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Amplifiers

by

Michael Wayne Zmuda
B.S., Physics, Cal Poly, 1987
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ABSTRACT

This dissertation develops a model for numerical analysis of stimulated Brillouin
scattering (SBS) effects and the development of suppression techniques for the
realization of increased output power levels for high power ytterbium-doped dual clad
fiber amplifiers. The overall objective of this effort is to develop and validate a predictive
model to assist in the determination of the most effective techniques for increasing SBS
thresholds within ytterbium-doped fiber amplifiers in order to realize increased power
output. The goal is to demonstrate an increase in SBS threshold that would increase the
output power potential in ytterbium-doped fiber amplifiers by at least an order of
magnitude. The approach determines the effect of changing the acoustic properties of

fiber cores on the Brillouin frequencies and the effects of various signal modulation

Vil



schemes on active ytterbium-doped fiber amplifiers. In addition, temperature effects and
temperature differentials within the fibers are predicted and measured, both with passive
and active fibers. Brillouin center frequency responses of various germanium dopant
concentrations within the cores, as well as the effects of fiber segment combinations are
measured in the lab. The effects of various phase modulation schemes of the signal are
predicted and measured for passive fibers. Results from these measurements are used to
validate and adjust the model accordingly. Finally, the manufacturability of relevant
characteristics required to achieve such SBS suppression is evaluated, identifying
constraints and limitations for utilization of low cost fabrication techniques. The final
model, validated and adjusted with empirical results, supports the suppression of SBS in

standard ytterbium-doped fiber amplifiers by over a decade.
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1 INTRODUCTION

11 MOTIVATION

The desire to develop high power lasers has been a goal by both private industry
and the United States military for over three decades. Although the first high power
lasers were based on chemical laser concepts, solid state and fiber lasers have many
advantages and potential benefits over chemical lasers; advantages that include size,
weight, and preferable pumping mechanisms. High power (>100kW) applications
requiring transmission through the atmosphere at long distances (>3km), however,
require exceptional beam quality (M?<1.5). The most promising high power fiber laser
approaches to achieve these high powers with exceptional beam quality are based on
coherent beam combining (CBC) of multiple fiber amplifiers. Due to the nature of CBC,
each fiber must be single mode with a very narrow linewidth (<100MHz). In addition,
the number of fibers to be combined is finite, so that each fiber must reach high power
with a very narrow linewidth. There are several barriers, however, that must be
overcome before such benefits can be realized; such barriers include nonlinear effects
that limit single fiber amplifier and laser output power. Stimulated Brillouin scattering
(SBS) is the dominant nonlinear effect that limits such single fiber high power outputs.
Overcoming SBS limits on a single, narrow linewidth, fiber amplifier output power will
provide the ability to achieve the >100kW power levels through CBC approaches.

1.2 OVERVIEW

Advanced laser concepts utilizing fiber amplifiers and fiber lasers are limited in
power output by SBS thresholds. A high intensity laser source can create an acoustic

wave in the fiber through the process of electrostriction[1]. This acoustic wave will then



create refractive index variations within the fiber which in-turn scatter the source light
through Bragg diffraction[2]. The scattered light will be Doppler downshifted in
frequency by the index grating which is moving at the acoustic velocity. The scattered,

or Stokes, wave will beat with the incident pump giving rise to additional acoustic waves.

Incident Soui

Reflected Stokes

Figure 1: SBS in snleme fibers
This non-linear self-feeding mechanism is limited by the incident source power.

As the incident source power is increased, it will reach a threshold in which
additional output power will be converted into the backward scattered Stokes wave. We
define the SBS threshold as the point where the Stokes power reaches 1.0% of the
incident power. As the incident power increases, the first order Stokes power increases
rapidly until a second order Stokes wave in the opposite direction causes the first order
Stokes power to reach threshold. The output power of the fiber will then begin to
increase because of the addition of the second order Stokes wave to the transmitted
source power. Thus, increasing the incident source power will continue to increase both
the forward and backward signals as multiple Stokes waves in both directions reach
threshold. The problem, however, is that there will be multiple output frequencies,

downshifted both multiples of two of a signal downshifted Stokes wave.
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Figure 2: SBS power threshold
It has been shown that SBS threshold depends on several factors, including the spectral
width of the pump wave, the length of the fiber, temperature, and fiber core diameter
[1-24]. Changing the germanium dopant concentration of single mode fibers and
cascading them together has demonstrated the ability to decrease the SBS threshold[25].
Phase modulation of the pump signal has been shown to decrease SBS threshold as well
as the effective SBS gain by changing the phase of the pump wave E-field, thus
increasing the effective pump wave spectral width [26-28].

Figure 3 shows a brief history of published fiber laser and amplifier systems over
the past several years through January, 2007. It demonstrates the remarkable
improvement in the output power of a single mode beam. The red line represents
commercial single mode, large linewidth, product development while the blue, green, and

dashed orange lines indicate progress in laboratory demonstrations.
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Figure 3: History of fiber laser developments

The highest reported power from a very narrow linewidth fiber amplifier (<150
MHZz) is approximately 500 W [29]. The fiber used was an Yb-doped conventional large
mode area (LMA) double clad fiber. LMA fibers are, however, generally limited in
practice to less than 30 um in core diameter for single mode operation[30]. Furthermore,
due to the low numerical aperture (NA) of these fibers, it is difficult to achieve high Yb-
dopant levels that can lead to a reduction in fiber length as Yb is an index-increasing
dopant.

Methods such as the introduction of a thermal gradient in an end-pumped optical
fiber have been implemented and were successful in increasing the power available from
narrow linewidth fiber amplifiers from less than 100 W to the current 500 W [5]. In 2007,

an acoustic mode suppressive design fiber has been pushed by Corning to the high power



regime (~500 W) [31, 32]. The Corning method is based on the reduction of the overlap
between the optical and acoustic modes supported by the waveguide. Additional
experimental demonstrations of acoustic mode suppressive designs have since been
performed without significant increase in power output[32-35]. Finally, Nilsson et al.,
reported at the 2009 Photonics West conference in San Jose, California, that their team
recently achieved over 1.5 kW for a single fiber through an unknown (not cleared for
public release) method or combination of techniques[36]. The linewidth, however, was
>300 MHz with an M?> 1.6-not suitable for current coherent beam combining desired for
high power applications (>100 kW).

Recent commercial developments include 410 W, single frequency, and high
beam quality for a fiber amplifier made by IPG Photonics, as well as a 6.0 kW single
mode, large linewidth (~THz), with low M? beam quality (<1.1)[37]. Corning also
recently achieved near 1.0 kW large linewidth with their SBS suppressive fiber[38].
Many of these output power improvements were made possible with the use of large fiber
core diameters[38]. Low numerical apertures and other concepts such as bend loss were
used to maintain high beam quality in the laser output. Unfortunately, it becomes
increasingly difficult to maintain high beam quality as the core size grows, as
demonstrated by the M? value of ~4.0 for the aforementioned Corning fiber. In addition,
bending decreases the mode area as a result of the deformation of the mode field
distribution[38, 39].

Although it would be convenient to bundle multiple fibers together to achieve the
required power of tens of kilowatts, power is not the only measure of how useful a laser

system can be. If it were, then beam quality would not be a factor limiting the core size



of our fiber laser systems. Brightness is a more robust measurement that incorporates not
only the power, but also the beam quality. For this reason, SBS mitigation techniques
must incorporate the ability to ensure fiber power scaling through coherent beam
combination, not just single fiber output power.

