, =1 =1, , the total power transmitted before the onset of SBS is twice that
of the same fiber seeded with a single tone. These results can be generalized for a fiber seeded with
Nsignals. In the general case, the total output power obtainable before the SBS threshold is reached

is N times greater than that of the same fiber seeded with the a single frequency of the same total

intensity.
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In the opposite limit where L, >>L_, cross interactions among the Stokes modes dominate
the process. For the case of the SBS generator, in which the Stokes wave is growing from noise
inside the fiber, the results indicate that in the large separation limit Q/I, >>1, the SBS gain is
equal to the SBS gain of a single frequency pump having the same total intensity /=1 +1,. To that
end, the SBS gain reduction as described in the previous case is overcome by the perfect phase
matching between the phases of the two Stokes frequencies. This means that, in this regime, there is
no benefit in terms of SBS suppression to seeding with multiple signals compared to that of a single
seed.

A final, and somewhat surprising, conclusion drawn from this work is that the SBS gain for
the two-seeded pump case may be as large as 1.5 times that of a single seeded fiber with the same

total intensity. Such high gain occurs in the regime L, /L, <0.15 and when Q/I} <<I. This

coh
regime is characterized by strong cross gain interactions and non-perfect phase matching among the
various Stokes frequencies. It is important to note that this work was the first to demonstrate that the
power limitations of SBS for a single seeded fiber could be increased using multiple signals. In this
way, the total power could be increased since each signal could be made to reach its SBS threshold
independently. However, the SBS threshold of each signal is still the same as the single-tone case;
the difference is that the total output power at the SBS threshold of either signal is larger.

Recently, in 2004, Wefiels et. al demonstrated an SBS gain reduction and subsequent
increase in the SBS threshold of an individual signal for a special case of a two-tone seeded fiber.
[7] In this case, a fiber is simultaneously seeded with two lasers separated in wavelength by twice

the acoustic frequency €, ~16GHz in a 72m long fused silica fiber. The scheme is depicted in

Figure 5.
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Figure 5. Brillouin-scattering scheme with two single-frequency lasers separated by twice the Brillouin frequency shift

Q.

Here the Stokes from Laser 1, denoted as Brillouin 1, has a subsequent Stokes that couples power
into Laser 2 since it is separated at twice the Brillouin shift from Laser 1. Additionally, the Stokes of
Brillouin 1 is traveling in the forward direction and thus is intrinsically phase matched to Laser 2. To
that end, the Stokes from Laser 1 transfers a portion of its power into Laser 2. The work showed
that if Laser 1 was seeded with twice the power of Laser 2, a reduction of 2 in the SBS gain could be
achieved such that the SBS threshold of Laser 1 was twice that of the single tone case. One major
drawback of this concept was the generation of four-wave mixing (FWM) due to interactions
between the two pumps signals. In this work six additional side bands were observed in the output
spectra indicating a significant portion of the output was contained in the sidebands due to mixing
between the two single-frequency sources. Contrary to Litchman’s analysis, this concept did
demonstrate an SBS suppression of an individual frequency when a fiber is co-seeded with several

signals.

16



2.2 TIME-DEPENDENT MODELING OF SBS IN FIBERS

The time-dynamics of the SBS process in a passive fiber was studied previously by Boyd et.
al. [13] One of the most significant results of this study was the mathematical formulation of the
acoustic noise source responsible for initiating the SBS process. Boyd et. al formulated the noise
term using statistical properties of a Langevin process where the strength of the fluctuations was
proportional to the intrinsic properties of the fiber. Specifically, Boyd was able to describe how SBS
is initiated by spatially distributed thermal fluctuations of the density of the fiber medium. By
initiating the SBS process from noise, Boyd et. al were able to predict intensity fluctuations in the
output Stokes and predict the spontaneous Brillouin linewidth. In addition to being the first time-
dependent study of the triply-coupled nonlinear differential equations describing the SBS process,
the results of this study led to several major findings. First, it was shown how various approaches to
the initiation of the SBS process compared with each other. The initiation processes considered
were: an undepleted pump approximation with a distributed fluctuating source, a localized
nonfluctuating source, a distributed fluctuating source (numerical integration of time dependent
equations), and a localized fluctuating source. The localized models of (Zeldovich, Pilipetskii, and
Shkunov) were found to be in good qualitative but not quantitative agreement. [18] It was also
shown that models which use a non-fluctuating noise source to start the SBS overestimate the
reflectivity of the SBS process since a fluctuating input will always experience smaller time-
averaged gain than a stationary one. In addition, this study showed gain narrowing of the Stokes
output spectrum with increasing SBS gain. Finally, Boyd’s study formulated an analytic expression
showing how the SBS reflectivity depends on the single-pass SBS gain through the medium in the

undepleted pump approximation with a distributed fluctuating noise source. The latter finding is
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useful in comparing the accuracy (at low reflectivity) of SBS models developed to study the SBS
process in the high gain limit.
2.3 MODELING SBS SUPPRESSION THROUGH PHASE MODULATION IN THE
FOURIER DOMAIN

One approach to modeling SBS suppression through phase modulation is to solve the system
describing the interaction between the pump, Stokes, and acoustic field in the Fourier domain.
Litchtman, Waarts, and Friesem considered this approach in 1988 to describe the SBS suppression
from three phase modulation schemes relevant to the telecommunication industry: Phase-Shift
Keying (PSK), Amplitude-Shift Keying (ASK), and Frequency-Shift Keying (FSK). [17] The
authors assumed that the pump and Stokes fields were a superposition of longitudinal modes with a
frequency separation 2. The expressions for the SBS gain were developed under the assumption

that the fiber length was long and/or the separation between longitudinal modes was large:

n QL
c

>>1. Here n, is the linear index of refraction of the fiber medium. The assumption is valid in

many practical fiber optic communications systems, since, in these systems L >1lkm and
(2>10MHz. Under this assumption, Litchman et. al argued that the non phase-matched terms
inside the differential equation describing the evolution of the Stokes amplitude changed sign many
times so their net contribution was negligible. The results were extended to include a continuous

pump spectrum where the total Stokes gain G is given by:

I, (w)dw
r; +(a)—a)S—Qa)'

G(@)=gT,L,, [ 2.1)

Here, g is the SBS gain coefficient, I, is the spontaneous Brillouin linewidth (HWHM),

Q, =2n,v,/c is the resonance frequency of the acoustic medium, ; is the frequency of the Stokes
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signal, L, is the effective length of the SBS process [19], and /, (@) describes the pump intensity

spectrum. By substituting the resultant Fourier transforms of the time-dependent functions
describing ASK, PSK, and FSK, into Eq. (2.1) the authors were able to obtain analytic expressions
for the carrier gain of each modulation scheme. The authors only considered the carrier SBS gain
because, for each of these modulation schemes, the optical power in the side bands is always smaller
than the carrier itself. While the approach taken in this work is valid for long fibers and/or large
frequency separation, it is important to realize that in cases where the fiber length is short, or the
frequency separation is small the approach taken by Lichtman et. al is inadequate. Other notable
works considering the SBS process in the Fourier domain, under similar assumptions to that above,
are the works of Minardo, Testa, Zeni, and Bernini who considered the effects of intensity and phase
modulation for Brillouin-based distributed sensing. [20,21] In these analyses, only a single
monochromatic sinusoidal modulation function was considered and the modeled fibers were still
relatively long L >30m. Nevertheless, the authors were able to show general agreement between
the Stokes spectrum and their theoretical predictions. Recently, Kovalev, Kotova, and Harrison
considered the effects of the pump spectrum on the group index of the fiber for slow light
applications. [22] Contrary to the aforementioned works, the only approximation made in this study
was that the pump was undepleted. Still, the work was limited in that although the general treatment
was formulated, further approximations were made requiring the growth of the Stokes field in z to
be small. In this approximation, the gain narrowing of the Stokes field described previously in the
time-dependent approach cannot be explained. However, the main thesis of the work was to
investigate the possibility that the group index of the fiber medium could be modified in the
presence of a modulated pump field through SBS. With the undepleted approximation for the

Stokes field, the authors claimed that spectral broadening of the pump results in only a minute
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increase of the spectral width of the material’s excitation in SBS. To that end, the main conclusion
was that phase modulation could not be effective in modifying the group index of the medium for a
Stokes pulse injected into the fiber. The latter claim is currently an ongoing debate in the
application of slow light using the SBS process. [23,24,25]
2.4 EXPERIMENTAL RESULTS OF SBS SUPPRESSION THROUGH PHASE
MODULATION

Phase modulation has been used as an effective means of suppressing the SBS process. In
1994, Willems, Muys, and Leong demonstrated SBS suppression for two types of modulation
schemes: a single sinusoidal phase modulation and optical frequency dithering [26]. While both
concepts effectively broaden the linewidth, the main difference is that the single sinusoidal
modulation scheme produces a discrete set of sidebands in the optical spectrum while the dithering
technique broadens the linewidth in a continuous manner. In their experiments, the modified
spectrum was launched into a 24 km passive fiber and the SBS threshold, defined at 0.2 dB Relative
Intensity Noise (RIN), was measured. In the single sinusoidal case, measurements were performed
for different modulation depths while in the frequency dithered scheme the SBS threshold was
compared for different linewidths. They found excellent agreement between the measured SBS

threshold and their corresponding theoretical enhancement factors [27,28]:

APS{ZS(@ 222?0,1,2,...) sz(,b) (2.2)
and
APL(AV) =1+Av, /Av,. (2.3)

Here, Egs. (2-2) and (2-3) describe the theoretical enhancement of the single-sinusoidal and

frequency dithering phase modulation techniques respectively. £ is the modulation depth of the

single sinusoidal modulation function, J,(/) is the Bessel function of the 1* kind of order k, and
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Av,,Av, represent the measured pump linewidth and spontaneous Brillouin linewidth, respectively.
It should be noted that in Eq. (2-2) the SBS threshold increase depends on the maximum sideband &
. One should use caution in the application of Eq. (2.2) and Eq. (2.3) since these formulas were
derived during the telecom industry for long fibers and/or large separation between the frequency
components in the pump spectrum. At that time most fibers were very long thus a study of the
effects for shorter fibers was not interesting. As will be shown in this dissertation, these formulas
inaccurately predict the SBS enhancement in short fibers or in modulation schemes where the
frequency separation is close to the spontaneous Brillouin linewidth. In 2001, Yang et. al
experimentally demonstrated that for a single sinusoidal modulation scheme the expected SBS
threshold increase was 5 dB. [29] More recently in 2009, Liu, Lii, Dong, and Li investigated the SBS
enhancement with a multi-frequency phase modulation scheme. [30] In their work, the SBS
threshold was improved by over 10 dB using 4 single sinusoidal modulation-driving functions with
different modulation depths and phases. In 2010, Goodno et. al explored the SBS suppressive factor
for different pump linewidths. [31] A crucial difference to the work of Willems, Muys, and Leong
was that in this case the fiber length was much shorter L <10m. In this work, a 1.4 kW narrow
linewidth (Av >20GHz) was developed by increasing the pump linewidth using phase modulation.
In their study of the SBS threshold vs. linewidth, the enhancement factor was much less than that
given by Eq. (2.3). For example, a pump linewidth of 11 GHz should increase the SBS threshold by
approximately 200 in accordance with Eq. (2.3) for a spontaneous Brillouin linewidth of 57 MHz
(typical of fused silica). This is nearly a factor of 20 above their experimental observations. This
discrepancy is resolved later in this dissertation by simulating linewidth broadening with phase

modulation using a time-dependent SBS model.
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3 MULTI-TONE SEEDING AT TWICE THE BRILLOUIN SHIFT
3.1  INTRODUCTION

A promising technique that can be used to suppress the SBS process in fibers involves the
simultaneous illumination of the fiber by two co-propagating narrow linewidth seed lasers with

frequencies @, and @, whose frequency separation is twice the spontaneous Brillouin shift. [7] The

scheme is shown in Figure 5. The higher frequency seed generates a Stokes wave at frequency

o, = w, —Q,, which travels in the backward direction. This Stokes wave then generates its own

N

Stokes wave at frequency @, = w, —Q,, which travels in the forward direction and with the same
frequency as the second seed laser @, since w, —w, =2Q,. The indirect nonlinear coupling
between w and @, suppresses the SBS process of the seed at @,. It was shown experimentally that

with a 2:1 ratio between the higher frequency and lower frequency seeds, the total output power
could be increased by a factor of 3 before the onset of stimulated Brillouin scattering [7]. However,
one major drawback of this technique is the generation of a significant amount of power in four-
wave mixing (FWM) sidebands. In silica-based fibers, the FWM gain coefficient is approximately
2x10"°m/W. This value is appreciably lower than the SBS gain coefficient, but unlike SBS the
driving terms are composed of degenerate products of the signal fields. Furthermore, the lack of
perfect phase-matching in FWM is less pronounced here due to the small wavelength separation of
~32 GHz.

In this chapter, the concept is investigated theoretically in Yb-doped high power fiber
amplifiers and also extended to model three-tone amplification. As shown in Figure 6, these
amplifiers consist of a fused silica fiber with a Yb:doped core and inner and outer claddings to

guide the pump and signal light respectively. In this case, the signals propagate in the core of the
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fiber and the pump light is guided in the 1* cladding region. In order to model this technique, a
comprehensive symbolic and numerical model that can solve for single-, two-, and three-tone
seeding is constructed. The model is built using Mathematica since this software is well suited to

handle problems requiring both symbolic and numerical manipulations.

l— Pumping light

Figure 6. Example of a Yb-doped fiber amplifier with laser signal propagating in the core and pump light propagating in
the cladding through total internal reflection (TIR).

3.2  THEORETICAL FRAMEWORK

Consider the three seed inputs to oscillate at frequenciesw,,®,, and @,. Let the frequency
separation be equal and given by A@ . Since in this case FWM effects are significant, up to 4 FWM
sidebands are included as can be seen in Figure 7. In addition, the Stokes light at each of the signal

seeds is also considered.

Signal Sideband

o-2A0 o-Aw o o+Aw o+2A0w o+3Ae0 o+ dAw

v

Figure 7. Input seeds and FWM sidebands.
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The evolution of the electric field of each frequency component can be described using the nonlinear

wave equation:

(3.1)

where the subscript irepresents the frequency component of the electric field, 2" is the nonlinear
polarization, and n, is the linear index of refraction. The nonlinear polarization for the laser signals

is due partly to SBS and FWM. Furthermore, these signals can undergo amplification or loss due to
population inversion in the active core and this laser action can also be mathematically incorporated
into the nonlinear polarization. The three backward traveling Stokes waves experience gain through
the SBS process as well as laser gain or loss. Here, the interest is in amplifier action near or below
the SBS threshold and since the total FWM at this threshold is estimated to be an order of magnitude
lower or more than the total signal power, the interaction of the FWM sidebands and any Stokes
light is neglected. Following coupled mode theory [32], the frequency components of the electric

field may be expressed in the following form:

E(r.t)=2 (1/2)4, (20, ,(x.)expli(B,, — o)) +ce. (3.2)
where j represents the mode, 4, ;is the amplitude, S, ; is the propagation constant, and ¢, ;(x,y)1is
the transverse profile. This analysis is focused on the nonlinear coupling of the lowest-order modes

of the various optical waves since large-mode-area (LMA) fibers are typically coiled to induce

appreciable bend losses in the higher-order modes. One may then drop the subscript j from Eq. (3.2)

and it is understood that the equations that follow describe the lowest-order mode for each frequency
component. Furthermore, since the frequency separation among the waves is much smaller than the

optical frequency, the modal profiles of all waves are set to be equal. The following equation
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describes in compact form the evolution of the two lower frequency signals, which in accordance

with Figure 7 correspond to @,, @, :

i@
Nk, f;

9A _

g Bgocni kao (
dz

4

p- Al —alAuf)A+—— (33)

2)

where g, n'”’, and g, are the laser gain, nonlinear index of refraction, and the SBS gain

coefficient, respectively and where 4, ; is the Stokes wave . Note that the nonlinear indices of

refraction and also the SBS gain coefficients are taken as equal for each frequency as dispersive

2

effects for these parameters are negligible. The nonlinear index of refraction »n' is related to the

linear index of refraction n through: n®" = (2u,c-n?)/nwhere n®" =3x107"m* /W [33]. The
effective linear index of refraction is related to the propagation constant and may be approximated

as: B =nw,/c, where n, is the effective index of refraction computed using the Sellmeier equation

for fused silica. Furthermore, it is assumed that the linear index of refraction is approximately equal
for a signal wave and its Stokes light. The third term in Eq. (3.3) describes the coupling from the

Stokes of the frequency @, into the optical field associated with the frequency @, in accordance

i+1
with Figures 5 and 7. Recall, that the SBS suppressing nature of this approach is that the frequency

separation among the optical fields is set to twice the Brillouin shift (resonance acoustic frequency)

of the fiber medium such that Aw =2Q,. The terms contained in f; account for FWM and are

described in section 3.4. The overlap integral for FWM, x ., and the overlap integral for the acoustic

pm

and optical wave interaction, x_, are given by:

ao ?