The goal of this dissertation is to develop and validate a predictive model to assist
in the identification of the most promising techniques for increasing SBS thresholds
within ytterbium-doped fiber amplifiers in order to realize increased power output by at
least an order of magnitude. The approach is to determine the effect of Ge-dopant
concentrations on Brillouin frequencies and the effects of various signal modulation
techniques on active ytterbium-doped fiber amplifiers. Brillouin frequencies of various
Ge-dopant concentrations as well the effects of fiber segment combinations will be
measured in the lab. In addition, the effects of various modulated signals and modulation
schemes will be measured. Results from these measurements will be used to develop
validated models. Results from these models will be used to determine the most
effective way to combine fibers of differing Ge-dopant concentrations and with various
signal modulation schemes. Model predictions will be validated empirically.

1.3 UNIQUENESS OF RESEARCH

This research develops a model utilizing standard fiber manufacturing techniques
currently available, along with inherent characteristics of fiber amplifiers, and current
approaches to beam combining to realize a cost effective, repeatable solution.
Specifically, this research: 1) develops a design model utilizing current low-cost
manufacturing capabilities; 2) acquires accurate SBS responses utilizing a novel approach

for measuring temperature, core density, and phase modulation variations, including



linewidths, line shapes, and peak frequency; 3) acquires first ever direct measurement of
SBS line shape in a thermal gradient for active ytterbium-doped dual clad fibers; 4)
includes a truly iterative model development through sequentially more complex
experimental configurations and results; 5) develops first ever design of cascading Dual
Clad Fibers for increasing SBS threshold; 6) develops first ever thermal model for double
clad fiber structure; and 7) identifies technique for adjusting thermal gradient along fiber
to minimize SBS.

14 DOCUMENT ORGANIZATION

This dissertation is organized in the same order as the model development.
Initially, the background and theory is presented in a manner to support initial model
development. Based on this information, initial assumptions, limitations, and approaches
are identified and used for the model. Specifically, the effects of phase modulation,
density differentials, and temperature effects are developed. Next, passive fiber
selection, rationale, and constraints, followed by the experimental set-up and results are
presented. Experiments are utilized to determine effects of Stokes center frequency shift,
linewidth, and shape as a result of temperature, density, and phase modulation of input
signal. Information from these results is then utilized to adjust or validate the model.
The selection, constraints, and specifications for the active dual cladding ytterbium doped
fiber amplifiers are then presented. Phase modulation is not included in this portion of
the development. Experimental set-ups for evaluating thermal gradients and density
variations are presented followed by the associated results. Based on these results, final
theoretical model adjustments are made in order to predict the combination of techniques

and manufacturing capabilities required to increase SBS threshold by over a decade for a



single dual clad fiber amplifier utilizing standard manufacturing techniques. A summary
of the results with recommendations and limitations for future research and made in the

final chapter.



2  THEORY, ASSUMPTIONS, AND MODEL DEVELOPMENT

2.1 FIBER AMPLIFIERS

In order to understand and model the effects of SBS within fiber amplifiers, a
basic understanding of the fiber amplifier must be reached. Fiber amplifiers utilize rare
earth ions within optical glass fibers as a gain medium. Such rare earth ions include
erbium, neodymium, praseodymium, thulium, and ytterbium. Optical fibers were first
used and demonstrated in the early 1960s to reduce the required pump power for gain in
glass amplifiers by Snitzer [7]. It wasn’t until the 1980s, however, until the optical
communications industry demand generated a greater need for fiber amplifier
applications. With the growing capacity of higher power pump diodes, the incentives of
the communications industry, and supportability and fabrication technologies associated
with silica based fiber, methods for fabricating rare earth doped silica-based fibers have
continued to develop [8].

Operation of these fiber amplifiers is relatively simple. The active dopant - rare
earth ion - is pumped utilizing high power laser diodes. The pump light propagates
through the fiber, continually pumping the rare earth ions through the length of the fiber.
A second laser source at a larger wavelength will be amplified through stimulated
emission as it propagates the length of the fiber. As a result of the relatively long length
of the fiber, almost all the pump source can be absorbed, providing a high gain to the
signal. The figure below is a depiction of a simple erbium doped fiber amplifier,
including two pigtailed optical isolators to mitigate damage from reflections, as well as

being both co-pumped and counter-pumped:
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Figure 4: Erbium doped fiber amplifier, pumped at 980 nm and operating at
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1064 nm [40]

Although initial pumping schemes co-utilized the fiber core for pumping, more
recent designs include a double clad structure to increase pump power insertion. In this
design, the signal propagates through a single mode core while the pump propagates
through a larger multimode pump guide, as well as the core, surrounded by a second clad.
The core contains the active medium. The pump is launched into the cladding at either or
both of the fiber ends and propagates in a “zig-zag” pattern through the doped core. The
first clad utilizes a large numerical aperture of ~0.46 to provide a broad acceptance angle
to couple the lower brightness pump laser diode source. In order to relax this high
numerical aperture value, higher brightness laser diodes will need to be developed.
Typically, the core has a much smaller numerical aperture to maintain single mode
operation, ~0.06 — 0.16. The ratio of the clad to core diameter is proportional to the
amount of pump introduced into the core. By reducing this ratio while increasing rare
earth dopant concentrations, shorter fiber amplifier lengths will be permitted. The

following is a depiction of a dual clad configuration and operation:

10
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Figure 5: Dual clad fiber example using D-clad configuration [40]
To avoid skew angle propagation of the pump, thus missing the core, various first

cladding configurations have been used, including the following:

L] . . L] [
centered core off-centered core D-shaped elliptical rectangular
inner cladding inner cladding inner cladding

Figure 6: Dual clad configurations [40]

Nufern has created their version of a dual clad fiber amplifier configuration
utilizing an octagonal cladding architecture, surrounded by a second cladding material
with excellent thermal insulating properties. There are still other dual clad designs being
developed, including photonic crystal fibers (PCF). PCF use air holes within the
cladding to permit greater numerical aperture values and aide in keeping pump light away
from the protective polymer coating on the surface.

For higher gain fiber amplifiers, resulting in higher power signal output, the rare
earth dopant must be increased. There are limits, however, on the ability of increasing
such concentrations. In order to increase the solubility of the rare earth ions, other

dopants are added to the glass host composition [41]. When the host glass composition
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utilizes such elements as germanium or phosphorus to raise the index of the core,
aluminum oxide is typically used to increase the rare earth ion solubility [41]. These
additions, however, are limited due to the effects on fluorescence lifetime, absorption,
emission, and excited state absorption cross sections of the dopant transitions [41]. For
this reason, typical rare earth concentrations are currently limited to about 2% [41].

For many of the rare earth ions used in fiber amplifiers, an effective three level
energy transition scheme is used. Standard rate equations using absorption and emission
cross sections can be used to determine effective power gains for the propagating signal.
ytterbium, however, can be reduced to a simplified two energy level transition.

There are also nonradiative transitions for all rare earth ions. Nonradiative
transitions result in an increase of temperature within the fiber core. However, because
of the thermal conductivity of the glass, heat escapes the fiber without significant
increase in temperature for lower pump power operation. For higher pump powers, the
thermal differential along the fiber length could be hundreds of degrees.

2.2 SPECIAL PROPERTIES OF YTTERBIUM-DOPED GAIN MEDIA

Ytterbium is perhaps the best suited rare earth ion for fiber amplifiers for many
reasons. First and foremost, ytterbium has an extraordinarily wide absorption and
fluorescence bands [41-43]. Figure 7 shows this wide range through the cross sections of

both absorption and emission:

12



258 F

cross sections {(pm~2)
=
n

300 350 1000 1050 1100
wavelength {nm)
Figure 7: Effective absorption and emission cross sections of Yb**-doped
germanosilicate glass [40]

The wide range in absorption wavelengths, from ~850 nm to 1070 nm, permits
Yb-doped fiber amplifiers to be pumped with several types of lasers and laser diodes, as
well as permitting various pumping schemes. Also, the wide range of amplification,
~970 nm to 1200 nm, permits wavelength tuning to support many unique applications or
the pumping of other lasers operating in the “eye-safe” region of 2.0-5.0 um. In addition,
the extremely high absorption and emission cross sections permit high output power and
excellent power conversion efficiency [44]. These are typically higher than other rare
earth ions, thus permitting strong pump absorption resulting in shorter fiber amplifier
lengths [41].

Now, the energy level diagram for Yb®" is extremely simple, having only two

relevant states-a ground state manifold (°F7,) and only one excited state, a metastable

state manifold (°Fs;,). Other levels are outside our concern within the ultraviolent regime
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[41]. Pumping and amplification occur between the four ground state sublevels, i-l, and

three excited state sublevels, a-c, as depicted below:

c 11 630 cmr!
b—; 10 870 cm!
a 10 240 cm!
10 000~ t
5
920 nm 1069 nm
. 1032 nm
nm
2000~
1020 nm
Fuy 077
1 — v 865 cmr!
K. Y 530 cmr!
] 425 cm!
o i ¥ ond

Figure 8: Energy level diagram of Yb*" in silica[43]

Also, the upper-state lifetimes are relatively long-typically ~1.0-2.0 ms, the
quantum defect small, and an electronic structure that excludes excited state absorption,
all contributing to high power efficiencies [42]. Finally, slope efficiencies or Yb-doped
dual clad fibers have been reported as high as 75% by Nufern, compared with 40% for
Er-Yb doped amplifiers.

For the fiber amplifier system used for this dissertation, the pump transition, 977
nm, is from the “i” sublevel in the %F7, manifold to the excited “a” sublevel within the
?Fs;, manifold, while the lasing, 1064 nm, transition is from the “a” sublevel within the

2Fs;, manifold to the “I” sublevel in the ground 2F7, manifold state. The quantum
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efficiency is related to the difference in energy between the pump and emission, given
by:

ﬁ'laser -4 um

Araser

The quantum efficiency for this dissertation arrangement, as a result of using the
peak absorption of 976 nm coupled with the standard 1064 nm wavelength for lasing, is
0.083. This value is related to the nonradiative transitions resulting in the generation of
heat within the core.

2.3 COHERENT BEAM COMBINING

Achieving effective power scaling for power levels in the tens of kilowatts
requires independent beam combining. Although wavelength beam combining (WBC) is
another technique, we shall focus on coherent beam combining (CBC) due to current
research focus within the high power laser community. Temporally incoherent beams
(N) with brightness “B;” and power “P” for each beam combine to provide a total

brightness “B” as [45-47]:
__NP _
5=omm =™ @

while coherent beams (N) of brightness B; combine as:

NP
G ?

For CBC, the illustration in Figure 9 depicts the two conditions stated above.
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Figure 9: Non-coherent versus coherent beam combining
From this, for coherent beams, we can power scale by the factor “N”. In addition,
the brightness of each fiber beam is dependent upon the beam quality (M?) according to
the definition of brightness given by Fan[46]:

B-_CP
1 /12(M 2)2 ! (4)
where C = 1 for TEMOO gaussian beams.

Although fiber amplifiers have been reported to achieve near the kilowatt power,
they are done so with large M? values, thus minimizing their ability to be power scaled
through CBC. For low M?, a master oscillator power amplifier array approach can
simplify the coherent combination process [46, 48]. If each element of the amplifier
array were absolutely identical, no compensation would be required to maintain perfect
phasing of each element. Unfortunately, the amplifiers will have slightly different
lengths, have small fluctuations in temperature, be pumped at different powers, and have
a myriad of other non-uniformities that destroy the phase front at the end of the fiber[49].

The amount of acceptable variation between elements is strongly dependent on
the master oscillator bandwidth—the greater the bandwidth, the shorter the coherence
length and therefore the tighter the tolerances [50]. This alone encourages one to use

very narrow linewidth sources. The undesired side effect, however, is a reduction in SBS
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threshold. Typical high power systems being developed today have broad spectral
bandwidths to help mitigate SBS, but this also reduces their overall effectiveness for
coherent combination. The goal, therefore, should be to increase SBS threshold, while
maintaining narrow bandwidth operation ~100 MHz with M? <1.5.

24 SBS POWER THRESHOLD

The following estimation for SBS power threshold in fibers was introduced by

Smith in 1972 and modified by others to improve its accuracy[19]:

kAeff AV
P =C 1+——|. (5)
gBLeff AVp

Here “C” is a constant, typically assigned a value of “21” for fibers, “k” is a factor
relating to the effects of polarization (1<k<2), “gg” is the SBS gain coefficient discussed
in section 2.8, “A¢” IS the mode field area within the core, and “Les is the effective
length of the fiber. Although the trends related to this equation remain consistent, the
value of the constant “C” changes depending on the conditions under which the fiber
amplifiers operate. From this relationship, it is apparent that larger fiber cores will result
in a higher power threshold, while longer lengths result in a lowered power threshold. By
increasing the effective area and the probe bandwidth while maintaining short effective
lengths, the threshold can be kept very high.

Although this threshold relationship is for passive fibers, the general conclusions

regarding SBS threshold hold true for fiber amplifiers. Due to the increasing power of
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the pump near the end of the fiber, the effective length will change accordingly. In
addition, the effectives of temperature differentials along the fiber length due to the heat
dissipated from nonradiative processes will also change the effective length. These
special considerations will be discussed further and utilized in the development of our
model.

2.5 SBS MITIGATION TECHNIQUES BY OTHERS

As shown in section 2.4, the SBS threshold is proportional to the field diameters
of the mode in the fiber--Aef. Increasing Aess would therefore increase the threshold
power. This was the first and simplest mitigation technique used by many within the
fiber amplifier community.

If the power carried by the fiber is spread out over a larger area, intensity
decreases as does the possibility for non-linear interaction. If beam quality is not an
issue, the core size of a fiber can be made large enough to support a fiber amplifier
capable of 50 kW[51]. This type of industrial laser is commercially available today. IPG
currently provides a variety of industrial and government organizations such lasers on
board a variety of platforms for specialized uses. These applications are limited to shorter
distances due to the poor beam quality and associated beam spread.