.
. _[Jlol" dxdy

om = ao—W . (34)

The Yb:doped fiber laser gain is modeled by assuming a quasi-two-level system and is given by:
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g = J.J.(Nzase) _Nlafa))|¢|2 dxdy

2 (3.5)
[[lgl dxay

where N, and N, are the population densities of the upper and lower energy manifolds,

(e)

respectively, and where ¢\ and o' represent the emission and absorption cross sections for ,,

respectively. Figure 8 shows the energy level diagram and emission and absorption cross sections
for a Yb: doped silica fiber [36,37]. The integration in the numerator of Egs. (3.4) and (3.5) is
carried out within the core. Algebraic expressions for N, and N, in terms of pump, signal, Stokes,

and FWM waves can be obtained from the steady state solutions to the rate equations [35]:

N,=N,(2)+N,(2), (3.6)

2 10990 cm™
F5[2 10570 ——  Emission
10267 15} ——  Absorption

910 Jj 974 §1005 1040 §1068nm

900 . -7 3 -7 n -6 ; -6 .- -6
’F 1 850 8.x107 9.x107 1.x10 11x10° 12x10
712

% Am)

Figure 8. Yb energy level diagram (left) and emission and absorption cross-sections of Yb-doped silica fiber (right).
[30,31]

27: a Z TGI(aS) ) Z' o |
S
N, (2) = S ho | AThes - he, N
? 1T (o(a) +o! ) (G,(Z) +0? ) T (Géa) +o? ) ° (3.7)
> I + I, +1
- ho, izl hao, ho,
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where N, represents the density of Yb ions in the fiber core, 7 is the lifetime of the upper laser level,

and the subscripted /’s represent the intensities of the various waves: 1, = 2gocn|A,,|2 . The intensity of

the pump, which is taken to propagate in the same direction as the seeds, evolves according to:

di,
core N 6(6) NG(H) (38)
dz df,ad ( )[

where as shown in Figure 6, d, and d,, are the diameters of the core and the cladding,
respectively. The evolution of the field amplitude of the highest frequency wave is given by:

d4, g GRECNK,, |, P2 ion“K
d_;:fAs_% 3,S| A+ ——— - f3 (3.9)

where g, is the laser gain for signal @, and has a similar form to Eq. (3.5), and where f;and n, are
the FWM terms and the linear index of refraction, respectively. The Stokes light is initiated from
noise and travels counter to the signal waves. The spatial evolution of the field amplitudes of the two

Stokes waves corresponding to 4, ¢,i=2,3can be expressed in compact form as:

dA _ Uis
dz 2 As~

ng cnk

iKao (|A| |A71|2)A1,s (3.10)

where the Stokes laser gain has a similar form to Eq. (3.5). The evolution of the amplitude of the

Stokes wave corresponding to A,  is given by:

dA g CpECK 1 | 12
o=y A A A (3.11)

The boundary conditions for the signal, FWM, and Stokes fields are:

A" i=1,2,3
A(z=0)= (3.12)

0 otherwise

As(2=L)=10°A(L) (3.13)

The Stokes wave, is initiated from noise at the opposite end of the fiber and travels in
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the backward direction. Note that the noise contribution is incorporated into Eq. (3.13) as we employ
a localized source model as proposed by Zel’dovich et al. [18] Eq. (3.13) physically represents the
approximation that the distributed acoustic noise present in the fiber may be localized at the end of
the fiber by estimating the number of photons present due to the signal intensity at the output end.
For a uniform temperature distribution this approximation is highly accurate. However, as will be
shown later in this dissertation, when the effects of temperature gradients are modeled with the SBS
process, the noise must be taken as a distributed source since hotter sections of the fiber contain
more thermal noise. [13] It should be noted that since the boundary conditions in Eqns. (3.12-3.13)
are on opposite ends of the integration domain, the system is a two-point boundary problem. In
order to solve this system a shooting method technique is employed to match the known boundary
conditions at the input and output ends of the fiber. To be precise, the boundary value problem is
such that laser signals and the co-propagating pump are known at z =0, while the Stokes signals are
initiated from noise at z = L. The sidebands signals are set to zero at z= 0. To that end, the system
of ODE’s are solved using the explicit Runge-Kutta Four (RK4) method in an iterative fashion until
the boundary conditions z = L are satisfied to within 0.01 %.

The numerical solver is subjected to several tests in order to verify both its numerical
accuracy and to confirm that it captures the correct physics. One set of tests simulated a passive fiber
with the SBS gain neglected. In this case, our simulations agreed with the expected results with
regards to FWM, including the square sinusoidal behavior with distance in the case of phase
mismatch and the quadratic behavior in the case of perfect phase-matching at low seed powers (low
conversion efficiency). Furthermore, the total energy of the seeds and the sidebands was shown to be
numerically conserved to better than one part in 10°. Another set of tests simulated a passive fiber

with SBS gain but no FWM. Calculations of SBS thresholds compared well to those reported in the
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literature and to the well-known approximation of the SBS threshold in a passive fiber [53]:

P, ~[21-25]4,, / gzL,;, where 4, and L, are the effective core area and effective length of the

fiber respectively. Furthermore, it was verified that the difference in optical powers between the

signals and Stokes fields, ZB - ZR’ ¢ » was constant along the length of the fiber to better than one

part in10°.
33 FOUR-WAVE MIXING EFFECTS

The system of equations discussed in section 3.2 represents a two-point boundary consisting
of an 11x11 system of nonlinear differential equations describing the optical fields and one algebraic
equation, which describes the population inversion. The total number of FWM terms represented by

f; is 128. This can be determined from computing the total pertinent number of possible

l

combination of four-wave interactions. For each of the signal waves, there are 20 distinct FWM
terms of which 7 terms represent self-phase modulation (SPM) and cross-phase modulation (XPM).

The FWM terms for the signal waves are of the following form:

fi=|A] 4, 4234 4 + 424, explif, - B, - B)z]

i#l

+2A1*A2A4 expli(B, + B, —28)z] (3.14)
+2A;A3A4 exp[i(,B3 + ﬂ4 - :Bz - 131 )Z]
R24;4,4,expli(B, + By — B, — By)z] + ..

fr= |Az|2 4, + 2Z|Ai|2A2 + 2A1A;A3 expli(B + B — 25,1

i#2

+A7 A, exp[i2f, = B, = B,)?]

+24, 4,4, expli(Bs + B, = B = B,)?] (3.15)
+A43 A5 expli2 B, — B — ,)z]

124, A A, exp[i( B, + By — B, — By)z] + ...

29



f3 = |A3|2 A3 + 22|Az‘|2‘43 +A22A1* exp[i(2,6’2 - ﬂl —ﬂ3)z]

i#3

+2A1A2A: exp[i(B, + B, — B — B,)z] (3.16)
+2A1A;A5 expli(B, + Bs — B, — Bs)z]
2 A, A A  expli(B, + Bs —28)z] + ...

The first two terms on the right hand side of Eqns. (3.14)-(3.16) represent SPM and XPM.
The third term represents direct interactions among the signal waves, while the rest of the terms
represent interactions with the sidebands. Note that for brevity only direct interactions with the inner
sidebands are written explicitly in the equations above, although in the simulations the full set of
FWM interactions are considered.

For each of the two inner sidebands (i =4,5), there are 18 distinct FWM terms including 7
SPM and XPM terms and two driving terms containing products of the amplitudes of the signal

waves only. The SPM, XPM, and driving terms for f,and f, appearing in the inner sideband field

evolution equations are given below:

fo= A, 4,420 |4 4, + 424 expli2B, - B, - B.)7] o1
i#4 .

24, 4,45 expli(f, + B, — By — B)z]+ ..

2 2 * .
fs= |A5| As + 2Z|Ai| As + A4, expli2 B, — B, — 7]
i#5 (3.18)
+24, 4, A, expli(=, + B, + By = fi)z] + ..
For the right hand side of each equation, the first term results in SPM, the second set of terms results
in XPM, and the third and fourth terms are the driving terms. Recalling that for relatively low

conversion efficiency FWM is proportional to the cubic of the signal powers, one would expect in

the case of small wavelength separation considerable power to be generated in the inner sidebands.
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For each of the two outer sidebands (i =6,7), there are 16 distinct FWM terms including 7

SPM and XPM terms and one driving term containing products of the amplitudes of the signal

waves only:
2 2 2 % .
Jo = |A6| A + 2Z|Ai| Ag + A7 Ay expli(2 B, = By — By )z] (3.19)
i#6
2 2 ) .
fr= |A7| A; + 2Z|Ai| A; + A, A5 expli(=4,+ 28, - B,)z] (3.20)

i#7
Mathematica is used to generate all 128 FWM terms in symbolic form, which are then imported into
our numerical two-point boundary problem solver. It is worthwhile to point out here that the
symbolic and numerical code can also be used to simulate single, and two-tone amplification for this
case by setting one/two of the input seed signals to zero.
34  OPTIMIZATION OF SEED RATIOS

In Ref. [7] it was estimated and proven experimentally that for optimal SBS suppression the
seed ratio between the higher and lower frequencies should be 2:1. It should be clear from Figure 5
that in order to maximize the effect of power transfer between the Stokes of the higher frequency
signals into the lower frequency optical signals, one must seed harder in the higher frequency signals

(le. E£,,(z=0)>E(z=0)). However, if the seed ratio is too large, the SBS gain in the higher

frequency signal will be substantially larger than the others leading to minimal power enhancement.
In the opposite limit, where the higher frequency seed is seeded too low the SBS gain of the lower
frequency signal will be too large. Thus, in order to maximize the SBS suppression the seed ratios
should be chosen such that the SBS gain for each signal is the same. This optimized case can be

estimated by considering a passive fiber and neglecting the FWM terms. Expressing the input ratios
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of the signals shown in Figure 7 asr=P /P, ¢ = P,/ P,, and using the undepleted pump limit, the

small signal SBS gain for the three Stokes waves is:

g,cnic,, |As[”
G,y = M@ —q)L-z), (3.21)

_ 8ECNK ,, |As|2

G, s 2 q(1-r)(L-z2), (3.22)
ngocnKao 143|2
G = 2 rq(L - z). (3.23)

Therefore, it is straightforward to show from Eqn. (3.21)-(3.23) that for this variant of three-tone
amplification, the optimal ratio of the three input seeds should be close to 3:2:1 in order of higher to
lower frequency. Based on this analysis, one would then expect the total power to be 6 times more
than the single-tone amplification case. In general, for N-tone amplification, the ratio should be
close to N:N—1:N-2..., though one would expect some departure from this ratio due to FWM
and laser effects.

3.5 NUMERICAL RESULTS

3.5.1 TWO-TONE SIMULATIONS

In this section a 25/400 um Yb-doped gain fiber is used to theoretically investigate the two-
tone suppressing technique implemented experimentally by WeBels et al. [7] The dopant level N, is
taken to be 1.2 x10%° /m’ (typical of a standard 25/400 Yb-doped fiber with 2.4dB/m absorption at
976nm). The cross-sections are taken from experimental values [37] and the lifetime 7 of the upper

level is 8.0x107*s. As previously mentioned, the LMA fiber is assumed to be coiled so that the

power in the higher-order fiber modes can be neglected. The peak Brillouin gain is taken as

g,=5x10"m /W and a 6.5 m long fiber is considered. This technique relies on selecting the two
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input frequencies to be equal to twice the Brillouin shift Q,, 1.e. twice the frequency of the phonon
field. In optical fibers, this value is approximately 32 GHz (AA, ~0.1nm). The wavelengths

selected for the two seeds were close to 1068 nm, while the pump wavelength for this amplifier is

chosen to be 4, =976nm . In this case, only the two inner sidebands are considered. In accordance

with Figure 7, these sidebands oscillate at w,=w,—A®w and @,=m, +2A®w, where
Aw = w, — o, =32GHz. As described in section 3.4, in order to achieve the largest suppression of
SBS, the SBS small signal gain for each of the Stokes fields has to be approximately equal. In this
case, the optimal seed ratior = P, / P, is 1/2, i.e. the input power of w, is twice that of w,. This is the
same power ratio used by Wessels et al. and is further borne out by the numerical simulations
presented below. In addition, the SBS threshold considered here is defined when either of the two

signals reaches a reflectivity of 1%, i.e. R, =100x P, ,(0)/P(L)=1%, where P,; and P, describe

the powers of the Stokes and signals respectively.

The amplified powers are shown in Figure 9 with the single-seed case also shown for
comparison. The maximum total power out of this two-tone amplifier was greater than 80 W, an
approximately three-fold increase in total power over the single seed case. Furthermore, the total
power output in one of the signals was twice that of the single tone case. This is close to the
improvement noted in the experimental results of Ref. [7]. The nonlinear effects in this amplifier are
shown in Figure 10. The FWM effects are significant in the case, but they are still roughly a factor
of 10 less than what was previously experimentally observed. [7] This is due mainly to the much
shorter length of this Yb-doped amplifier compared to the km long fiber considered in the previous

WeRels experiment.
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Figure 9. The signal power evolution of a two-tone amplifier compared with a single-tone amplifier. The power of the

A =1068nm single-tone case (red) reaches 28 W of output power before the SBS threshold is reached. The total
output of the two-tone case with signals oscillating at w, = @ + Aw, 4, ~1067.9nm (green) and [a)l,/ll :1068nm]
(blue) was over 80 W. In the two-tone amplifier, the two signals are separated by twice the Brillouin shift

(Aa) =2Q; ~32GHz, AL ~ .1nm), allowing the Stokes light oscillating at @, generated by the signal oscillating at

o, to transfer its energy to the signal light oscillating at ¢, . The seed ratio for the two-tone caseis P, / B, =2.

Additional aspects of this case of two-tone amplification, such as the optimal 2:1 ratio, were
also considered. Keeping track of the total output power, the input seed ratio was varied from 1:1 up
to 3:1 with a total seed power of 2W. For these simulations, the total seed power remained constant
but pump power was varied until the SBS threshold was reached. The results of this investigation
are shown in Figure 11. As shown in Figure 11, there is actually a broad range of input ratios
spanning approximately 1.8 to 2.3 that effectively mitigate SBS by providing an output power that is

within 5% of the maximum achievable power output.
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Figure 10. The FWM power generated in the inner sidebands [a)3 = +2Aw, Ay ~ 1067.8nm] (red) and
[a)4 =w, -Aw, 4, ~1068.lnm] (blue) shown in Figure 7 for the two-tone amplifier. Due to the small wavelength

separation FWM is the lowest threshold nonlinear process. (Aa) =2Q; ~32GHz, A ~ .1nm).
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Figure 11. The dependence of total output power for two-tone amplifier on seed power ratio. The two frequencies are

separated by twice the Brillouin shift. Here, The seed power ratio is defined as the input power of the higher frequency

wave divided by that of the lower frequency P(w,)/ P(@,) and the total seed is 2 W.