However, if one is concerned with beam quality, as discussed previously, a much
more stringent parameter is placed on the fiber. One must attempt to scale core size
while maintaining single transverse mode operation. Currently the largest truly single
mode, step-index fiber has a mode field diameter of approximately 10-12um. An
amplifier, without additional SBS mitigation techniques, with this core size will, at best

be capable of ~100W. Fortunately there are a few tricks that allow for larger core fibers
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to be used. Specifically, waveguide modes are subject to losses if the fiber is bent or
coiled. Higher order modes see a greater loss than the fundamental mode in a regular
step index fiber. A large mode area (LMA) fiber, which when un-bent may support ten
(10) transverse modes, can be coiled to filter higher order modes leaving only the
fundamental.

Other techniques recently used to mitigate SBS include extremely expensive
specially manufactured fibers or unique launch conditions. Many include varying radial
densities or longitudinal stresses to change the response of the acoustic velocity within
the fiber region core [11, 33, 52-54]. One recent approach includes the use of two “seed”
signals of slightly different frequencies, named “two-tone”, where each of the “tones”
reach SBS threshold independently[55, 56]. PCFs are rapidly becoming a primary focus
for high power fiber laser research. These fibers guide light through a periodic array of
microscopic air holes along the length of the fiber. Such designs permit larger effective
core diameters while maintaining single mode propagation, as well as permitting
improved pump area[54, 57]. Although these techniques have proven success on an
individual scale, budget constrained environments require the use of more readily
available—and cheaper—commercial-off-the-shelf components and associated launch
and pumping schemes.

Larger core diameters with stringent launch conditions and expensive specialty
fibers-acoustic, PCF, and other designs-may incur costs associated with peripheral pumps
and set-ups that exceed current budget limitations for mass applications. As a result, such
approaches, although novel and useful, may not have the ability to be deployed-especially

for the longer ranges and higher powers required for strategic targets. For this reason, a
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more thoughtful approach using current capabilities, manufacturability, and within a
robust adverse environment must be considered.

2.6 ACOUSTIC VELOCITY

In examining techniques to mitigate SBS in fiber amplifiers, one must further
understand the nature and characteristic of SBS in fibers. Conservation of energy and
phase requires[2]:

Q. =0, -0,

k, =k, —k,, ©)

where Qg, wp, and s, are the Brillouin, pump, and Stokes frequencies,
respectively, while ka, kp, and ks are the acoustic, pump, and Stokes wave vectors,
respectively.

The Brillouin frequency can be related to the acoustic wave vector through the

dispersion relation[2]:
. (6
QB:VA|kA|z2VA‘kp‘S|n(Ej, )

where Vv is the acoustic velocity within the medium.

If we limit our fiber applications to single mode where only forward and

backward directions exist, Equation 3 reduces to[2]:
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2xn (8)
where |k| =—,

From this we see that the acoustic velocity within the fiber core can play a
significant role in determining how we might mitigate SBS. By changing the properties
of the acoustic velocity within the fiber, one would change the corresponding SBS effect.
If the center Brillouin frequency was shifted beyond its width, then the effect of SBS
threshold would be mitigated.

2.7 PARAMETERS AFFECTING ACOUSTIC VELOCITY

To mitigate the effects of SBS, we need to determine the relationship by which
physical parameters affect the acoustic velocity in fibers. The equation of motion for a
pressure wave stated by Boyd as given by Fabelinskii, 1968 [1, 58]:

O°Ap
ot?

2 OAP 3
~T'V? — ViVZAP =0, )

where p=Pressure, t=Time, p=Density, and v _=Accoustic Velocity.

The acoustic velocity from a pressure wave can be written in terms of

thermodynamic variables as follows [1]:

op
vi=|—/|.
’ [8/31 (190

Compressibility is defined as the following [1]:
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C=—=-—7=——, (11)
K Vop pop
where:
C=Compressibility, K=Bulk Modulus, and V=Volume.
For solids and liquids involved in non-diffusive, adiabatic processes [7]:
dT p Vg
—=—| v = == |dp, (12)
T C:TCV CP
where:
T=Temperature, p=Coefficient of Thermal Expansion
C, =Isothermal Compressibility; and c,, C, =Heat Capacities.
We will assume an adiabatic process occurs. This leads to:
1dv c C,
= -——=0_—
vV dp T (13)
p

At room temperature or above, the heat capacities at constant temperature and
constant volume are nearly equal [59]. Both the Debye and Einstein models give heat
capacity = 3N,k for temperatures greater than room temperature.

Debye Model:

dx = 3N_KT @ high temp (14)

(k)" a]-' T

3
& 0e—l

max

E=9N_
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Einstein Model:

h .
E=3N, hww" = 3N_KT @ high temp (15)
ev —1
Heat Capacity:
dE
— = 3N _k @ high temp(300K+) (16)
dT

Compressibility can be measured either at constant temperature or at constant

entropy and are related as follows [1]:

C

T

C

S

IR

S T

c C
= =C =C.— CT . (17)
Cv Cp

From equations 12, 13 and 17 we obtain the following:

1( op 1
Co=—|—| =—=C, (18)
p\P /S pv,

1 K.
=V = [— =
A . 19
cr \/p (19)

The acoustic velocity in a fiber core is equal to the square root of the Bulk

Modulus divided by the density. If we assume the densities of our fiber cores do not
change within our operating temperature range, then the temperature dependence for the
velocity of sound is the temperature dependence of the bulk modulus. Temperature

dependence of the bulk modulus must be determined empirically.
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P (20)
where f (T) increases with temperature.

To obtain the f(T) in a fiber, one could conduct an SBS experiment with varying
temperatures. From this, the effects and relationships of temperature and densities would
be known for the acoustic velocity, and, in turn, the associated effects on SBS.
Temperature dependence experiments have been conducted for passive fibers and are
presented in Chapter 5.

2.8  SBS COUPLED EQUATIONS AND GAIN SPECTRUM

The development of the non-linear coupled equations and associated gain
spectrum for SBS has been completed for passive fibers by Boyd and others [1, 19, 60].
Under steady state conditions, time derivatives vanish such that the non-linear coupling
among the three interacting waves-the pump, the Stokes, and the acoustic waves-are
reduced to two coupled non-linear equations. Setting the two frequencies equal, due to
the small shift from the acoustic velocity, and assuming that the fiber loses are the same
for both the pump and Stokes waves, the coupled steady-state intensity equations

become[1, 2]:

di
d—P:—gBIPIS—aIP,
‘ (21)
di—— I 1. +al
dZ gB P'S S

where Ip, Is, g, and a, are the pump intensity, Stokes intensity, Brillouin gain coefficient,

and fiber loses, respectively. The Brillouin gain coefficient or “gain factor” has a
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Lorentzian spectrum, related to the acoustic damping time or phonon lifetimes, and is

given by[1]:

0 = 0, (A%j —g ! . (22)

(V_VB)2+(AV%T Ol+|:2(V—VB)/AVB]2

“go” is the peak value occurring when v is at vg, given by[61, 62]:

72
27Ny Pry

2 23
CAZ PV AV, (23)

gOEgB(VB):

where py,, I's, A, and p, are the longitudinal elasto-optic coefficient, Brillouin linewidth,
wavelength of the source, and core density respectively. The full width at half maximum
(FWHM) of the gain spectrum, Avg = ['s/2m, is inversely proportional to the phonon
lifetime within the core, Tg = I's?, where Tgis the phonon lifetime[2]. Actual values of go
for optical fibers change according to the material properties and manufacturing
processes, however, the value of 5 x 10 m/W is typically used[2].

The Stokes wave is initiated from thermally excited acoustic waves -
spontaneously generated phonons - at the opposite end of the fiber from the signal
entrance [19, 60]. Typical stokes wave power values used for initiation of Stokes are
between 10™ and 10™2 of the signal power. These values have been compared with
statistical estimates from Smith and are in agreement. An estimate for the initiation of
noise at the end of the fiber can be derived from Grower, giving the following [63]:

| L\ KTCA Vg 1 (24
SBS fiber
AsasVss Prore
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where Acore represents the area of the core, Liiper represents the end of the fiber opposite of
the signal (what we have called the pump for a passive system), and Aggs represents the
wavelength of the Stokes (this value and the signal are so close that we will use the signal
for our model).

Now, the rate equations above are for passive fibers, and therefore do not account
for the amplification and pumping schemes required for our model. Before we continue,
a brief discussion of the appropriate pumping scheme is needed to identify the most
effective model.

From the rate equations in section 2.9, we see that the change in the Stokes
intensity is proportional to the signal intensity. The pump power falls off exponentially
as it propagates along the fiber length, thereby delivering exponentially less “pump” to
excite the ytterbium ions within the core along the length of the fiber. Since the gain is
proportional to the number of excited states, the gain will also diminish exponentially. If
we pump from the signal entrance end of the fiber, we will have the majority of our gain
near the entrance, thus creating a long propagation distance for a higher power signal.

On the other hand, if we counter-pump, we will have the majority of the initial fiber
length with lower signal power and only create a high power signal for a shorter distance
near the end of the fiber. Since SBS threshold is dependent on the signal power and
effective length, a counter-pumping scheme will significantly reduce SBS. For this
reason, we shall use a counter-pumping scheme for our model.

In a fiber amplifier, we must include gain for both the propagating stokes and the
signal waves within the core. In addition, we must account for the “pump” source which

is depleting as it “pumps” the ytterbium within the core. Since the use of the term
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“pump” is now duplicative, we will provide a new nomenclature to avoid any confusion.
From now on, the initial signal will be labeled with a subscripted “s”, the Stokes or
Brillouin related items will be labeled with a subscripted “SBS”, and the forward and
backward “pump” will be labeled with a subscripts “f” and “b”, respectively. The
subscript “p” represents generically the pump for either forward or backward directions.
“T™ with the appropriate subscripts represents the overlap factor (not to be confused with
the Brillouin linewidth designated with a subscript “B”) between the light-field modes
and the ytterbium distribution. The use of “I”” for intensity will be replaced with a “P” for
power. To adjust for the extra dimension of area in the conversion, the Psgs will be
divided by “Aef” — equivalent to the area of the mode field diameter (MFD) of the core.
The use of the symbol “c” will be used for cross sections with the superscript of “e” and
“a” representing emission and absorption, respectively. Utilizing the simplified energy
level interaction of ytterbium, N2 and N; reflect the ion population density in the upper
and lower levels. Neglecting intrinsic background loses, due to the overwhelming large
gain due to amplification by comparison, we have the following rate equations for a
counter-pumped ytterbium dual clad fiber amplifier, modified from Liu[18]:

dP,

dz (N,og = N,0 )T P, — P,0gas Psgs / At » (25)
ddizf = (Noo, =Nyp)T P =Py G55 Paas_ciaar / Aviaan: (26)
% =—(N,o3 = N,o )R, = Py Osas Pegs_ctaar / Acaar: (27)
dZSZBS =—(N,0° = N,6*) s Pigs — P.0sps Pags / Ay - (28)
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The second terms for the change of the forward and backward pump equations accounts
for any SBS within the first cladding resulting from the pump power. The area of the
clad is very close to the mode field area so the physical dimensions of the clad are used.
Since our model will ensure that the threshold for the signal will not be exceeded with
our pump a power level that is within an order of magnitude of the signal and a clad area
several orders of magnitude greater than that of the core, these two terms can be
neglected. These coupled rate equations now account for the dominant terms and
interactions related to a co- and counter-pumped fiber amplifier. For either a co- or
counter-pump only scheme, the opposite pump equation can be removed.

The overlap factors for dual clad fiber amplifiers can be approximated for use in
our model. Since the signal and Stokes frequency are nearly identical, separated by ~16
GHz, we will assume that the associated overlap factors are nearly the same. Since we
are given the mode field diameters (MFD) for our fibers, we will use this value as a
reference. The MFD represents the width of the Gaussian beam at 1/e? power, or 0.135
times the maximum value. Also, the overlap of the pump will be the ratio between the
areas of the core to that of the first cladding. For the areas, “dcore” and “deiagding” represent

the diameter of the core and cladding, respectively. Our final coupled rate equations are

as follows:
dF)s e a
a4z =(N,o, —N,o )P, — PQgss Pes / Auir s (29)
2
dP, d
— ' _(N.c® =N.c?)P core , 30
= (N0, —=Nyo)P; (ddaddmg J (30)
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2
a®_ ~(N,6¢ —N,o*)R, [d—J , (31)
dZ cladding
dP. . a
ﬁ =—(N,o; =N, )T Pigs — P.Gsps Pegs / Aui - (32)

With these adjustments, it might appear that the equations are not coupled. However, the
pump powers are coupled to the signal and stokes by N; and N,. Since the signal power
will be significantly greater than the SBS power for our model, we will derive the rate
equations from the signal power alone. If we assume only one pump direction, then for

steady state conditions:

No = Ny(2) + N,(2), (33)
N, _aN, -
at

N, Ny, (35)
dt  dt

N ((Ng - Nz)o'; - Nzaz)lp n (N, - Nz)o'sa - NZO':)IS _&: 0 (36)
E E r

p(photon) s( photon)

where “E” represents the energy of a photon for the associated pump or signal frequency

(1)

and “1” represents the lifetime of the upper energy lifetime for the laser. Typical values

of “t” for ytterbium doped fiber amplifiers are around 0.8 ms. Solving for N, yields:

E. oroom 1 0 (205 + E ¢ hoom s (2) 00 ) T
NZ(Z):NO E (photon) p( ) p p(photon) ( ) ) (37)
p

e a e
Es(photon)I p (Z)(O- —0, )T + Ep(photon) Is (Z) (O-s — O )T + Es(photon)Ep(photon)
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Now, dividing by “t”, E,and Es, we obtain the following relationships for N, and N

along the fiber:

| p (Z)G; + Is (Z)O-sa

E E
NZ(Z) — No - p(pr;oton) s(photo:) . , (38)
Ip(z)(ap —O'p) s IS(Z)(Js -0, ) _|_l
Ep(photon) Es(photon) T
L, (@, | 1(2)of
E E
Nl(z): NO 1— - p(p:oton) s(photo:) . . (39)
Ip(z)(ap —O'p) .\ |S(Z)(Gs -0, ) +1
EP(PhOtOH) Es(photon) T

We still need to know the value of N, in order to solve the rate equations. We can
determine N, from the pump absorption giving by the fiber manufacturer for 915 nm and

adjust for 976 nm. The following equation can be used to determine the dopant level No:

N, = aeffective(dB/m)Z . (40)
4.34(d°°feJ ol
dcladding P
The square of the ratio of the core and cladding diameters adjusts the effective absorption
for the portion of pump power entering the ytterbium dopant region. The “4.34” is an
adjustment for conversion of dB/m into appropriate units.
To solve the coupled equations, one would need to convert intensities to power
units, thus resulting in a “1/(t Aetr )” term in the denominator. With this, we now have
coupled rate equations for a single pump scheme in either direction. Selection of the best

pumping scheme is discussed in section 2.11.
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2.9 TEMPERATURE PROFILE IN AN ACTIVE FIBER

As discussed and developed in section 2.7, the acoustic frequency is proportion to
temperature, thus resulting in an associated shift in the corresponding Stokes frequency.
Recall from section 2.8 that the Stokes power grows exponentially as it beats with the
signal frequency. However, a change in temperature due to thermal gradients along the
fiber will shift the peak frequency and thus decrease the effective Stokes growth.