Furthermore, the optimal seed ratio is close to the theoretical approximation of 2:1 where the slight
discrepancy is due to laser gain, pump depletion, and FWM effects which were not considered in the

derivation of Eqns. (3.21)-(3.23).
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3.5.2 THREE-TONE SIMULATIONS

In this section, Welels SBS mitigating concept [7] is extended to three-tones. The fiber
parameters are the same as those listed in the preceding section with the exception that here the
seeds are chosen near 1064 nm to investigate the concept at a different wavelength. Additionally, the
full four sidebands shown in Figure 7 were considered. For one set of simulations, the fiber is seeded
with a total of 2 watts with input ratios close to the optimal condition, i.e. (3:2:1). In order to reach
the SBS threshold, the input pump power was set at 184 W. As a working definition, again the SBS
threshold here is defined as occurring when the Stokes light due to any one of the signals reaches 1%
of the corresponding laser light. The results are shown in Figure 12. For comparison purposes, the
case of one tone seeding pumped to the SBS threshold (approx. 28 W) using 32 W of pump power is
also shown. The total output power of the three-tone amplification (approx. 152 W) is slightly higher
than 5.4 times the output power from single-tone amplification (approx. 28 W). Based on the Eqgns.
(3.21)-(3.23), one would expect the total power to be closer to 6 times more. However, these
equations do not account for FWM, which is substantial in this case. As a comparison, for two-tone
amplification presented in the preceding section, the total power was approximately three times

more. Due to the depletion of the highest frequency Stokes light via the added coupling to the
middle signal light (w, ) (see Figures 5 and 7.), the highest frequency signal light (e, ) (see Figures

5 and 7) generates the highest output power at approximately 2.5 times that of the single-tone

amplification.
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Figure 12. The signal power evolution of a three-tone amplifier compared with a single-tone amplifier. The power of the

A =1064nm single-tone case (red) reaches 28 W of output power before the SBS threshold is reached. The total output
of the three-tone case with signals oscillating at (black), , = @, +Aw, 4, ~1063.9nm (green) and [a)l, A= 1064nm]
(blue) was approx. 152 W. In the three-tone amplifier, the three signals are separated by twice the Brillouin shift

(Aa) =2Q, ~32GHz, AL ~ .1nm), allowing the Stokes light oscillating at @g , generated by the signal oscillating at
@, and the Stokes light oscillating at &g , generated by the signal oscillating at @, to transfer energy to the signals

oscillating at @, and o, respectively. The seed ratios for the three-tone case are: P,/ P, =3 and P, /P, =2 and the total

seed power is 2W.

For two-tone amplification, the output of the highest frequency light was approximately
twice as much as single-tone amplification. The rollover in the @, output shown in Figure 12 is due
to FWM as energy depletion due to this effect exceeded laser gain for that particular signal beyond
the rollover point. The power output at ,is twice the one tone case, while the output at w, is
approximately equal to it. The three Stokes waves are shown in Figure 13. Since for this set of
simulations the amplifier is operating near threshold, the Stokes waves exhibit a sharp increase in

strength nearz=0.
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Figure 13. Spatial power evolution of the three Stokes waves g, = @ — Qg (black), @, =@, —Qg(green), and

@ 3 = @3 — Qg (blue). The Stokes waves propagate counter to the laser signals.

The FWM powers as a function of the fiber length are shown in Figure 14. Due to the small
wavelength separation, the amount of FWM power is substantial in the inner sidebands and
approximately an order of magnitude less in the outer sidebands. Therefore, for this particular
variant of three-tone amplification, FWM is more dominant than SBS effects and is much higher
than was previously found for two-tone amplification in section 3.5.1. As mentioned above, this is
due to the increased number of driving terms in the three-tone case. The high level of FWM makes
the implementation of this three-tone amplification in high power amplifiers impractical in the

absence of specially designed dispersive fibers.
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Figure 14. The FWM power generated in the inner and outer sidebands [a)5 =, +3Aw, A5 ~ 1063.7nm] (solid blue),
[@, = @, — Aw, 2, ~1064.1nm] (solid red), [@, = e, +4Aw, 4, ~1063.6nm] (dashed blue) and

[a)6 =, —2Aw, A5 ~ 1064.2nm] (dashed red) shown in Figure 7 for the three-tone amplifier. Due to the small
wavelength separation FWM is the lowest threshold nonlinear process. (Aa) =2Q, ~32GHz, AL ~ .lnm).

The optimal ratio condition for this technique was also investigated by running a set of
simulations covering a sizable range of input seed ratios. This was accomplished by holding the total
input seed power at 2 W for each set of input ratios while the pump power was increased until the
SBS threshold was reached. The optimal ratio was found to be approximately 3.6: 2.2: 1, although as
can be seen from Figure 15 there is a fairly large range of tunability that can get to within 10% of the
maximum achievable power. Again, the departure of this numerically determined optimal ratio from
the ratio derived previously (3:2:1) can be traced to the neglect of laser gain and FWM in the

simplified analytical model.
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Figure 15. Surface plot of the total laser output power versus seed power ratios indicating optimal conditions for a total

seed power of 2 W for the three-tone case. Here the seed ratios are defined as: P3/Pl=P(w,)/P(e) and

P2/Pl=P(w,)/ P(a,).

3.6 SUMMARY

A theoretical investigation that rigorously formulated the problem of a Yb-doped amplifier
seeded with multiple laser frequencies separated at twice the Brillouin shift was performed. In this
model, stimulated Brillouin scattering and four-wave mixing were included. Two cases were
considered and were shown to enhance the total output power and the output power of the highest
frequency signal: 1) a two-tone scheme and 2) a three seeded case. In both cases the enhancement
power was close to the theoretical predictions and in the former in agreement with experimental
results [7]. In addition, the optimal seed ratios for both cases were derived and validated numerically
by solving the system of NxN differential equations. The results showed a slight discrepancy from
the theoretical predictions due to the neglect of FWM and laser gain from the theoretical

approximation. Nevertheless, this model serves as a powerful tool to simulate SBS suppression for a
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fiber amplifier seeded with multiple signals separated at twice the Brillouin shift. In addition, FWM
was shown to be significant as the number of input seeds was increased from 2 to 3, thus identifying
a possible limitation to the effectiveness of this concept in fiber amplifiers not specifically designed

to mitigate FWM, i.e. dispersive fibers.
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4 MULTI-TONE SEEDING (LASER GAIN COMPETITION)
4.1 INTRODUCTION

The SBS mitigation technique discussed in Chapter 3 resulted in an increased SBS threshold
for one of the seed signals through additional interactions among the input and Stokes signals, but
also transferred large amounts of power into numerous FWM-generated sidebands. This broadening
of the optical power spectrum precludes the application of this method to fiber laser applications that
require well-defined spectra such as electronically phased coherent arrays[9,38,39] and spectral
beam combination [40,41]. In addition, the maximum optical efficiency of the highest output signal
in the two-tone technique described in Chapter 3 is ~67%. In this chapter a new variant of multi-
tone seeding is presented in which the separation between the signals is so large that FWM is
negligible and the optical efficiency can exceed 80%. Additionally, since the wavelengths are
separated by more than 4 nm current dichroic technologies may be used to achieve single-frequency
output. In the previous approach, this is not easy to achieve since the wavelength separation is on
the order of 32 GHz. In this case, the SBS suppressing mechanism is a result of laser gain
competition between the signals propagating in the active fiber medium. Due to its suppression of
FWM and the ability to achieve only one frequency at the output end of the amplifier, this is much

more suited for use in laser applications requiring single frequency spectral output.

In the following sections, this novel concept is investigated theoretically in Yb-doped high
power fiber amplifiers for two and three seeded configurations. The equations describing this
concept are the same as those described in Chapter 3 with the exception that, in this case, the third
term in Egs. (3.3) and (3.10) is non-existent. Recall that this term describes the interaction between

the input and Stokes fields for a precise frequency separation of twice the Brillouin shift: Aw =2Q,

(~32 GHz). Although, this separation does define the maximum SBS suppression for the technique,
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SBS suppression is still observed as long as the frequency separation lies within the range

2Q,; -T',,2Q,+TI;), where IT'; (~60 MHz) is the spontaneous Brillouin bandwidth. [7] In the

technique presented in this chapter, the minimum wavelength separation considered is 4 nm (well
outside range quoted above) and thus there is no coupling between the input and Stokes fields. Two
variants of SBS suppression through laser gain competition will be explored: an amplifier seeded
with multiple single-frequency signals and an amplifier seeded with a combination of single-
frequency and broad-band signals. Here, the terminology single-frequency and broad-band refer to
signals where the spectral width is much smaller and much larger than the spontaneous Brillouin
bandwidth, respectively. In the latter case, the linewidth of the broad-band laser signal is assumed to
be sufficiently large such that the SBS process for that signal may be neglected.

In addition, this chapter shows that, with a large enough separation, the FWM terms
described in Chapter 3 become negligible up to 100’s of watts of output power. In this
approximation, the equations described in Chapter 3 are transformed into power equations and
additional terms are added that describe the effects of thermal gradients on the SBS process. These
terms are necessary to accurately model the SBS suppression from laser gain competition in
amplifiers seeded with multiple signals. As will be shown, the effects of laser gain competition
between the signals create a favorable thermal gradient inside the fiber, which leads to even further
SBS suppression.

4.2 NUMERICAL RESULTS (TWO-TONE SIMULATIONS)
The large wavelength separation case of two-tone seeding is modeled for a gain fiber with

parameters based on Nufern’s 25/400 gm LMA Yb-doped fiber. The dopant level N, is taken to be

1.2x10* /m’ (derived from the manufacturer quoted 2.4 dB/m absorption at 976 nm). The cross-

sections are taken from experimental values [37] and the lifetime 7 of the upper level is 8.0 x 1075
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The numerical aperture (NA) for this fiber is 0.06 and, as previously mentioned, the LMA fiber is
assumed to be coiled so that the power in the higher-order fiber modes can be neglected. Since
dispersion effects in the nonlinear index of refraction are negligible, for all waves we use

n(2)1 2

=3x10"m* /W, where n®' is related to the non-linear index of refraction n® used in

Chapter 3 by n'® =Q2u,c-n®)/n. We take a value of the group velocity dispersion, % of 15
ps*/km as computed from the fitted experimental measured dispersion of bulk-fused silica at 1.0 um
region [42]. This is done to estimate the values of the phase matching terms in our coupled system.
The 8x8 coupled system of equations as described in Chapter 3 is solved numerically using the same
technique described previously (Section 3.4. p. 39 ): RK4 in conjunction with a shooting method.
Numerous runs were completed to validate the power improvement available for ‘two-tone’
amplification in the case of wavelength separation AA=4nm. For the first test, 6.5 meters fiber
segment was seeded with a 1.2 W 1064 nm signal and a 0.8 W 1068 nm signal using a 976nm pump.
This particular ratio of seed powers was selected to optimize total output power. If the ratio of the
input powers is not chosen carefully, one of the seeds can become more quickly amplified; this
‘robs’ the other input signal of its gain and ensures that the intensity of the quickly amplified signal
will increase enough to reach the SBS threshold well below the maximum possible total output
power. Figure 16 shows that the percent of SBS at constant pumping level near threshold can vary
dramatically with the power ratio of the seed inputs. Here the total seed power was fixed at 2W. It
should be pointed out here that the optimal ratio does not follow the ratios in the Wellels et al.
technique, as this technique differs in the mechanisms leading to SBS suppression. To be clear, there
is no obvious simple analytical form for the optimal ratio for the large wavelength separation case as
this ratio will be dependent on the choice of the wavelengths, pump intensity, fiber core size, and

fiber length.
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Figure 16. The sensitivity of SBS to the ratio of the input signals in ‘two-tone’ amplification. The x-axis shows the ratio
of power in one input signal (1068nm) to the total input power. The y-axis represents percentage of Stokes power. The

total seed power was fixed at 2 W.

The case of a single 2.0 W 1064 nm seed was also modeled for comparison. In these model
runs, the power from a 976nm pump was increased for each seed method until the SBS threshold
was reached. For clarity, a working definition of the SBS threshold is adopted where the generated
SBS power from a signal, that is, from a single 1064 nm seed or either of the ‘two-tone’ seeds,
reached 1% of the output power for that amplified signal. The results of the model runs at this

defined SBS threshold are shown in Figures. (17-19).

45



30 /
25
20

15
10

WV

0O 1 2 3 4 5 6
Fiber Length (m)

Figure 17. The signal power evolution of a two-tone amplifier compared with a single-tone amplifier using laser gain-

Power (W)

competition. The power of the 4 =1064nm single-tone case (red) reaches 28 W of output power before the SBS

threshold is reached. ~The total output of the two-tone case with signals oscillating at @, = @, + Aw, 4, ~1064nm
(green) and [a)l,/l1 :1068nm] (blue) was approx. 54 W. In the two-tone amplifier, the two signals are separated by

(Aa)~1THZ,Aﬂ~ 4nm). The input seed powers were 1.2 W and 0.8 W for the 1064nm and 1068nm signals

respectively.

The typical single seed amplification reached SBS threshold at 33 W of pump power for an
amplified power of approximately 28 W; the two-tone case reached its SBS threshold at 62 W of
pump power. Here the output power of the 1064nm signal was approximately 24.5 W and 30 W for
the 1068 nm signal for a total exceeding 54 W. Thus, the total amplified power from the two-tone
amplifier was almost twice the single seed case with minimal FWM while maintaining the overall
optical efficiency and suppressing SBS. Note from Figures 18 and 19, FWM is an order of
magnitude lower than SBS. Furthermore, it can be inferred that the coherence lengths of the two
FWM sidebands are different. This is due to laser gain in the sidebands as well as SPM and XPM

effects.
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Figure 18. Spatial power evolution of the three Stokes waves [a’s,l =, —Qg, A4 = 1068nm:| (blue),

[a’s,z =w,-Qg, 4, = 1064nm:| (green). The Stokes waves propagate counter to the laser signals.
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Figure 19. The FWM power generated in the inner sidebands [a)3 =, +2Aw, A4 ~1060nm] (red) and

[a)4 = —Aw, 1, ~ 1072nm] (blue) shown in Figure 7 for the two-tone amplifier. (Aa) =1THz, AA ~ 4nm). Note that

the power in these sidebands is one order of magnitude lower than the SBS power.

Referring to Figure 17, it is worthwhile to mention here that at some point along the fiber, the 1064
nm light will experience negative laser gain. This will be explained further in this chapter.
Since considerable effort has recently been devoted to building high power narrow-linewidth

amplifiers [43,44,45], the possible use of this technique in conjunction with other SBS-suppressing
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techniques was also examined. For these cases, an SBS suppressing fiber was used in order to test
regimes where FWM was the lowest threshold nonlinear effect and thus would impose an upper
limit on achievable power. The two-tone amplifier (with a 4nm wavelength separation) was modeled
with 350 W and 550 W of pump power corresponding to an approximately SBS gain reduction
factor of 6 and 10, respectively. This mirrors the possible suppression available with fibers
constructed to specific acoustic guiding properties [43,44,45]. The laser efficiencies of these model
runs were approximately equal to the previous simulations. The FWM was comparable to SBS at
350 W, but exceeded it at 550 W. Note from Figure 20, that the coherence length of the FWM
sidebands has decreased from the previous simulations (see Figure 19) due to the increased SPM and
XPM effects. All of this suggests that at a wavelength separation of 4 nm, this technique can be
applied to amplifiers with outputs near 550 W while keeping FWM to reasonably low levels (1-
10W).

Returning back to the initial amplifier configuration (with the SBS gain suppressing factor
turned off), the wavelength separation of the two input signals was increased and decreased. For
these tests, the pump power was held constant at approximately 60W which was near our defined
SBS threshold for AA=4nm . For AA < 3nm the FWM increased considerably and became
comparable to the Stokes light. For A4 >10nm nm, the FWM was extremely small. Most
remarkably for this wavelength separation, considerable enhancement (~64%) in the power output of

the lower laser frequency was obtained. For example, at AA=14nm and input seeds with

wavelengths 1064 nm and 1050 nm, 46 W of output power was obtained for the 1064 nm light.
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Figure 20. The FWM behavior of SBS-suppressed two-tone amplifiers with a) 350 W (left) and b) 550 W (right) of

pump power. The FWM power generated in the inner sidebands [a)3 =, +2Aw, A, ~1060nm] (red) and

[a)4 = —Aw, 1, ~ 1072nm] (blue) shown in Figure 7 for the two-tone amplifier. (Aa) =1THz, AA ~ 4nm). The

additional pumping has altered the coherence period relative to that shown in Figure 19 due to SPM and XPM.