Such a thermal gradient can be produced within the fiber core through the
nonradiative processes of the simplified two level ytterbium energy processes for
amplification. Here the quantum efficiency, n, defined in section 2.2, represents the
fraction of pump power transferred to heat[64]. It has been shown that even for high
temperature gradients; the radial temperature differential across the core can be
neglected, therefore only the temperature differential along the fiber length is
considered[64].

In 2001, Brown and Hoffman developed a model for thermal distributions within
two distinct radial regions of core and cladding within a fiber[65]. Although there are
two cladding layers for dual clad fibers, these were treated as one region with similar
thermal conductive and mechanical properties. The outer protective coating is also
ignored. The following diagram illustrates this assumption and flow of heat used by

Brown and Hoffman:
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Figure 10: Radial thermal model heat flow

The temperature differential between the core and outside the fiber temperature

was evaluated to be:

AT =2 {1+2In(c°ﬂj+ 2K } (41)
4K

a C.,..h

clad

where:

Q, represents the heat density,

k represents the thermal conductivity of the cladding,
a represents the core radius,

C..q epresents the total cladding radius,

h represents the convective coefficient.

It must be noted that one must be careful in assigning values for the thermal
conductivity and especially the convective coefficient. The coefficient h is the cooling at
the fiber surface in contact with stale air. If the air was moving, the value of h should
increase. If, however, the fiber was in contact with an insulator, such as a plastic spool,
the value of h should go down. For this reason, the results of our active fiber experiments

will aide in adjusting our values for h.
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Later in 2005, Kovalev and Harrison utilized the results of Brown and developed a
relationship for the temperature differential along the length of a dual clad fiber
amplifier[64]. Kovalev’s relationship concluded, that for constant h along the fiber
(cooling conditions are uniform along the fiber), the temperature profile along the fiber
will decay exponentially as the pump power. The actual relationship between AT and Py

is described below[64]:

2 2
Q(2)a” 0”72 P (2),
>Q,(2)=2Lp (2),

7Z'b2 p

AT(z)=

where :

b represents the inner clad radius,

his = 1 W/(m?K),

a is converted from dB/m to m™ by dividing by 4.34,

and # is the quantum defect (fraction of absorbed power).

For a counter pump scheme:
P (2)=P,(L)e ), (43)

From this we can determine the overall temperature change across the entire fiber.
Since the temperature differential follows the pump power, we now have a complete

temperature profile along the length of the active fiber according to the following:

AT(2) =[:b’§jn{1+2|n[cﬂj+%} P.(2). (44)

a clad

With a counter-pump scheme having a signal entrance at distance “0”, an

illustration of the longitudinal temperature profile is depicted below:
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Figure 11: Longitudinal temperature differential in counter-pump fiber

Taking into account the effect of temperature, the following provides the SBS gain

coefficient with position and frequency dependence:

1
1+{2[v— (Vg +(AV)AT (z)j/AvB}2 |
AT

where (%} is the rate of chage of SBS frequency per delta T

(45)

9:(v,2)=09,

and v, represents the center SBS frequency without a delta T.

In order to account for the temperature effects, we will need to determine the rate
of Brillouin center frequency change per degree. The passive fiber experiments will
determine this value empirically. The effective SBS gain will be discussed in the model
development section of this chapter.

2.10 MODULATION

So far we have looked at how to change the physical characteristics of the fiber to
mitigate SBS. Another technique would be to manipulate the incoming laser source so
that SBS already present has less of an impact. If the source were broken up into
different frequencies with lowered power per frequency, SBS would see each frequency
independent of the others. One method might be to phase modulate the source prior to

entrance into the fiber.
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Phase modulation of the pump signal has been shown to increase SBS threshold
as well as decreasing the effective SBS gain by changing the phase of the pump wave E-
field, thus increasing the effective pump wave spectral width. Lichtman et al. have
previously provided preliminary investigation of the effects of modulation on SBS gain
[3]. Theoretical results showed that SBS threshold depends on the ratio between the
spontaneous Brillouin linewidth and the bit rate for passive fibers used in
communications [3]. Lichtman et al. demonstrated that phase modulation would increase
the SBS threshold [3].

In an effort to increase SBS threshold for future high power fiber amplifier
applications, additional modulation schemes were identified, modeled and tested through
this dissertation. Phase modulation of the polarized signal source prior to entering the
fiber spreads the input beam spectrum into “side lobes” with overall lowered peak
powers. The modulation depth and frequency of the phase modulator determine the
number of side lobes and relative peak powers. With a modulation frequency greater
than the SBS gain bandwidth, the increase in SBS threshold will be inversely
proportional to the decrease in the peak side lobe. The side lode properties were modeled
to determine the effect on SBS threshold. The side lobe peak maxima were determined to
be proportional to the nth Bessel function evaluated at the modulation depth. These

results are shown in Figures 12 and 13 below:
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Figure 13: Relative SBS gain-phase modulation of 1 THz and modulation
depth ~2.5

The modulation depth controls the peak spectral component of the pump beam
and therefore the relative SBS threshold. The smaller the highest peak component the
lower the SBS threshold will be also. The relative gain for Figure 13 would be ~0.5, or
half the value without modulation. There is a practical limit on the modulation depth, as
well as a convergence for the model. For very strong modulation depths, say around 10,

one could expect an effective relative gain near 0.25, or an estimated increase in SBS
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threshold by a factor of four (4x). A weaker modulation depth near 5 would yield an SBS
threshold increase by a factor ~2.5.

Obviously, this model was for demonstrating the effects of phase and depth. A
modulation frequency would be more appropriately selected that ensures overlap of
corresponding Stokes and signal waves do not overlap.

Using a phase modulator, one might demonstrate a gain reduction in the fiber by
spreading the spectrum of the input pump beam. This would create side lobes at the
modulation frequency which have a lower overall peak, as shown in Figure 13 above.
Assuming the modulation frequency is greater than the SBS gain bandwidth, the
reduction in SBS threshold is governed by the amount of power in the most prominent
side lobe which is proportional to the nth Bessel function evaluated at the modulation
depth. Since each spectral component is outside the gain bandwidth of the others they
must create a Stokes signal independently, thus threshold is increased to the point where
the peak spectral component reaches threshold. The individual gain components could be
“de-modulated” at the exit of the fiber to acquire a single frequency peak power.

2.11 MODEL DEVELOPMENT

In evaluation of the various techniques mentioned for single mode dual clad fiber
amplifiers, three possible approaches can be pursued. The first would be for the
modeling and development of a single fiber with the highest potential output, the second
being a passive combination of these fibers with diffraction limited output, and the third
being an active combination of narrow linewidth fiber amplifiers to be used for coherent
beam combining. The first two approaches could take advantage of the 2.63 gain in

threshold via modulation; however, the third could not since the most recent and viable
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active combination requires a separate modulation technique incompatible with a single
fiber modulation benefit[50]. All three comprehensive approaches could be used in
concert with other techniques for mitigating SBS.

For all approaches, boundary conditions must be set in order to maximize
efficiency and effectiveness. Such boundary conditions include overall total length of the
fiber, the number of fiber segments, and the maximum pump power. For this effort, such
boundary conditions will be based on the existing capabilities, including
manufacturability and repeatability, of Nufern DCF amplifiers.

The overall length of the fiber, when SBS suppression techniques are used, is
realistically limited by both Stimulated Raman Scattering (SRS) and the absorption
characteristics of the ytterbium within the core. Since SRS has a threshold of ~10% higher
than SBS, we will initially look at ytterbium absorption characteristics as the limiting
factor. For efficiency, we will require that more than 95% of the pump is depleted.

For 95% pump depletion, we must first consider the effective pump power
absorption. If the pump absorption is given for a different frequency, then a conversion
will be required. The ratio of absorption cross section of the pump frequency divide by
the absorption cross section of the given absorption multiple by the absorption value will

provide the effective pump absorption form the active ytterbium within the core:

givenfrequncy

a
(o)
_ pumpfrequency
aeffective _( a Japump_ frequency * (46)

Since the absorption is typically given in dB/m, we will want the total dB absorption to

be >95%:
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Therefore, the model will first perform the following function to determine the overall
length to be considered:

13.01
Lfiber = (48)

effective
where Liiner 1S given in meters. The initial fiber length will be determined by this method.
The number of fiber segments to be used will then be divided by the overall length,
giving each the same length as a starting point for the model.

Several factors determine the absorption of pump per unit length, including the
ratio of the clad diameter to the core diameter, pump frequency, pump width, and pump
stability. In addition, there are competing or complementary suppression aspects
associated with the length. Length and temperature differentials as a result of heat from
the interactions of the pump with the material are two such characteristics. Specifically,
increased absorption permits shorter lengths of fiber resulting in a greater thermal
differential along the fiber thus decreasing SBS, as well as decrease the “effective
length”, thus decreasing SBS as well. Balancing of overall length with the thermal
differential created will maximize effectiveness of higher laser output power.

Once the length is determined, the second limiting factor would be the number of
fiber segments and the order in which they are placed. Although Nufern was able to
produce ytterbium-doped dual clad fiber amplifiers with varying Ge-dopant

concentrations, there were manufacturing limits. These limits were based on two factors;
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1) the amount of soluble germanium and ytterbium that could be used in the core, and
2) the amount of germanium, fluoride, phosphorous and other elements or compounds
used in the cladding to match the numerical aperture uniformity requirement between
fibers. With varying concentrations of germanium percent (Ge %) by weight within the
core, the cladding material properties had to change accordingly to ensure the same
numerical apertures for all fiber segments. In addition, the solubility of ytterbium within
the core required the addition of aluminum, thus placing additional constraints on
germanium. As a result, Ge % by weight was limited between ~3% - 15%. Other
limitations included the accuracy to maintain a specific Ge concentration. Although the
requirement was for ~0.35 Ge %between fibers, realistically, we might only be able to
acquire ~0.5% between fibers. From this, we are limited to a maximum of about 24-30
fiber segments.

In addition, the order of the fiber segments and the length of each are also critical.
Since temperature and % Ge have effects on SBS, we need to ensure that there is no
overlap or redundancy. From previous sections, it was determined that temperature and
density have inversely proportional effects on SBS. Therefore, to avoid overlap, the
lowest density fiber segment must be placed at the highest temperature. Fibers should
cascade in order of increasing density as the temperature decrease. Also, the fiber
segments will decrease in length as the power continues to increase. Additionally, the
gain of the Stokes wave must be considered when developing the overall model,
providing an increase of the Stokes power is faster than that of a passive fiber.

The maximum pump power permitted is directly related to the theoretical limit of

the material properties of the outer cladding material. As temperatures increase due to
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power levels, the outside coating begins to breakdown, thus providing the limiting factor
of power per fiber. For our Nufern amplifiers, this power has been estimated to be
~600W-700W by Nufern at the time of purchase. Today, however, improved designs and
material properties permit >1.0 kW.

Although these conditions were based on manufacturability and techniques at the
time of purchase, we anticipate enhanced supportable manufacturing capabilities to
continue. This in turn will permit an additional number of fiber segments to be combined
with an estimated increase in SBS threshold. For the single fiber, using these techniques,
including modulation, we project a narrow linewidth output power of >1.0 kW with an
M? <1.5. For beam combining, we anticipate >10 kW power for the passive combination
and an estimated >100 kW for the active combination. Even greater single fiber output
fibers, resulting in even high combined output power levels beyond 100 kW, could be
achieved if combined with other techniques, reaching single fiber output power levels
>2.0 KW with M*<1.5.

Now, the rate equations developed in section 2.9 are generic for both forward and
backward pumping schemes. They do not account for the adjustments required to
minimize the effects of SBS on amplification and pumping schemes required for our
optimization model. Before we continue, a brief discussion of the appropriate pumping
scheme is needed to identify the most effective model.

From the rate equations in section 2.8, we see that the change in the Stokes
intensity is proportional to the signal intensity. The pump power falls off exponentially
as it propagates along the fiber length, thereby delivering exponentially less “pump” to

excite the ytterbium ions within the core along the length of the fiber. Since the gain is
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proportional to the number of excited states, the gain will also diminish exponentially. If
we pump from the signal entrance end of the fiber, we will have the majority of our gain
near the entrance, thus creating a long propagation distance for a higher power signal.
On the other hand, if we counter-pump, we will have the majority of the initial fiber
length with lower signal power and only create a high power signal for a shorter distance
near the end of the fiber. Since SBS threshold is dependent on the signal power and
effective length, a counter-pumping scheme will significantly reduce SBS. For this
reason, we shall use a counter-pumping scheme for our model. Adjusting our rate

equations for this model we now have the following three coupled equations:

dP. e a
dZS =(N,o; =N,0 )P, = P,0ges Pegs / A (49)
2
de e a dCOre
d—:—(NZO'p —NlO'p)F’b —or (50)
z cladding
dP. e a
ﬁ =—(N,0, = N, )T Pags — P.Gggs Pegs / A - (51)

An additional benefit to the counter-pumping scheme is the associate thermal
differential at the end of the fiber where the highest signal power is achieved. The effect
of a high temperature gradient near the end of the fiber would further mitigate SBS by
shifting the effective Stokes peak frequency response. In order to account for this
temperature gradient, our model must develop incremental Stokes responses for each
frequency change as a result of this thermal gradient. With the aid of numerical methods,
we can separate the responses into discrete intervals of length and sum the overall effects.