The power ratio needed to obtain this output was approximately 9:1 with the 1050 nm having the
higher input power. The 46 W output power represented a 64% enhancement over a 1064 nm single
tone amplifier as shown in Figure 21. Higher power output in one of the tones is possible to the point
where almost all the output power would be in a single frequency. This can be achieved through an
optimal ratio of seed and wavelength separation, or by selecting a more suitable fiber configuration;
the details will be discussed further in this chapter. Note that the 1050 nm signal reaches its
maximum value at a distance shorter than the midway point of the fiber. This is due to the higher
pump power, the skewed input seed power ratio, and the higher emission cross section of the 1050
nm light as compared to that of 1064 nm light. As the two laser signals propagate down the fiber, the

population density of the upper level state, N,, decreases.
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Figure 21. The signal power evolution of a two-tone amplifier compared with a single-tone amplifier using laser gain-
competition. The power of the 4 =1064nm single-tone case (red) reaches 28 W of output power before the SBS

threshold is reached. The total output of the two-tone case with signals oscillating at @,=m, +A®, 1,~1050nm (green)

and [@,11:1064nm] (blue) was approx. 54 W but in this case over 46 W was generated in the 1064nm signal and
represents a 64% enhancement in the SBS threshold relative to the single-tone case. In the two-tone amplifier, the two
signals are separated by (Aw~3.7THz, AA~14nm). The input seed power ratio was approximately 9:1 with the 1050nm

signal having the higher seed power.

Immediately past the point where the maximum power for the 1050 nm light is obtained, the
population inversion is such that the 1050 nm light will experience negative laser gain. The 1064
nm, light which has an appreciably lower absorption cross section, will, however, continue to
experience positive laser gain. As a consequence, power transfer occurs from the 1050 nm light and
into the 1064 nm light. The SBS threshold is raised because the spatially integrated Stokes light gain
for the two-tone 1064 nm light will be close to the 1064 nm single tone case even though more 1064
nm output power is obtained in the former. This is made possible because, for a significant portion
of the fiber, the power in the 1064 nm light for the two tone case is less than that for the single tone
case as can be seen from Figure 21. Here, the total gain for the electric field amplitude of the Stokes

light as a function of position is examined. Referring to Eq. (3.10) in Chapter 3, this total gain is due
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to the total of the laser and Brillouin gain. It is worthwhile to point out here that the amplitude gain
is half that of the intensity or power gain. Figure 22 represents a comparison of the amplitude gain
for the two-tone case pumped such that the power output at 1064 nm is equal to the power output in
a single tone amplifier at threshold. Note that the spatially integrated Stokes gain for two-tone is
reduced significantly, thus allowing for higher pumping power and consequently higher output at
1064 nm. While some 1050 nm light is unabsorbed in the fiber for the simulation discussed above,
this technique represents a novel way to increase the power in CW narrow linewidth Yb-doped
amplifiers. Later in this chapter it will be shown that the unabsorbed auxiliary signal light can be

minimized by appropriate choice of seed ratio and proper selection of wavelengths.
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Figure 22. Total Stokes gain for the 1064 nm light for the two-tone (blue) and single-tone (red) cases. For the two-tone
case the pump power is approximately 38 W which generated an output 1064 nm power of approximately 28 W (equal

to the output at threshold in the single tone case).
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4.3 NUMERICAL RESULTS (THREE-TONE SIMULATIONS)

In this section, SBS suppression through laser gain competition is extended to three-tone
seeding. The gain fiber modeled in this case is the same as the preceding section so, for brevity, the
parameters are not repeated here. In this case, the wavelength separation was chosen to be A1 =4

nm and the three seed wavelengths were chosen to be (4, =1064nm, A, =1060 nm, A, =1056
nm). To maximize the power output for this case, the ratio of the seed powers P, : P, : P, was chosen

to be 1:2.7:4. Recall, that there is no simple analytic expression to determine the optimal seed ratios.
Here the ratios were determined by examining the total output power at SBS threshold for several

different seed ratios.

Numerical results verified that FWM was small and was lower than the generated Stokes
light at SBS threshold for this case. The oscillatory behavior of the inner sidebands as shown in
Figure 23 is due to the fairly short phase-matching coherence lengths at this wavelength separation
of the seed signals. The difference in coherence lengths between the two inner sidebands is due to
dispersive effects as well as SPM and XPM. The outer sidebands exhibit similar behavior although
this cannot be deciphered from the Figure. As shown in Figure 24, the total signal power was
appxox. 80 W (67 W of 1064 nm, 11 W of 1060 nm, and 2W of 1056 nm) at a pump power of 92 W.
This is nearly three times more than the output from the one tone case which is also shown for
comparison. Furthermore, there is an enhancement in the power of the 1064 nm light. In this case,
the SBS suppression is due to laser action. As the signals propagate down the fiber, the population

density of the upper state, N, decreases. The 1064 nm light has an appreciably lower absorption

cross-section than the 1056 nm light leading to positive laser gain for the former and negative gain

for the latter.
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Figure 23. The FWM power generated in the inner and outer sidebands [ws=a+3Aw, A5~1052nm](solid blue),
[04=cr—Aw, 2,~1068nm] (solid red), [w;=wm+4Aw, 27~1048nm](dashed blue) and [ws=w—2Aw, 45~1072nm] (dashed red)
shown in Figure 7 for the three-tone amplifier. Due to the large wavelength separation FWM is much lower than the
previous cases considered. (Aw=~1THz, A1~4nm).

As described in the preceeding section, this results in a lower integrated SBS gain for the 1064 nm
light as compared to the single-tone case. It should also be clear from Figures 21 and 24 that the
integrated area of the 1064 nm light is smaller in the multi-tone case. In terms of SBS, this is
equivalent to a shorter effective fiber length and results in a higher SBS threshold for the multi-tone
case. As the wavelength separation among the laser signals was increased, simulations indicated an
increased enhancement in one of the signals. However, optimization of the output power required
highly skewed ratios of the input powers. Alternatively, the possibility of having two of the signals
with a relatively small wavelength separation, and a third signal having a relatively large wavelength

separation was explored. In this case, only FWM effects due to the interactions between the closely
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Figure 24. The signal power evolution of a three-tone amplifier compared with a single-tone amplifier using laser gain
competition. The power of the 1=1064nm single-tone case (red) reaches 28 W of output power before the SBS threshold

is reached. The total output of the three-tone case with signals oscillating at w;=m+2Am, 13~1056nm (black),
@y=m+Aw, 1,~1060nm (green) and [ay,4=1064nm](blue) was approx. 80 W. In the three-tone amplifier, the three signals

are separated by (Aw=1THz, AA~4nm). In addition the 1064nm signal output at SBS threshold was over 60 W; more than
twice the SBS threshold of the single-tone case. The seed ratios for the three-tone case are: R:P,:P;=1:2.7:4.

separated signals need to be considered if at all. However, as can be seen from previous simulations,
FWM is small for a wavelength separation of 4 nm even when there were three evenly separated
wavelengths (see Figure 23). For the following simulations, the seed wavelengths were chosen to be
1040 nm, 1044 nm, and 1070 nm. 1070 nm was chosen to explore the concept at a different
wavelength than 1064 nm. The pump power at SBS threshold was 79 W. For this case the FWM
gain coefficient n'* was set to be zero in the code. This allowed one to numerically solve for the
laser signals and their Stokes fields even though the wavelength separation was unequal. Recall that
in the derivations described in Chapter 3 the wavelength separation was equal. The resulting field
amplitudes as a function of z for the closely separated wavelengths were then used in the evolution
equations describing the two inner sidebands without considering any interactions with the outer

sidebands, as the latter should be extremely small in magnitude. This procedure confirmed FWM
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effects were negligible. The output power for the laser signals is shown in Figure 25. The power
output for the 1070 nm light is approximately 2.2 times greater than the one-tone amplification case.
The optical efficiency of the amplifier at 1070 nm including the input seed powers was ~ 72% and

73% in the three-tone and single-tone configurations respectively.
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Figure 25. The signal power evolution of a three-tone amplifier compared with a single-tone amplifier using laser gain
competition. The power of the A=1070nm single-tone case (red) reaches 28 W of output power before the SBS threshold

is reached. The total output of the three-tone case with signals oscillating at 4;~1040nm (black), 4,~1044nm (green) and
4=1070nm (blue) was approx. 75 W. In the three-tone amplifier, the 1070nm signal output at SBS threshold was over 60

W: 2.2 times the SBS threshold of the single-tone case.

A good measure to illustrate SBS suppression is to examine the Stokes gain as a function of
position. The Stokes gain represents the total gain due to SBS and to laser action as can be seen from
Eq. (3.10). Figure 26 shows the amplitude Stokes gain for the 1070 nm light in a three-tone
configuration and for that same wavelength light in a one-tone configuration. For comparison
purposes, the pump light for each case was adjusted such that both case had the same output power
at 1070 nm. Note the reduced Stokes gain for the three-tone case, thus allowing for increased pump

power.

55



)
g
=

-1

1.5

<O
V) B

Total Stokes Gain (m

g
o

0O 1 2 3 4 5 6

Zz(m)

Figure 26. Total Stokes gain for the 1070 nm light for the three-tone (blue) and single-tone (red) cases. For comparison
purposes, the pump light for each case was adjusted such that both case had the same output power at 1070 nm. Note the

reduced Stokes gain for the three-tone case, thus allowing for increased pump power.

4.4 FIBER LENGTH AND COMPARISON TO COUNTER-PUMPING

In order to study the effects of SBS suppression with multi-tone amplification for a shorter
length of fiber, a comparison was made between three-tone and single-tone amplification in a fiber
of length 4.5 meters. In this case, the wavelengths, fiber type, etc. were the same as section 4.2. Due
to the shorter length of the fiber, the SBS threshold is raised for both configurations allowing for
higher pump powers. The pump power at SBS threshold for three-tone and single-tone was 110 W
and 50 W, respectively. As shown in Figure 27, this corresponded to an output power in the 1070
nm wavelength of 83 W and 44.5 W for the three-tone and single tone configurations respectively.
Therefore, the enhancement in the 1070 nm power is approximately 1.9. Thus, there is a slight
reduction in the enhancement factor at the shorter length compared to the enhancement factor of 2.2

in the 6.5m fiber (see Figure 25 ); this point will be further discussed in Section 4.5.
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Figure 27. The signal power evolution of a three-tone amplifier compared with a single-tone amplifier using laser gain
competition. The power of the 1=1070nm single-tone case (red) reaches 44.5 W of output power before the SBS

threshold is reached.  The output signals of the three-tone case with signals oscillating at A;~1040nm (black),
J,~1044nm (green) and 4=1070nm (blue) is shown. In the three-tone amplifier, the 1070nm signal output at SBS

threshold was approx. 83 W: ~1.9 times the SBS threshold of the single-tone case.

SBS suppression through multi-tone amplification will generally not offer an improvement in
a counter-propagating pumping scheme in which all laser signals are propagating in the opposite
direction to the pump light. This is due mainly to the fact that the concept relies on a high upper state

population N, at the signal input end of the fiber. As described previously, this creates high laser

gain for the lower wavelength signal in the first half of the fiber, and as the inversion density
depletes the amplified signal becomes a secondary pump for the longer wavelength. In the case of a
counter-pumped amplifier, the upper state population density is low at the input end of the fiber and
thus sufficient energy transfer between the two signals does not occur. As shown in Figure 28, both
a counter-pumped amplifier and the multi-tone scheme rely on inducing suppressed laser gain for the
wavelength of interest in a good portion of the fiber, while allowing for a rapid rise in the signal at

the output end of the fiber.
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Figure 28. The signal power evolution of a two-tone amplifier and a counter pumped amplifier pumped to the SBS
threshold. The pump power in this case was 92 W. Both amplifiers reach an output power of 77 W before the onset of
the SBS threshold is reached and rely on SBS suppression through a rapid rise in the signal growth near the output end
of the fiber.

In general, counter-pumping and three-tone seeding with all seed signals possessing narrow
linewidth, will both lead to an improvement of 2-2.5 in output power (in the case of three-tone we
are referring to improvement in the signal with the highest power). As will be discussed in Section
4.6, both techniques offer added SBS suppression through thermal gradients. However, an advantage
that the multi-tone approach offers is that the amplifier can be constructed in an all-fiber system (ie.
no free-space optics). As discussed in Ref.[46], all-fiber counter pumped amplifiers induce
unwanted SBS and a reduction in amplifier performance since the high-signal light combined with
the high intensity pump light can cause pump combiners to fail and signal light to leak into the pump
diodes. In addition, the added delivery fiber can create a longer effective length of the SBS process
minimizing the enhancement from a counter-pumped architecture [46]. For these reasons counter-

pumped fiber amplifiers usually employ free-space optics to couple the pump light into the fiber.
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4.5 SEEDING WITH BROAD-BAND AND NARROW-LINE SIGNALS

Although the three-tone approach with three single-frequency signals is an attractive way of
increasing the SBS threshold for the tone of interest, it is more difficult than a two-tone system
because it requires careful control over three wavelengths and three seed powers. Even if a 1x3
WDM is used to overcome the coupling of a third signal, SBS must still be considered all three
signals. An alternative approach is to use a combination of signals possessing narrow and broad
linewidths. In this case, the SBS in the broad linewidth signal is insignificant since here the
linewidth of the laser is assumed to be orders of magnitude larger than the spontaneous Brillouin
linewidth.

This concept is illustrated for a two-tone system with a single-frequency signal at 4, = 1064

nm and a broad linewidth signal at 4,=1040 nm (A/i ~ .1nm). The latter sees little SBS gain, thus

providing an extra degree of freedom to elevate the threshold of the 1064 nm light. The equations
derived in Section 3.2 can be used for this case with very little modification to the three-tone code.

The input power for @, (which represents the third signal seed) is set to zero. In addition, the SBS

gain coefficient corresponding to the broadband signal is set to zero. The results for this case are
shown in Figure 29. For a 6.5 meter fiber, the pump power at SBS threshold near optimal seed
power ratio is 100 W leading to an output in the 1064 nm light of 74 W as compared to 28 W for the
single-tone case. Accounting for total seed power and comparing optical efficiencies in the desired
wavelength channel, this two-tone approach provides a conversion efficiency of 70% while the
single-tone provides an efficiency of 83%. Of course, the output power in the former in the
wavelength channel of interest is considerably higher (greater by approximately 2.6 times). These

results are noticeably better than what was obtained for two-tone amplification with two narrow
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linewidth signals as described Section 4.2. The reason for this is two fold: one, the output power is
not limited by SBS in the broadband signal and two, the second wavelength was also lowered to
1040 nm, which has a higher absorption cross-section in Yb, and thus leads to more energy
conversion into the 1064 nm signal. It should be noted that a similar enhancement could also be
obtained using a 1070 nm signal as the single-frequency seed.

As shown in Figure 29, the power in the 1040 nm light peaks at a distance along the fiber of
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Figure 29. The signal power evolution of a two-tone amplifier compared with a single-tone amplifier using laser gain
competition. The power of the 1=1064nm single-tone case (red) reaches 28 W of output power before the SBS threshold

is reached. The output signals of the two-tone case with signals oscillating at 1,~1040nm (green) and 4 =1064nm (blue)

is shown. In the two-tone amplifier, the 1064nm signal output at SBS threshold was approx. 74 W (2.6 times that of the
single-tone case). The 1040 nm light possesses broad linewidth and the 1064 nm light is narrow.

Past that point, the power from this laser light, which has high intensity due to its confinement to the
core, and the remaining pump light is transferred into the 1064 nm light. Therefore, the 1040 nm
light acts essentially as a secondary “pump”. The maximum efficiency does not correspond to the
maximum output power in the channel of interest. The efficiency of the amplifier can be improved
through the seed power ratio to be in the range of 70%-80% at a cost of approximately 10% drop in

power enhancement. The optimal efficiency obtained for the 1064 nm channel at this length of fiber
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was 80%. For this case, the pump power was approximately 65W and the output signal in the 1064

nm channel was 56 W as shown in Figure 30.
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Figure 30. The signal power evolution of a two-tone amplifier (at optimal efficiency) compared with a single-tone
amplifier using laser gain competition. The power of the A=1064nm single-tone case (red) reaches 28 W of output
power before the SBS threshold is reached. The output signals of the two-tone case with signals oscillating at

,~1040nm (green) and 4 =1064nm (blue) is shown. In the two-tone amplifier, the 1064nm signal output at SBS threshold

was approx. 56 W using approx. 200mW of 1064 nm seed.

In order to investigate other lengths a 4.5 meter fiber was simulated. The maximum power
enhancement over the single case was slightly lower than in the case of the 6.5 meter fiber. In this
case, the maximum power output was approximately 2.3 times greater. The amplifier efficiency was
also optimized for this length of fiber. As shown in Figure 31, the power output near maximum
conversion efficiency was 88 watts with an efficiency of 71%. The conversion efficiency for the
single-tone case for this length of fiber was 79%, which is lower than the maximum conversion
efficiency for the two-tone case at 6.5 meters. Furthermore, the output power was 11 W and 29 W
less than the output power at 6.5 meters for the maximum conversion efficiency and the maximum

output power cases, respectively.
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Figure 31. The signal power evolution of a two-tone amplifier at 4.5m near maximum efficiency (71%) compared with a
single-tone amplifier (efficiency 79%) using laser gain competition. The power of the 1=1064nm single-tone case (red)
reaches approx. 40 W of output power before the SBS threshold is reached. The output signals of the two-tone case
with signals oscillating at 1,~1040nm (green) and 4;=1064nm (blue) is shown. In the two-tone amplifier, the 1064nm

signal output at SBS threshold was approx. 88 W. The 1040 nm light possesses broad linewidth and the 1064 nm light is

narrow.

As a further consideration of fiber length a 3 meter fiber was simulated. This fiber length
allows for a pump power for single-tone amplification that is slightly above the 100 W pump power
(104 W) used for the 6.5 meter long fiber for the case of two-tone amplification at maximum output
power. The results of the simulations are shown in Figure 32. With an output power of
approximately 72 W, the conversion efficiency for single-tone was 67%. For the two -tone case
pumped near SBS threshold at 196 W with an input seed power ratio of 7:1, the output power and
conversion efficiency in the 1064 nm channel were approximately 122 W and 61%, respectively. As
mentioned above, the 6.5 meter fiber had a maximum conversion efficiency of 80% and a

conversion efficiency of 70% near optimal output power for the two-tone configuration.
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Figure 32. The signal power evolution of a two-tone amplifier at 3m near maximum efficiency (61%) compared with a
single-tone amplifier (67% efficiency) using laser gain competition. The power of the 1=1064nm single-tone case (red)
reaches approx. 72 W of output power before the SBS threshold is reached. The output signals of the two-tone case
with signals oscillating at 1,~1040nm (green) and 4;=1064nm (blue) is shown. In the two-tone amplifier, the 1064nm

signal output at SBS threshold was approx. 122 W. The 1040 nm light possesses broad linewidth and the 1064 nm light

1S narrow.

A summary of the efficiency and output power at the SBS threshold in the 1064 nm signal for the

6.5 m, 4.5 m, and 3 m fiber lengths is shown in Table 1.

Fiber Length 1064 nm Output Power (W) Optical Efficiency %
(m) Two-Tone/Single-Tone Two-Tone/Single-Tone
3.0 122/72 61/67
4.5 88/40 71/79
6.0 56/28 80/80

Table. 1 Summary of output power and optical efficiency at SBS threshold for the two-tone and single-tone cases for a
3.0 m, 4.5 m, and 6.0 m fiber length. In all cases the SBS threshold in the 1064 nm signal is higher for the two-tone

case. As the fiber is made shorter the optical efficiency is lower for the two-tone case.

4.6 THERMAL EFFECTS
In this section the theoretical framework described in Section 3.2 is modified to include
thermal effects in high-power fiber amplifiers. Since this analysis is restricted to the two-tone case

with a large wavelength separation, the effects of FWM are also ignored. In this study, the
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wavelengths considered are 1030 nm and 1080 nm for the broad-band and single-frequency seeds
respectively. These specific wavelengths are chosen in order to maximize the induced thermal
gradient at the output end of the fiber; created from the quantum defect heating that results when
energy is transferred from the 1030 nm signal into the 1080 nm signal. Recall, that in Section 4.3 it
was shown that FWM was negligible when the wavelength separation between the two signals was
larger than 4 nm. To this end, the equations describing the evolution of the pump, signals, and
Stokes fields are written as power equations. This model accounts for the shift in the resonance
frequency of the phonons due to an optically induced or external thermal gradient. In addition, the
previous treatment of the noise initiation of the Stokes process was to use a localized noise source at
the back end of the fiber as shown in Eq. (3.13). Hilderbrandt et al. [47] have previously used a
localized noise as described by Smith [48] to study the spatial evolution of the Stokes light in a
conventional fiber amplifier with a thermal gradient. While the work of Boyd et al. [13] has shown
that the localized and distributed noise models are generally equivalent in a passive and
homogeneous medium of sufficient length, the use of a localized noise to describe amplifiers with
thermal gradients suffers from the drawback that the location of the noise is determined a priori and
the dependence of the noise on temperature (and thus the position) is ill-defined. This is not much of
a problem in a passive fiber, but for a medium with laser gain and thermal gradient, a self-consistent
treatment becomes problematic.

In order to model a thermal gradient, a spread in Stokes frequencies needs to be considered.
The acoustic frequency in the fiber is temperature dependent and has the following form:
Q,(x,3.2.7) = Qy(Ty) + C,AT (x,,2) @.1)
where Q,(7,) and AT describe the acoustic frequency of some reference temperature and the

difference between the reference temperature and the temperature in the fiber respectively. C, is an
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empirical constant, approximately equal to 2.0 MHz/C® in fused silica, that provides the shift in the
center frequency due to the temperature difference. Since each acoustic frequency corresponds to a
Stokes frequency, the thermal dependence of the acoustic frequency can be accounted for, in the

steady-state, by discretizing the Stokes frequencies into bins @, of sufficient number to capture the
temperature range. For the signal power, P, the following equation describing its evolution along

the direction of propagation, z, is obtained:
dP
— {g(z)—Z(gB,,-(z)H,,- +5,-<z))}P,. (42)

Where P, ,is the Stokes power of @, gand g,represent the laser and Brillouin gain, respectively,

and ¢, is the noise term due to spontaneous Brillouin. The laser gain and Brillouin gain are given

by:

o(z) = ” (U(e)Nz(xay,Z) - N, (x,y,z))(p(x,y)|2 dx dy )
” |lp(x,y)" dxdy '

gz.(2)= ”gg,i(x»%z)|¢(x,yl4 dx dy "

(f [lpGe. ) dx dyj

Where ¢ is the lowest-order transverse modal profile, o' and &' are the emission and absorption
cross sections, respectively, and where N, and N, are the populations of the upper and lower states,
respectively. The dependence of the SBS gain on the temperature profile is dominated by the shift in

the resonance acoustic frequency. It can be incorporated into g, ,(x,y,z) through:

2, (6,,2) = £ mex R (4.5)
’ 1+4 {Q,(T,)+ C,AT (x,y,2) - &, + @, / T} }

The peak value of the Brillouin gain, g, .., s given by:
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1 Poval g (4.6)
where n is the optical index of refraction, p,,1s the longitudinal elasto-optic index, p,is the
material density, and v, is the acoustic velocity. Note that the variation of g, . with temperature
is neglected in this analysis. Again, the dominant temperature-related effect on the Stokes gain is
due to the shift in the resonance frequency. As mentioned earlier, the noise term can no longer be

taken as local when thermal effects are considered. In this case, the distributed noise term is given

by:

ha)s,iAa)” gg,i(X,y,Z)|(/’(x,y)|4 {exp[h(a), -, )/ KT(x,y,z)] -1 }1 dxdy
27T(UI<0(Jc,y)I2 dx dyj

5(2)= , (4.7)

where, Aw = w o, , 1s the bin size for the Stokes waves. For the Stokes light which propagates

S,i+1

counter to the signal, the evolution is given by:

dP

—=—(2)+ /2P, )~ 3P =

This is equivalent to injecting one photon per mode multiplied by the thermal average of the number
of particles in the orbital as described by the Bose-Einstein distribution function. As in the previous
analysis, the overlap integrals in the expression above account for the spatial distribution of the
optical fields. In a co-propagating pump the spatial evolution of the pump power is given by:

P, 4

_ Pcore (e) (a)
g—dz—ld(Nzgp —NIUP )Pp (49)

where O'ﬁf) and O';“)are emission and absorption cross sections at the pump wavelength, respectively,

and where d_ and d, , are the core and cladding diameters, respectively. Quantum defect heating

core
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in the core provides the heat source. In a co-pumping configuration, the power balance equation

takes the form:

4 ( dP(2) dR()
rd’ dz dz

core

Q(V S dcore /2’2) =

or>d,, /2,z)=0 (4.10)
where Q is the heat generated per unit volume. This equation neglects the effect of the Stokes light
on heating. This approximation is fairly accurate as long as the reflectivity is of the order of a few
percent or less. To determine the temperature as a function of position, we use the steady state heat
equation in an isotropic medium:

—k,V°T(r,z) = Q(2) (4.11)
where £, is the thermal conductivity. Noting that the variation of the temperature in the longitudinal
direction in a fiber is much smaller than that in the transverse direction, and assuming azimuthal

symmetry, one can express the heat equation as:

16( oT
—ky, ;5@—) =0(2) (4.12)

The equation above is subject to the boundary conditions of continuity of the temperature and heat

flux —k, VT across the fiber. In this analysis, it is assumed that the core and cladding of the fiber

have the same thermal properties. At the outer layer of the fiber, which is typically comprised of a
polymer coating, both convective cooling subject to Newton’s law of cooling and radiative cooling
subject to Stefan’s law are taken into account:

or(r=r

kth > outer) — h[Tc - T(V =r )]+ eo,, [TL“ _ T4(r = roum)] (413)

outer
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where 7, represents the outer radius of the fiber, 7 1is the coolant temperature (air in this case), &

outer
which lies in the range of 10-20 W/m’K is the convective cooling coefficient, o,= 5.67x10°
W/m’K* is the Stefan-Boltzmann constant, and e is the emissivity which is approximately 0.9 for
the acrylate coating. As can be inferred from the equation above, radiative cooling which is typically
neglected in thermal analysis of fiber amplifiers becomes substantial as the temperature difference
approaches 100°C.

The most significant limitation on power scaling of narrow linewidth fiber amplifiers that
employ thermal gradients for SBS suppression is the interplay between thermal effects and the SBS
process. Based on the operating temperature of the fiber coating and the heat management system,
power scaling can be either thermally limited or SBS limited. [34] For conventional fibers, polymer
material is also used for the outer cladding region in order to provide guiding for the pump light.
These polymers are typically limited to around 150°C.

A distinct advantage in terms of SBS suppression for a counter-pumped amplifier is the
development of a steep temperature gradient at the output end where the signal is high. For a single-
tone co-pumped configuration the temperature gradient is steepest at the input end where the signal
is low. In comparison to these two cases, the temperature profile is more complex in a two-tone
configuration. In this case, energy from the pump light is transferred into the two signals at the input
end of the fiber leading to a drop in the temperature as the pump light is absorbed. However, this is
followed by an increase in temperature as one of the signals (along with the pump) starts transferring
its energy into the other signal. Eventually, the temperature drops again as the “pump” signal loses
much of its energy.

To investigate this concept theoretically, a 6.5 meter long fiber with a core diameter of 25

pm and an MFD of 22 um is considered. The inner cladding diameter used in the simulation is 400
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um. The outer cladding and fiber coating extend to 550 um and are composed of a polymer material.
An depiction of the cross-section of a fiber showing the core, cladding, and polymer jacket is shown
in Figure 33.
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Figure 33. Skeleton diagram of fiber cross-section detailing the core, cladding, and polymer jacket surrounding a fiber.

The maximum operating temperature of the polymer is taken to be 150 °C. The two input signals are
chosen to be a broadband 1030 nm and a narrow-linewidth 1080 nm in order to obtain near optimal
conditions for the thermal gradient developed through quantum defect heating. The system of
equations describing the optical waves was integrated with Runge-Kutta Four (RK4) in conjunction
with a relaxation algorithm until the boundary conditions for all optical fields was within 0.01% of
the exact boundary conditions. Upon numerical investigations it was determined that approximately
50-100 channels of Stokes light, each of the order of several MHz, was required to achieve
convergence whereby minimal change in the reflectivity was obtained by refining the resolution of
the channels or by expanding the range of frequencies of the Stokes light. The heat equation was
solved at 200 equally spaced points along the direction of propagation. In order to speed up this
process, analytic functions were used to provide a three-dimensional temperature profile. This was
made possible by utilizing the software Mathematica to provide physically viable algebraic solutions

to the set of quartic equations described in Egs. (4.10-4.13).
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Figure 34 shows the evolution of the 1030 nm and 1080 nm signals indicating a factor of 5
enhancement in the output power from a co-pumped single-tone case. If one were to allow for a
higher polymer temperature, the SBS threshold can be increased further. Figure 35 illustrates the
temperature profile developed as compared to single-tone co-pumped and counter-pumped
configurations. Note that for the single-co-pumped case the SBS process was turned off to allow for
comparable pump powers. Therefore, when including the effects of the induced thermal gradient
developed near the output end of the fiber through the quantum defect heating associated with the
double-pump action of this two-tone concept, the expected SBS threshold enhancement relative to a
single-tone amplifier can range between 2-5. Where the enhancement range depends on the
wavelengths and seed ratios chosen and the added benefit of the induced thermal gradient (see

Figure 35).
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Figure 34. Spatial evolution of the 1030 nm (Broad Band) and 1080 nm (Narrow-Line) signals. Power is normalized to

output power from co-pumped single tone at SBS threshold.
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Figure 35. Temperature profiles for different configurations. SBS process turned off for single-tone co-pump to allow for
comparable pumping power.

4.7 SUMMARY

In conclusion, this chapter demonstrated SBS mitigation theoretically through laser gain
competition between signals in a monolithic co-pumped amplifier. The model used to study this
concept included laser gain, SBS, and FWM. The large wavelength separation technique, which
utilizes laser gain to suppress the SBS process, was shown to mitigate SBS and therefore enhance
the power output of fiber amplifiers. This technique was also shown to mitigate FWM, which is an
appreciable improvement over the concept presented in Chapter 3. For the two-tone amplification,
an appreciable improvement is obtained when one of the signals possess a broad linewidth. This
improvement is comparable to that obtained from counter-pumping while possibly being more suited
for monolithic all-fiber designs since counter-pumped amplifiers rely on free-space optics. It was
also shown that further power scaling can be achieved via quantum defect heating resulting from the

secondary pump action of this two-tone concept. To that end, this technique provides a factor of 2-5

enhancement in the SBS threshold relative to a single-seeded fiber amplifier.
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5 MULTI-TONE SEEDING (EXPERIMENTAL RESULTS)
5.1 INTRODUCTION

For a two-tone amplification approach employing broadband and narrow linewidth signals, it
was shown theoretically in Chapter 4 that with appropriate selection of seed power ratio and
wavelength separation, the SBS threshold can be increased to be in the range of 2-5 times that of a
single-tone amplifier. This technique is suited for a co-propagating pump configuration and offers
comparable SBS suppression to counter-pumping as both techniques induce reduced laser gain for a
good portion of the fiber while allowing for a rapid rise in the signal of interest at the output end. In
the counter-pump configuration, this rapid rise is due to the high intensity of the pump light at that
end, while for two-tone it is due to the broad linewidth signal acting as a core-confined pump for the
narrow linewidth signal. One benefit offered by the two-tone approach is improved compatibility
with monolithic all-fiber designs as potential damage to the diode pumps is reduced. In this chapter,
SBS suppression through laser gain competition in a multi-tone amplifier is investigated
experimentally. The goal of this chapter is to demonstrate SBS suppression in a monolithic fiber
amplifier in a laboratory environment. First, the concept is investigated at low powers ~ 10 W in a
(10/125) pm Yb: doped fiber. In this low-power configuration the additional SBS enhancement due
to the induced thermal gradient discussed in Chapter 3 is minimal. To that end, the expected SBS
threshold enhancement relative to the single-tone case is 2-3. Next, the concept is demonstrated at
high power ~ 200 W in a LMA (25/400) um Yb: doped fiber. In this case, the additional SBS
enhancement from both the induced thermal gradient via quantum defect heating and an external
thermal gradient imposed on the fiber is explored to demonstrate the compatibility of this concept

with thermally induced SBS suppression.
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5.2 LOW-POWER DEMONSTRATION
5.2.1 EXPERIMENTAL SETUP

A monolithic fiber amplifier configuration, as shown in Figure 36, was used in these
experiments. A narrow linewidth Koheras Boostik laser operating at 1064 nm with a maximum
output of approximately 1 W provided the seed for one of the signals. The nominal linewidth of this

laser was 10 KHz. An in-house built broad linewidth laser system operating at 1045 nm
(A2~ 0.1nm)provided the second seed signal. This laser system was comprised of a 100 mW diode-

pumped fiber ring oscillator with a grating tuned to the desired wavelength, and a 3 m long gain
fiber that allowed for amplification to the watt level. Two pigtail isolators protected the seed sources
from back-scattered light. A wavelength-division multiplexer (WDM) was used to combine the two
beams before they were coupled into the final stage amplifier which employed a 10 m long single
mode polarization maintaining (PM) Yb-doped fiber with a core diameter of 10 pm and an inner
cladding diameter of 125 um. At a pump wavelength of 915 nm, the stated absorption of this fiber
was 1.6 dB/m. In these experiments, an Alfalight diode stack operating near 976 nm was used to
pump the amplifier. Measurements of the forward traveling signals were conducted using a 0.01%
tap coupler and a WDM system, while the back-scattered light was measured using a 1% tap coupler
and a WDM system. In addition, an optical spectrum analyzer (OSA) was used to monitor both
forward and backward light. In one variant of the experiment, optical filters operating at the desired

wavelengths to measure the output signals were used.
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Figure 36. Experimental set-up. The 1045 nm laser was built in-house. The system of WDMs is used to combine or to

separate the signals.

5.2.2 EXPERIMENTAL RESULTS AND ANALYSIS

With the 1045 nm seed laser turned off, the amplifier was seeded with 400 mW of 1064 nm.
Both the output and back-scattered signal were recorded. The slope efficiency for this amplifier was
slightly above 80%. Generally, for an active fiber the SBS threshold is defined as the signal output
power where the reflectivity, defined as the output power over the backward power, departs from
having a linear dependence on signal power. As shown in Figure 37, for this single-tone amplifier
the SBS threshold was determined to be slightly above 3.5 W. The amplifier was also seeded at
different powers of 1064 nm light lying in the range of 300-800 mW and this resulted in little
variation in the SBS threshold. With the 1064 nm light turned off, the amplifier was seeded with the
1045 nm light. As expected from a broad linewidth signal, there was no associated Stokes light.
According to the theoretical and computational analysis of two-tone amplification discussed
previously, the seed power ratio of the signals is crucial to increasing the SBS threshold while
maintaining good amplifier efficiency for the desired wavelength. To be certain, the maximum

efficiency does not correspond to the maximum achievable power in the channel of interest.
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Figure 37. Stokes power vs. 1064 nm light power for single-and two-tone seeding showing increase in SBS threshold.
The seed powers for these experiment were 800 mW for the single-tone case and (700/65) mW (high-ratio), (350/65)
mW (low-ratio) in the (1045/1064) nm signals respectively.
The simulations for this fiber configuration indicated that the power in the 1045 nm seed should be
slightly more than 10 times that in the 1064 nm seed in order to approximately double the SBS
threshold, and yet suffer only a minimal decrease in the amplifier efficiency. In one set of
measurements, the amplifier was seeded with 700 mW of 1045 nm light and 65 mW of 1064 nm
which provided a seed power ratio (10.7:1), close to the theoretical prediction of (10:1) discussed
above. In another set of measurements, the amplifier was seeded with 350 mW of 1045 nm light and
65 mW of 1064 nm light which according to the theoretical analysis would provide a lower SBS
threshold. For both set of measurements, the OSA was scanned for any distinguishable sign of four-
wave mixing (FWM) due to the third-order nonlinear interaction of the two input signals. No
associated FWM sidebands were detected which can be attributed to the large wavelength separation
of the two signals as discussed in Chapter 4.

As shown in Figure 37, both seed ratios provided an appreciable increase in SBS threshold over

the single-tone. For the small seed ratio case, the SBS threshold occurred at approximately 5 W. As
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expected, the SBS threshold for the large seed ratio case was even higher. In fact, we were able to
obtain more than 6 W of 1064 nm light without encountering the SBS threshold and were limited by
the available pump power from achieving even higher power. The spectral content of the
backscattered light of the two-tone configuration at 6 W is shown in Figure 38; which clearly
indicates that the backward light was still dominated by Rayleigh light. The amplifier efficiency was
also investigated for the two-tone technique. At the highest output power, the power in the 1045 nm
light was less than 200 mW. As shown in Figure 39, the slope efficiency is approximately 78%
which is slightly below that of the single-tone case. These results are in excellent agreement with
the theoretical predictions discussed previously. At low power without additional enhancement from
a thermal gradient, the expected threshold increase for the optimal configuration was expected to be
between 2-3. In these experiments, the SBS threshold increase was 1.4 in the low seed ratio case and
larger than 1.7 in the high seed ratio case (here the results were pump limited). The next section will
explore this concept at high power to demonstrate further SBS suppression by using the two-tone

concept in conjunction with a thermal gradient.
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Figure 38. Spectral content of backward light for two-tone configuration for high seed ratio case. Stokes light below the

Rayleigh light indicates operation below the SBS threshold.
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Figure 39. Power output of 1064 nm signal vs. input pump power for two-tone. Efficiency is comparable to single-tone

seeding.

53 HIGH-POWER DEMONSTRATION

5.3.1 EXPERIMENTAL SETUP

The experimental setup is shown in Figure 40. A Novawave laser operating at 1065 nm with
a maximum output of 1 W and a nominal linewidth <100 KHz was used to provide the single-
frequency seed. In an effort to explore various wavelengths for the broadband seed laser, a Keopsys
2 W tunable laser (~1035nm-1045nm) was used. The spectral bandwidth of this laser is ~0.1 nm
over the tuning range making it sufficiently broad such that the SBS process at this wavelength was
completely suppressed. The measured spectral content of the seed laser operating at 1035 nm, 1040
nm, and 1045 nm showed broad amplified spontaneous emission (ASE) from 1045 nm-1080 nm of
5%, 2%, and 1%, respectively. Since the single-frequency wave was to be seeded at low power, it
was imperative that a considerable amount of the ASE be removed. Otherwise, the broadband signal
would transfer a significant amount of optical power into the ASE thus reducing the amplifier

efficiency in the channel of interest (the 1065 nm single-frequency wave). A tunable (1030nm-
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1080nm) Agilitron all-fiber PM filter with a 1 nm wide bandwidth was used to suppress this
unwanted noise. The measured spectral content after the filter was well over 99% for the three laser
wavelengths. After loss from the 1064nm isolator, ASE filter, and splices the measured output
power was approximately 500 mW from 1035-1045nm. The broadband signal was sent through an
intermediate amplifier comprised of a Nufern PM 10/125 fiber. The intermediate amplifier provided
us with up to 6 W of power from 1035-1045 nm. The single-frequency and broadband signals were
then combined through a 10 W all-fiber WDM into a mode field adapter (MFA). The MFA was
spliced onto a (6+1)x1 tapered fiber bundle (TFB) which was comprised of six 50 W wavelength
stabilized 976 nm Limo pump modules.

PM1

broadband 1065 nm
signal 976 nm
PM3 ‘III o

broadband
seed

Figure 40. Experimental set-up of monolithic two-tone fiber amplifier system. PD 1, PD 2, PD 3, and PD 4 are
photodiodes. ISO 1 and ISO 2 are isolators. PM 1, PM 2, and PM 3 are power meters.

The measured pump power after the TFB with full current on the diode banks was ~281 W. The
TFB was then spliced onto 7 meters of a Nufern large mode area (LMA) PM (25/400) fiber with an

absorption of 1.7-1.8 dB/m for 976 nm pump light which corresponds to a calculated dopant
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concentration of 7-7.5x10%> m™. The numerical aperture of the core and cladding was 0.06 and 0.46
respectively. The estimated loss at this splice was 0.3 dB yielding a maximum available pump power
of approximately 260 W. A 0.01% tap coupler was spliced onto the output of the WDM to monitor
the forward and backward propagating light. The forward and backward tap legs were then spliced
onto WDMs operating in a reverse configuration to separate the 1065 nm light from the broadband
light which allowed measurements of the instantaneous forward and backward propagating signals
on photodiodes. In addition, the backward 1065 nm tap was spliced onto a 50/50 splitter to allow
simultaneous monitoring of the power of the backward light on a photodiode and its spectral content
on a 0.01 nm resolution bandwidth optical spectrum analyzer (OSA). Two dichroics were used at the
output: a dichroic to separate and measure the unused 976 nm pump light and a dichroic to separate
and measure the two signals.

In an effort to investigate this technique in conjunction with a thermal gradient, three
different thermal configurations were employed. In one configuration, the fiber was wrapped
entirely on a cold spool held at 12° C in order to measure the SBS suppression due to the two-tone
concept without benefit of the thermal gradient. In the second configuration, 6 m of the fiber was
coiled on the cold spool with the final one meter coiled in air and left to cool under ambient
conditions. This configuration was used to experimentally verify the theoretical prediction discussed
in Chapter 4 that a steep thermal gradient would develop at high power in the two-tone amplifier
near the output end of the fiber leading to further SBS suppression. The third configuration used was
similar to that above except that the last meter of fiber was coiled around a hot spool held at 80 C.
The manufacturer of the fiber, Nufern, suggested that the low index polymer coating used in the

fiber should be kept below 100° C to prevent thermal damage and ensure long-term reliability. The
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coiling diameter for all these configurations was approximately 30 cm to allow for near single mode
operation.
5.3.2 EXPERIMENTAL RESULTS AND ANALYSIS

Experiments were conducted at 1040 nm and 1035 nm. Seed wavelengths above 1040 nm
were not investigated since preliminary tests showed insufficient transfer of energy (<70%) from the
amplified broad-band signal light into the 1064 nm signal. The output power was scaled in these
experiments until the Stokes light was ~10 dB higher than the Rayleigh light on the OSA except for
the cases that were pump limited. There appeared to be a strong correlation among an exponential
rise in the reflectivity, a reflectivity value of 0.05%-0.1%, and the 10 dB relative difference between
the Stokes and Rayleigh light. For a fair comparison among the various configurations, 0.05%
reflectivity was used as a measure of the SBS threshold. The reflectivity was defined as the
backward power normalized to the output power in the single-frequency channel. For the single-tone
amplifier with the entire fiber wrapped around the cold spool, approximately 43 W of output power
was obtained near SBS threshold. The seed power for this case was 1 W. It should be note that little
variation in SBS threshold was observed as the seed power was varied for the single-tone case.

For the set of experiments with the two-tone amplifier wrapped around the cold spool, the
SBS thresholds were approximately twice as high as the single-tone case at slope efficiencies
comparable to the single-tone case (~70%). The broadband to single frequency seed ratios used for
these experiments were generally greater than 15:1. While an increase in threshold beyond the factor
of 2 was attainable, the amplifier efficiency dropped in agreement with the conclusions of Chapter 4.
The 1035nm configuration gave the higher output powers at 90 W, while the 1040 nm configuration

provided approximately 7 W less.
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For the second configuration, little enhancement over the first thermal configuration was
obtained for the single-tone amplifier. This was expected, as in this case, the steep thermal gradient
would develop at the input end of the fiber (see Figure 35). For the two-tone configuration, both the
1035 nm and 1040 nm cases showed increased output, with the former showing appreciably more
power. The output power near SBS threshold of the single frequency 1065 nm signal was
approximately 130 W. This can be attributed to the steep thermal gradient developed at the output
end of the fiber due to the optical power transfer from the 1035 nm and into the 1065 nm light as
shown in Figure 35. Figure 41 provides the reflectivity as a function of the single-frequency signal
output when the broadband seed laser was set to a wavelength of 1035 nm for both thermal
configurations and also, for comparison, the reflectivity for the single-tone case. As can be inferred
from the plots, the SBS threshold was approximately 3.2 dB (x2) and 4.8 dB (x3) higher for the first

and second two-tone configurations, respectively.
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Figure 41. Reflectivity vs. 1065nm signal output power for monolithic amplifier in different thermal configurations :
single tone all on cold spool, 1035 nm two-tone all on cold spool, and 1035 nm two tone with 6 m on cold spool and 1 m

left to cool in air under ambient conditions (thus utilizing quantum defect heating).
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Figure 42. Comparison of output power in the single frequency 1065 nm channel versus launched power for single tone
and the two-tone thermal configuration utilizing quantum defect heating. The broadband seed for the latter operated at
1035 nm.

For the second configuration, the amplifier efficiency was approximately 74%. The increased slope
efficiency was mainly a result of the Limo pumps, which are optimized to tune to 976 nm at high
pump power. The signal at 1065 nm versus the launched pump power is shown in Figure 42 and
compared to the single-tone case.

As a final consideration we employed the use of hot and cold spools to further scale the
output power of this amplifier. As stated above, in this configuration we put 6 meters of gain fiber
on the cold spool and the last meter was wrapped around a hot spool fixed at 80° C. Experiments
were again performed considering 1040 nm and 1035 nm signals as the broadband seed. For the
former, high power output and high efficiency in the single frequency channel required a seed ratio
of roughly 50:1. Figure 43 shows the results of the amplifier operated with 4.5 W of 1040 nm seed
and 110 mW of 1065 nm seed. In this case, as much as 182 W of 1065 nm output power at 77%
slope efficiency was generated but no exponential turn in the power of the backward traveling light

was observed.

82



180
= 160} <40.08
S
1 Two-Tone
$ 401 Hot and Cold Plate
n? Slope Efficiency ~T7% P
s 120F A = 1040nm 40.08 £
=3 >
-] £
o 100 z
] @
[~
2 gof 0.04
7] ©
E Two-Tone
s sor Hot and Cold Plate
=] Reflectivity
- 40F %= 1040nm <40.02
4 %
m| __r/ﬂ 1
n -~ A L ' u
50 100 150 200 250

Launched Pump Power (W)

Figure 43. Output power as a function of launch power and reflectivity the for cold plate hot plate configuration with the
broadband seed operating at 1040 nm.

The measured unabsorbed power at the highest pump power was 8 W and 9 W in the 1040nm and
976nm signals, respectively. In addition, the spectral content of the backscattered light showed that
the Stokes peak was approximately 5 dB below the Rayleigh peak; further confirming that operation
below the SBS threshold. The forward spectrum indicated an amplified spontaneous emission
suppression of ~40 dB.

For the 1035 nm case, the optimal seed ratio was roughly 100:1. The difference in optimal
seed ratios between the 1035 nm and 1040 nm wavelengths can be attributed to the difference in the
absorption cross sections. Using the 1035 nm broadband seed at 5 W and the 1065 nm seed at 40
mW, the Limo pumps were pushed to the absolute limit of available power. The slope efficiency,
shown in Figure 44, was 80% with a maximum output of 203.5 W. The simulated results using Egs.
(4.1-4.13) for this fiber are also shown for comparison. In this case, the measured unused 1035 nm

and 976 nm light were 10.6 W and 11W, respectively and the ASE suppression was ~32 dB.
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Figure 44. Output power as a function of launch power and reflectivity the for cold plate hot plate configuration with the
broadband seed operating at 1035 nm. The theoretical results using the equations developed in Chapter 4 are shown for
comparison.

At the 203 W level, the reflectivity was linear with the signal power; indicating operation
below the SBS threshold. Figure 45 shows the spectral content of the backward light at different
output powers for the single-frequency signal. Note that at 203 W, the Stokes peak is only 3 dB
above the Rayleigh peak. Figure 46 further underscores that the system is operating under the SBS
threshold. In this case, the backward power vs. signal output power is shown along with the
simulated results using Eqs. (4.1-4.13). The experimental data shows a linear growth indicating
operation below the SBS threshold.

At this time, this power level is the highest reported in the literature for a monolithic Yb-doped PM
single-frequency amplifier. The estimated SBS threshold (based on the nonlinear turn of the
simulation) for this amplifier is approximately 220 W as shown in Figure 46. Moreover, it is
estimated that further power scaling to the 300 W at >70% efficiency can be achieved by reducing

the amplifier length to ~5 m and optimizing the length of fiber on the cold spool. A similar
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procedure should also provide a substantial power increase for the second configuration wherein

quantum defect heating was utilized.
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Figure 45. Spectral content of the backscattered light at various signal output powers for the hot plate cold plate

configuration.
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Figure 46. Reflectivity vs. signal output power for two-tone configuration with 1035 nm broad-band signal and hot and

cold plate. The numerical simulations of integration of Eqns. (4.1-4.13) are also shown for comparison.

54  SUMMARY
In conclusion, this chapter demonstrated experimentally, SBS mitigation through laser

competition between two signals in a monolithic co-pumped amplifier leading to output power >200
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W in the single-frequency channel. It was shown that this concept works in conjunction with both
intrinsic and external thermal gradients. In addition, numerical simulations of the fiber considered in
these experiments using the theory developed in Chapter 4 were found to be in excellent agreement
with the experimental results. These experiments represent the first demonstrations of SBS

suppression through laser gain competition.
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6 TIME DEPENDENT SBS WITH PHASE MODULATION
6.1 INTRODUCTION

In recent years, researchers have used phase modulation as a means of suppressing the SBS
process in optical fibers [49-51]. The general thinking is that the SBS process is suppressed due to
the spectral broadening of the pump. Recent demonstrations of a kW class amplifier with a measured
linewidth of 11 GHz only increased the SBS threshold by a factor of ~30 [52]. Previous works have
suggested that under specific conditions the SBS threshold should increase linearly with the ratio of
the pump spectral linewidth to the Brillouin gain bandwidth [53,54]. This means that for an 11 GHz
linewidth continous-wave (CW) pump and a spontaneous Brillouin linewidth ~60 MHz the SBS
threshold increase should be approaching a factor of 200; well above the suppression factor obtained
in the experimental work of Ref. [52]. The goal of this chapter is to reconcile this discrepancy and
characterize the SBS suppressing effects of phase modulation by solving the three-wave interaction
of the SBS process using a time-dependent model.

Time-dependent SBS was previously treated numerically in a passive fiber [13].
Furthermore, an analytical solution for the Stokes light in the long-time limit in the case of an un-
depleted pump has also been developed [13,55]. However, the study did not consider the effects of
phase modulation on the input pump field. The SBS process has also been examined in the Fourier
domain under phase modulated conditions [17]. This model assumes that the fiber length is long
L > 1km and the separation among optical modes is large Aw > 1MHz. With these assumptions, the
phase-mismatched terms arising from interactions among Stokes sidebands created from the phase

modulation may be neglected. In most fiber amplifiers the interaction length of the SBS process is,
(L < 10m) so these approximations are questionable. In this chapter, the time-dependent approach is

extended to study the effects of phase modulation with no assumption on fiber length or separation
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between optical sidebands. The geometric layout of a fiber and the three-wave interaction of the
SBS process is shown schematically in Figure 47. Here the pump field refers to the optical field
propagating in the forward direction, the acoustic field is a material wave that propagates in the
forward direction in the fiber, and the Stokes field is the optical field that propagates in the backward

direction as a result of scattering between the pump and acoustic field.

Pump

Acoustic Wave

Stokes

Figure 47. Three-wave interaction between optical pump, Stokes, and acoustic wave in an optical fiber.

6.2 THEORETICAL FRAMEWORK
In accordance with Ref. [13], the three-wave interaction, which describes the SBS process,

consists of two optical fields and an acoustic field. The optical fields are represented as time-

harmonic waves:

E=E (z.t)+E (2t (6.1)
E, =E (z,t)e™ ™ +cc. (6.2)
E, = E(z,t)e" ™" 4cc. (6.3)
p=p,+ [ o(z, t)ei(qz’m)] +CC. (6.4)

where E ,E, and j represent the pump, stokes, and acoustic fields respectively. k ,ksand g

represent the pump, stokes, and acoustic wave-vectors, where q =Kk, +K;. Likewise, @ ,®»sand Q
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represent the pump, stokes, and acoustic frequencies where Q =@, — s . Implicit in the fields given

in Egs. (6.2-6.4) is the assumption that the transverse variation of the fields may be neglected, which

is known to be highly accurate for single-mode optical fibers. The non-linear wave equation:

- n*0°E_ 1 &P
V’E-— = nl 6.5
c® ot*  g,c* ot 65)

describes the propagation of the optical fields in the medium where P, = Ve PE/ 47p, describes the
non-linear polarization associated with the SBS process and where y, represents the electrostrictive

constant of the medium. The acoustic field is described by the acoustic wave equation:

2~ ~
;—f—%vz%—vgvzﬁ=v-g+f (6.6)

where the driving force V - gis given by:

V-g :—%807/9V<E2> (6.7)

and we have introduced the phonon decay rate I'y =1/7,, where 7 is the phonon lifetime. Here, v,

denotes the velocity of sound in the medium and nis the optical index of refraction. The second
term on the right hand side of Eq. (6.6) initiates the SBS process and is described by a Langevin

noise source [13]:

<f (z,t) f *(z,t)> =Q5(z-2")5(t-t")

(6.8)
Q=KTp, IViA
Where Q describes the strength of the fluctuations. We express f as[13]:
f =—2i0f (z,t)e' ™™ +cc (6.9)
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Plugging Eq. (6.1) into Eq. (6.5), making the slowly varying envelope approximation, and keeping
only phase-matched source terms for the non-linear polarization yields the equations which describe

the evolution of the optical field amplitudes in the fiber:

c ok, N OE,  lwy,

= E 6.10
no ot 2ntpl s (6.10)

_ ¢ Ok +aES _ |a)27/e o
noz ot 2n°p,

E, 6.11)

wherew~w_~ . Phase modulation effects are including through the boundary and initial
conditions of the electric field at the input end of the fiber:

E (0,t) =EX"V

E (z>0,0)=0
Es(z,0)=E(L,t)=0
p(z,1<0)=p’

(6.12)

Where p' is the solution to Eq. (6.6) excluding the electrostrictive driving term and the second
order derivative, which is insignificant without the driving force. E_ and ¢(t) denote the input

electric field amplitude and phase modulation function, respectively. It should be noted that implicit
in the derivation of Eqns. (6.10-6.11) is the assumption that the higher order terms arising from the
second derivative of the non-linear polarization in the case of phase modulation are small.

Specifically, this is justified as long as @y, < @, where w,, is the modulation frequency.

Focusing now on the phonon equation, the phase-matched driving term of Eq. (6.7) for the

fields in Eqns. (6.2-6.3) is:

V-g=£,0"| EEe™ ¥ +cc] (6.13)
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Substitution of Eqns. (6.4), (6.9) and (6.13) into Eq. (6.6), keeping only the phase matched terms and
ignoring the spatial variation of the phonon field in the medium, the equation describing the

evolution of the acoustic disturbance is:
P 2 2 _ 2 * o
L +(T, —2|Q)§+(QB ~O -iQI, ) p= £,7,0°E, E; - 2i0f (6.14)

where the resonant acoustic frequency of the medium may be approximated as [1] :

Q; =2nv,o /c (6.15)
In the absence of external effects such as temperature variation, stress, fiber impurities, and other
sources of variation for the acoustic velocity, only acoustic frequencies at or near the resonant
frequency of the medium contribute significantly to the growth of the acoustic wave. Keeping this

in mind, Eq. (6.14) is solved at resonance Q =Q;:

2
aat_p"'(rs _ZiQB)%D_iQFszgoVquELE; —2iQ, f (6.16)

2

The second order derivative term in Eq. (6.16) is typically neglected since it is normally
insignificant compared to the other terms. However, this approximation can break down when the
modulation frequency becomes proportional to the acoustic frequency. Since the driving term on the

right-hand side of Eq. (6.16) is proportional to E, and the electric field carries a time-varying phase
it is natural to assume that the phonon amplitude also carries a time-varying phase. To that end,

when %0 o g, o< Qg the first and second order derivatives on the left-hand side of Eq. (6.16) can

2
become comparable: a—’fo(:(FB—ZiQB)a—p, and the higher order term should be included.
ot ot

Equations (6.10), (6.11), and (6.16) completely describe the three-wave interaction including the

effects of noise initiation.
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6.3 NUMERICAL APPROACH
Equations (6.10), (6.11) and (6.16) are solved numerically using the method of
characteristics. The characteristics for the laser, Stokes, and phonon fields are: dz/dt=c/n, —c/n

and 0 respectively. To that end, these equations at resonance take the form:

dE, .
=lopk 6.17

g oPEs (6.17)

dE, . .

9Es _ioh'E 6.18

a (©19

a d’p Ldp T, .

— +(a—i)—Z=—-i—L p=yE E!-if 6.19

r, dt? (c )dt 2 AR ©1

where y=5yq"/12Q,,a=T3/12Q,, T'y=ll7,, o= a))/e/anpO, and 7, is the phonon lifetime. As
noted earlier, the higher order derivative of Eq. (6.19) could be significant in the limit that the phase

modulation frequency ., approaches Q. In this work, modulation frequencies up to
wey =300, < Q are considered. To that end, the higher order term may be neglected in this

analysis. However, the accuracy of this approximation was checked numerically and it was
determined that the term played no significant role over the modulation frequencies investigated.
The system of equations is solved using the modified Euler method. In the discrete case, the
boundary and initial conditions take the form:

E (0,t;) = E%""

E (z >0,0)=0
E,(2,0)=E(L,t) =0

p(z;,t;<0) :pi',j

(6.20)

where
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pi‘,j = FRL] (621)

B

Here R, ; is a complex Gaussian random distribution function with zero mean and unit variance. The

spatial grid is determined from the characteristic Az = —At. The simulation time is taken over more
n

than 30 transit times of the fiber. In the discrete case, the amplitude of the noise term used in Eq.

(6.19) is given by:

Q
fii = \l Atz (6.22)

where i, j describe the grid points of intersection along the three characteristics in space and time,

respectively.
6.4 MODEL VALIDATION

In an effort to characterize the numerical stability and accuracy of the solver, Eqns. (6.17-
6.19 were solved using both the Euler and the modified Euler method. Since, for all practical

purposes, the Stokes and laser frequencies are equal, the quantity

<|E, o > - <|Egzo) >=c. (6.23)
which describes conservation of photons, should be constant [1]. Here the brackets indicate the time-
averaged power in the long time limit where I' ;# >>1. Figures 48 and 49 show a comparison of Eq.
(6.24) normalized to unity for both methods for different reflectivity using the parameters listed in
Table 2. For both techniques it is clear that in the low reflectivity limit Eq. (6.23) is conserved across
the fiber length. However, both methods indicate variation near the input end of the fiber where the

reflectivity is highest. The modified Euler technique has a maximum variation less than 1%

compared to a 6% variation using just the one-step Euler method. All results presented hereafter are
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done with the modified Euler technique. In addition, this study is concerned with SBS threshold

calculations (ie. R~1%) and as can be inferred from these figures both methods indicate

conservation of photons over the fiber length in this regime.

; <R> =0.001%
<R>=1%
& 0.98 <R>=9%
(%]
w
v
4 0.96
=)
L <R> =20%
0.94
0.92
0 1 2 3 4 5

Fiber Length (meters)

Figure 48. Normalized power difference along fiber length for different reflectivity using one-step Euler Method. (R)

defines the time-averaged reflectivity over several transit times in the long time-limit Tgt>>1.
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Figure 49. Normalized power difference along fiber length for different reflectivity using Modified Euler Method. (R)

defines the time-averaged reflectivity over several transit times in the long time-limit T'gt>>1.
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P, 2201 kg / m’ Ve | 5.9x10°m/s
@ | 177157 x10%rad /s | A 7.85x10 1 m?
7, 1.95 Q. | 10.1x10°rad /s
n 1.45 L 5m

T 300K <, 17.5ns

Table 2. Fiber simulation parameters. These parameters are based on approximate values for fused silica at room
temperature and a pump wavelength of 1064nm.

The accuracy of the numerical solver can be tested by comparing the SBS reflectivity to the analytic

approximation in the low-SBS gain limit for an un-modulated pump: [13]

2
(;/a) \ oL

R=| 278 1 2221 (G12)-1.(G /)], 6.24
kZpUncJ r ¢ ["( )~ 4 )] ( )

whereG=g,IL, I = 2neoc|EL|2 , and Lis the fiber length. Additionally, g  describes the SBS gain

factor:
2 .2
Ve®
g = 7/} nc3j X (6.26)

Figure 50 shows the results of this comparison for the fiber parameters listed in Table 2 using a

spatial grid of 100 points. It is clear from the figure that in the limit where single-pass SBS gain is
small (G < 20), there is excellent agreement between the analytic approximation and the numerical

integration of the coupled system. For the numerical solution, logarithmic growth is observed in the
reflectivity over the entire gain range and there is a strong departure from the undepleted pump

approximation near G ~ 25 which is in good agreement with previous results. [13]
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Figure 50. Comparison between analytic reflectivity of Eqn. (6.24) for undepleted pump and numerical integration of

the equations using a distributing fluctuating noise source. The reflectivity in the case of the numerical integration is
averaged over several transit times in the long time limit Izt >>1. The analytic solution shows a strong exponential

growth near G~25 while the numerical integration shows logarithmic growth over the entire range. These results are in

excellent agreement with those discussed in previous works. [13]

Another useful comparison to measure the accuracy of the discrete noise term and the
numerical integration is to compare the full width at half maximum (FWHM) of the output stokes

radiation to the analytic, undepleted approximation: [13]

_8mpo +D| [ Gri2? )

et | Zp)

In Figure 51 the normalized (FWHM=Aw/T") is compared to the results of the numerical

S(w) (6.27)

integration using Eq. (6.27). In the case of the numerical routine, the (FWHM) is computed using the
power spectral density of the stokes radiation atz=0. It is evident from the figure that in the low
SBS gain limit there is good agreement with Eq. (6.27) and a departure from the analytic
approximation as the single-pass SBS gain is increased. This is to be expected since Eq. (6.27) is

only valid for an undepleted pump. It should also be noted that the numerical integration is able to
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resolve the spontaneous Brillouin linewidth I',in the case of low SBS gain, and shows that the

Stokes radiation exhibits considerable narrowing as the single-pass gain increases. This is in

excellent agreement with previous results for a passive fiber. [13]

distributed fluctuating source
(numerical integration)

analytic approximation
(undepleted pump)

0 20 40 60
single-pass gain G

Figure 51. Comparison between analytic linewidth for undepleted pump shown in Eqn. (6.27) and numerical integration
of the equations using a distributed fluctuating noise source. The normalized (FWHM= Aw/T ) of the Stokes radiation is
computed using the power spectral density of the Stokes field at z=0. The analytic solution shows a strong departure
from the numerical solution as the single-pass SBS gain is increased. We also observe an asymptotic convergence of the

line-width in the numerical solution. These results are in excellent agreement with those discussed in. [13]

6.5 PHASE MODULATION SCHEMES AND SBS THRESHOLD EFFECTS
6.5.1 SINGLE-SINUSOIDAL MODULATION

In this section the SBS suppression of a pump field phase-modulated with a single-frequency
sinusoidal modulation function with modulation amplitude y and modulation frequency @, is
explored. The modulation function is given by
o(t) = ysin(wg,t) (6.28)
Eqns. (6.17-6.19) are integrated for various combinations of phase modulation amplitudes and

frequencies in order to characterize the SBS threshold. In all cases, the SBS threshold is defined as
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the input field power for which the time-averaged reflectivity over several transit times, where the
transit time is given by 7., =nL/c, is ~1%.

In order to capture the effects of phase modulation, a temporal grid whose grid spacing is
At=0.0125x 27/ w,,, or At= 7, /50is employed, where the lesser of the two values is chosen.
The latter restriction is imposed to capture the time scale of the phonon lifetime and was also

verified by studying the convergence of the modified Euler technique for the unmodulated case. In

addition, the total simulation time encapsulated at least 20 transit times of the fiber length,
AtN, =207 . The SBS threshold enhancement normalized to the un-modulated threshold is shown
in Figure 52 for various combinations of y and @,,, using the parameters shown in Table 2. The x-
axis in the figure is normalized to the spontaneous Brillouin linewidth Av, =T"_ / 27. Also shown in

this figure is the analytic solution provided in Ref. [17] using formulism in the frequency domain. In

this limit the Stokes modes resulting from the phase modulation of the optical field act

independently (AVFM >> AVB) the SBS threshold should be determined by the highest amplitude

Stokes band. To that end the SBS gain is [17]:

© l(w)dw g, 1L

Oeit = gO(rB /2)L ] (@) 5 = 12 L/2 (6.29)
0T, 12f +(@-0,-9,)2 e

where @=w,__is the frequency corresponding to the maximum intensity I/ and

9, =722 | pnc’v [ is the small-signal SBS gain. Since the gain is linearly proportional to the

SBS threshold, in the large separation limit the expected threshold increase is:

th th § max 2
I d e ()

n,max

(6.30)
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where P’ is the SBS threshold of the unmodulated field, Iﬁis the total intensity of the input field,

th

and J () is the the Bessel function of the 1* kind which describes the amplitude of the sideband

n,max

with the maximum value.

_ Timé-Dependeﬁt Model
_ _ Theoretical Approximation Y=x
4.5+ & °

ry ». V. A y v

Enhancement Factor

0 5 10 15 20 25

Figure 52. Results of SBS threshold enhancement factor vs. modulation frequency vgy =wgy /27 for various modulation

amplitudes. As expected, the results indicate asymptotic convergence to the theoretical approximation of Eq. (6.30) in
the large modulation frequency limit where the separation between optical modes is large compared to the spontaneous

Brillouin linewidth.

When considering modulation frequencies within the Brillouin line width @, /T <<1
little enhancement is expected regardless of modulation amplitude due to a large degree of overlap
between the SBS spectra in the sidebands. We see from Figure 52 that the expected enhancement in

this regime is minimal for all modulation amplitudes. For the range of modulation frequencies

05, < @, <5I'; the SBS threshold increases with modulation frequency. This regime also
describes the transition from strong to weak overlap among the SBS in the optical sidebands. When

considering even larger modulation frequencies: @,,, >5I", additional enhancement in SBS

suppression is minimal since in this regime the Brillouin gain overlap among the Stokes sidebands is
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very small. As expected, in the large modulation frequency limit, the threshold enhancement
approaches the approximation of Eq. (6.30).

Qualitatively, this can be seen by comparing the SBS spectra near SBS threshold at
y =1435for w_, =2I'; and o, =200",. The power spectral density of the optical and Stokes

fields for these two cases are shown in Figure 53. For simplicity, the spectra are normalized about
their respective DC components. In this case, the optical pump spectrum contains three equal

amplitude lines. If overlap is present, the two inner sidebands will feed the central Stokes and so for

the case w,,, = 21" the central Stokes is higher than the two inner bands by 12dB. On the contrary,

in the case where the pump bands are separated by @, =20I" the overlap is minimal and the

Stokes spectrum closely resembles that of the pump with three equal intensity sidebands. In this case

the difference is less than 1.5 dB.

40

Pump
20| we— Stokes

Power (dBm)
o

Power (dBm)

v/vFM

Figure 53. Results of the power spectral density (PSD) of the pump and Stokes fields near SBS threshold for the case
y=1.435. with gy =2Ig (upper) and gy =20T"g (lower) . Both curves are normalized about their respective DC
components. The results clearly show that in the small modulation regime interactions among the various sidebands tend
to feed the central DC term leading to a higher central Stokes mode. When the modulation frequency is large the Stokes

spectrum closely follows that of the pump with three approximately equal side bands.
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6.5.2 WHITE-NOISE MODULATION

One way to broaden the linewidth of a laser is through white-noise modulation [56]. A
schematic of this technique is shown in Figure 54. A white-noise source (WNS) is sent through a
filter with a pass band control mechanism to shape the bandwidth of the RF driving signal. The
amplified RF signal drives an electro-optic modulator (EOM) which increases the laser linewidth
producing a broadband CW output whose linewidth may be controlled by the pass band filter and the
gain of the RF amplifier. In order to model the effects of phase modulation with the white-noise
modulation scheme shown in Figure 54, we must construct the boundary and initial conditions

shown in Eq. (6.20).

(e }2

WHS  |PASSBAND v EF amplifier
CONTROL

IMPEDANCE
MATCHING
[
N
Vv NN\
natrow-linewidth source Broad-Band Qutput
Phasze Modulator

Figure 54. Schematic of white-noise driven phase modulation to broaden and control the linewidth of a laser source. A
white noise source is sent through a filter and pass band control to shape the bandwidth of the RF driving signal. The
filtered response is amplified and set to match the impedance of the electro-optic modulation (EOM). When the EOM is

driven with the noise-filtered signal the laser linewidth is broadened. [56]

In this case, the initial WNS is assumed to be delta correlated in the sense that:

{p.(09,(t)) = 7,0, 0t 1)

(6.31)
{p,))=0
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where y, describes the small-signal modulation depth and the RF signal has a finite bandwidth of 10

GHz. To shape the spectrum into a Lorentzian with full-width half maximum (FWHM) Av_ . in

the range [0-10] GHz the RF signal is convoluted with a Sinc function:

@, (t) = @, (t) ® Sinc(Av (6.32)

FWHMt) :
In Fourier space, this is equivalent to passing the RF signal through a band-pass filter of width

AV, - Next, one determines the appropriate RF gain G__needed to appropriately create a

Lorentzian lineshape such that:

P(t) =G, (1) (6.33)
and
E (@)= S{ £%!¢(0) } (6.34)

~

where 3 represents the Fourier transform. Numerically, this is done by computing the discrete

Fourier transform (DFT) of E (t) for various G._ until a suitable fit to a Lorentzian lineshape with

AV, 18 achieved. To this end, a root-solving technique with the merit function being the FWHM

of the resultant Lorentzian lineshape was employed. In all cases the FWHM of the resultant

lineshape was within 1% of Av A suitable temporal grid is chosen such the smallest time step

FWHM *

determined by the following set of constraints is chosen: At= rp/50, AN, > 207, and

RT >

FWHM

At <1/ (2 x 10A ) The latter requirement is made to satisfy the Nyquist-Shannon sampling

theorem for a maximum frequency of 10 times the linewidth of the pump. In these cases, the fiber
parameters are the same as those listed in Table 2 with the exception that the fiber length is varied

and the fiber area was changed to incorporate a (25/400)um large-mode area (LMA) fiber. Figure
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55 shows the SBS enhancement vs. the normalized pump linewidth Av / Av, for several

FWHM
different fiber lengths. Here the enhancement is normalized to the unmodulated case for each fiber
length. Substitution of a Lorentzian lineshape into the analytic approximation of Eq. (6.29) and

evaluating at line center gives an expected threshold enhancement of:

([ AV )
P =P’ L1+ %} , (6.35)

" B
which is also plotted in the figure for reference.

From Figure 55 it is clear that in the limit where the fiber length becomes large the expected
enhancement factor closely resembles that of Eq. (6.35), but in short fibers the enhancement factor is
much lower. Furthermore, Figure 56 shows that the slope of the enhancement relative to the pump
linewidth increases for larger fiber lengths and approaches unity for long fibers also in agreement
with Eq. (6.35). The discrepancy at short fiber lengths is attributed to interactions among Stokes
frequencies. Eq. (6.35) is often used as the basis for estimating the SBS threshold in fiber amplifiers
possessing a broad linewidth. Recent results of a kW class amplifier whose linewidth was broadened
using a WNS contradict Eq. (6.35). [31] Figure 57 shows the experimental results of Ref. [31] along
with the prediction using Eq. (6.35). It is clear that Eq. (6.35) overestimates the SBS threshold in
fiber amplifiers. This discrepancy is not surprising given that Eq. (6.35) is derived using Eq. (6.29)

which was formulated in the Fourier domain under the assumption that the longitudinal mode

spacing was large (Av > 1OMHZ) and the fiber was long (L > lkm) [17]
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Figure 55. Normalized enhancement factor vs. normalized pump linewidth for fiber lengths ranging from 2m-85m. As

the fiber length is increased the enhancement factor closely resembles Eq. (6.35).
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Figure 56. Normalized slope vs. fiber length. For long fiber lengths the slope approaches unity in agreement with Eq.
(6.35).
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Figure 57. Experimental data of SBS threshold vs. seed linewidth using Ref [31]. The SBS threshold predicted from Eq.
(6.35) is also shown and clearly indicates a severe discrepancy with the experimental data.

Under the aforementioned approximations, the phase-mismatched terms describing the interactions
of the longitudinal Stokes modes created from the phase modulation may be ignored and Eq. (6.35)
would predict the correct SBS threshold. However, in short fibers these interactions are important
and cannot be neglected. Furthermore, for a WNS the longitudinal mode spacing of the Stokes
frequencies is ill-defined since the resultant power spectral density (PSD) is a continuous
distribution of frequencies. In this case, the cross-diagonal terms neglected in the derivation of Eq.
(6.29) and SBS gain interactions among the Stokes frequencies are responsible for a reduction in the
threshold enhancement with respect to that predicted by Eq. (6.29). The reduction as a function of
length is clearly evident in the results shown in Figures 55 and 56. Thus, the time-dependent
approach is well suited for describing the SBS threshold enhancement due to phase modulation in
fiber amplifiers since the time-dependent equations encapsulate cross-interactions among the Stokes

frequencies and thus the temporal approach is not limited to long fibers.

6.6 SUMMARY
In summary, a time-dependent model was developed to study the effects of phase modulation

on stimulated Brillouin scattering. Two phase modulation schemes were examined: a single-
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sinusoidal modulation and a WNS modulation. It was shown that, in the case of a single-sinusoidal
phase modulated pump, the SBS threshold increases with modulation amplitude. Furthermore, for
large modulation frequencies the threshold is uniquely determined by the largest amplitude sideband
and closely follows Eq. (6.30). The SBS process was also examined for a pump phase modulated
using a WNS to broaden the linewidth. The SBS threshold vs. pump linewidth was characterized for
several fiber lengths. Here, it was determined that the expected SBS threshold enhancement is
dependent on the length of fiber, and only in the long fiber limit, follows the often quoted threshold
enhancement of Eq. (6.35). A theoretical explanation for this discrepancy was provided that showed
how the approximations used to derive Eq. (6.29) break down for fiber amplifiers when the fiber
length is short (and/or) the longitudinal mode spacing is small. The discrepancy was resolved using a
time-dependent approach which clearly showed that the SBS threshold depends on the longitudinal

mode spacing created from the phase modulation scheme and the fiber length.
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7 CONCLUSION
7.1 SUMMARY

This dissertation addressed several aspects of the SBS process in fiber amplifiers seeded with
multiple signals and when a single seed is phase modulated. Throughout this investigation detailed
models of the SBS process were developed in both the stead-state and transient regimes. In the first
theoretical study, multiple signals with frequencies separated at twice the Brillouin shift were input
into the fiber amplifier. For this case, non-linear coupling between the signals and Stokes fields is
created such that the SBS gain is reduced in the highest frequency seed leading to an enhancement
of the SBS threshold that scales linearly with the number of input seeds. Analytic expressions
describing the optimal seed ratios to achieve maximal SBS suppression were developed and
compared well with previous experiments [7] and numerical simulations. In addition, FWM was
characterized for this novel technique and found to be significant; making this concept impractical
for applications requiring single-frequency output.

Next, a novel concept was developed that suppresses the SBS process through laser gain
competition among multiple signals in a fiber amplifier. For this case, the frequency separation
between the amplifier seeds was on the order of nm or greater. It was shown that for this case,
FWM effects were negligible up to 100’s of watts of output power and in addition could be
completely ignored for wavelength separations AA>4nm while simultaneously providing an SBS
threshold increase of twice that of the single-tone case. In addition, thermal aspects of this concept
were also explored theoretically and it was found that, for specific wavelength separations, a large
thermal gradient develops near the output end of the fiber due quantum defect heating which further
increases the SBS suppression. In this case, the SBS threshold was increased up to a factor of 5

relative to the same amplifier seeded with only one seed.
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To demonstrate the concept experimentally several tests were carried out in Yb doped fibers

for the case of an amplifier seeded simultaneously with a broad-band (A/1~.1nm) and single-

frequency (Av < IOOKHZ) laser. In the lower power demonstrations over 6 W of single-frequency

output was obtained resulting in an SBS threshold increase of 1.7. In this case, the result was pump
limited. Several high power experiments were also conducted with various thermal configurations.
In one case a portion of the output fiber was cooled in ambient conditions to experimentally verify
the theoretical prediction that this technique would form an intrinsic thermal gradient due to
quantum defect heating thus increasing the SBS threshold beyond a factor of 2. In this configuration
over 120 W of single-frequency light was generated demonstrating an SBS threshold enhancement
of 3.3 times the single tone case. In the highest power result, a 203 W fiber amplifier was
constructed by employing this two-tone concept in conjunction with an externally applied thermal
gradient yielding the highest reported output power of a co-pumped Yb doped, PM single-frequency
amplifier.

Finally, a detailed theoretical investigation of the SBS process in an optical fiber with a
phase modulated signal was explored. A theoretical framework was developed that represents
transient effects of the SBS process in both gain and passive fibers under phase modulated pump
conditions. Using this model, the SBS threshold was characterized for both a single-sinusoidal phase
modulation function and one generated by a WNS. In the former it was concluded that the SBS
threshold closely resembles the analytic approximation of [17] in the case of large modulation
frequency but fails when the modulation frequency is smaller than the spontaneous Brillouin

linewidth. For the latter, it was shown that the analytic approximation of [53] fails to accurately
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predict the SBS threshold for short fibers and that the SBS threshold enhancement of a broad-band
pump depends strongly on the length of fiber.
7.2 SUGGESTIONS FOR FUTURE WORK

Several concepts could be explored which build and expand on the ideas presented in this
dissertation. First, concepts, which address the FWM problems inherent in the SBS mitigation
concept of mutli-tone seeding at twice the Brillouin shift, could be investigated. One possible
solution would be to employ the concept in a highly dispersive optical fiber which would reduce
phase matching of the FWM sidebands. Additionally, one could study the suppression of FWM in
specialty fibers such as photonic-band gap fibers which could be manufactured to create frequency
selective guiding. Second, one could investigate using the SBS suppressing concept of laser gain
competition in conjunction with other SBS suppressive techniques. In this work, only combined SBS
suppression with a thermal gradient was explored. Some other techniques to mitigate SBS include
acoustic tailoring of the fiber core, phase modulation of the single-frequency seed, and application of
stress to the fiber surface. The combination some or all of these concepts in conjunction with laser
gain competition could allow for further power scaling in fiber amplifiers. Finally, the time-
dependent model of the SBS process could be used to characterize the SBS threshold for several
phase modulation schemes not discussed in this work such as sawtooth, square-wave and random bit
sequences. A comparative study of the different schemes could be useful in determining the
optimal modulation scheme for maximum SBS suppression with minimal linewidth broadening. In
addition, other nonlinear effects such as FWM and laser gain could be incorporated into this model

to further study how these effects interact with phase modulation to determine the SBS threshold.
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