The SBS will then be a series of discrete Brillouin waves at different peak frequencies
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interacting with the signal. Liu has already developed such an approximation and the

following rate equations are a compilation of his model with ours[18]:

dp o o
_SZ(NQUS _Nlcfs )FSPS_PSZQSBSPSBS/A;ﬁ, (52)
dz £
dP d 2
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dSZBS = —(NzO-S - Nlo-s )FSPSBS - PSgSBS PSBS / AEff , (54)

where Pl and gy are the i-th Brillouin wave power and gain coefficient for frequency v

Since our model will ensure we are below threshold, we will set the limit on the power
ratio between SBS and signal for each fiber segment to be less than or equal to 1%. With
this constraint, we can now remove the dependence of SBS on the change of signal power
with respect to z. As such, the second term in equation 52 above can be neglected. Each
discrete element of SBS power (equation 54) will still interact with the signal power and
pump gain giving rise to two exponential Stokes gains, respectively, for an integrated
frequency span of responses. The integrated SBS peak frequency, however, will

determine the overall SBS power for each fiber segment. The final rate equations now

become:
(ijZ)S =(N,o? =N,03)[ [P, (55)
2
B Nyt —Nyo®)| S| (56)
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For noise initiation, we will use a constant temperature of 300 °K since the
difference in temperature for determining the initial intensity, even up to >400 °K, has not
shown to have any significant effect on SBS. Each fiber segment will assume the same

noise initiated intensity at the end of the fiber segment.

The center frequency of each discrete Stokes Lorentzian linewidth response will
be downshifted from an initial 16-GHz center frequency located at the end of each fiber
segment. A new, calculated total integrated gain coefficient from both the nonlinear gain
and ytterbium gain will be used to determine the final Psgs for each of the fiber segments.
Initial pump power will be set low enough to ensure threshold is not met for the purpose
of determining the appropriate fiber lengths of each segment. The fiber segment with the
highest ratio of Psgsto Ps will be decreased by 1.0 cm while the segment with the lowest
ratio will be increased by 1.0 cm. The entire process will continue until several iterations
reach a reasonable convergence of similar ratios between the SBS power to the signal
power.

The final process will determine the SBS threshold power for the overall signal.
This will be accomplished by incrementally increasing pump power for the set fiber
segment lengths. Once the ratios - as described above - of each of the fiber segments
reach .01 or greater, the overall output power of the signal will be assumed to be the

threshold power. This will conclude the model process for determining the appropriate

fiber segment lengths and the associated threshold output power.
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3 PASSIVE FIBER SELECTION AND CHARACTERISTICS

3.1 PURPOSE OF FIBER

For the passive fiber experiments, four fibers were selected in order to assist in
the characterization of the effects of temperature and density variations between fibers.
The fibers were utilized to acquire baseline measurements for adjusting the model
developed in section 2.12. The core diameters and material compositions would be as
similar as possible to the ytterbium doped dual clad fiber amplifiers to be used during the
active fiber experiments.

In addition, the use of these less expensive fibers will aide in determining the
most effective experimental set-up and conditions. The use of passive experiments will
de-couple some of the complicated effects associated with active fibers, including gain
and temperature differentials. These passive tests, therefore, provide a logical process to
gradually increase complexity as each process is well understood and repeatable.

Two fibers, having the same model and standard % Ge concentration by weight
within the core, were acquired for the thermal experiments. Uncertainty of the effects to
the fiber by the method used for creating thermal equilibrium within the core provided
the risk mitigation approach to order one back-up spool. The physical and material
properties, including numerical apertures, Ge % by weight, and core/cladding geometries
were to be the same as a different manufacturer, Nufern, with the same Ge %
concentration for comparison.

The remaining two fibers were selected to conduct experiments for determining
the effect of % Ge concentration by weight of the Brillouin center frequency shift. The

shift in % Ge was selected in order to observe a significant shift in the center frequencies
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by several Brillouin linewidths. The fibers used were standard off-the-shelf products
from two of the largest specialty fiber manufacturers to ensure repeatability and
reliability of manufacturer specifications. In addition, both companies, Corning and
Nufern, make custom designed ytterbium doped dual clad fiber amplifiers.

3.2 CONSTRAINTS AND CONSIDERATIONS

For our thermal effects experiments, the only real consideration was the potential
hydrogenation of the cladding by being submerged in a water bath for several hours.
Since our measurements were taken within a day or two, this concern was mitigated. The
relationship to our active fiber will be closer than unrelated and extrapolated data used by
many from 1550 nm wavelength passive fiber experiments conducted in the late 1980s
and early 1990s[25, 66].

For the experiments involving the change in % Ge, the most important
consideration would be in the relationship to the slightly denser active fibers to be tested
later. Utilizing the results from these passive tests will be beneficial for initial model
grounding, but adjustments may be required after the active fibers have been evaluated.
Also, the additional dopant materials for the active fibers will provide uncertainty in the
prediction of the center frequency and linewidth of the Stokes response.

3.3 FIBER CHARACTERISTICS

For the four fibers mentioned above, the following specifications were given:

1. Single Mode Fiber at 980 um or below cut-off

2. Cladding Diameter (um): 125 +/- 0.5

3. Core (um): 5.9 +/- 0.3

4. NA:0.12t00.14
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5. Only silica and germanium within the core.

In addition, the two Corning fiber spools to be used for the thermal experiments
were to be 500 meters each with a Ge % concentration by weight of approximately 6.0%
+/- 0.1%. The Corning fiber to be used for the density variation experiments was to be
1,000 meters with a Ge % concentration by weight of approximately 8.0% +/- 0.1%.
Finally, the Nufern fiber to be used for the density variation experiments was to be 1,000
meters with a % Ge concentration by weight of approximately 6.0% +/- 0.1%.

The actual fiber measurements from each of the two companies were as follows:

Table 1: Passive fiber measured characteristics

Fiber | Type |% Ge|length (m)| Cutoff |MFD@1060| NA |Clad Diameter
Corning | SM980 | 6% 500 <980 nm| 6.6um [0.12] 125 +/-2 ym
Corning | SM980 | 6% 500 <980 nm| 6.6um [0.12] 125 +/-2 ym
Corning |HI 1060 | 8% 1000 936 nm 6.1uym [0.14 125 pm
NuFern |1060-XP| 6% 1000 920 nm 6.6 um ]0.12| 125 +/- 0.5 pm

All measured characteristics were within the specifications required for our experiments.
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4 PASSIVE FIBER EXPERIMENTAL SET-UP

4.1 APPROACH

The overall experimental approach to the development of an SBS mitigation
model involves a two-phased engagement: first, to base-line passive single mode fibers
for empirical inclusion of the model, and second, to validate and adjust the model with
active dual-clad ytterbium-doped fiber amplifiers.

The first phase, the base-lining portion of the experiment, involved three distinct
activities that determined the effect of phase modulation, density variations, and
temperature variations on the Stokes center frequency and response width. The three
activities, in the order they were conducted are as follows:

1. Phase modulation of the source signal with various frequencies and modulation
depths.

2. Evaluation of density variations by testing fibers with similar optical, geometric,
and material properties with differing core concentrations of percent germanium
by weight.

3. Evaluation of the effects of temperature by submerging a single fiber in a water
bath that was heated and cooled to acquire uniform fiber temperatures.

Results from these experiments were utilized to adjust the model, and/or gain
specific insight, as well as calibration for the dual-clad ytterbium-doped fiber amplifiers.

4.2 BASELINE EXPERIMENTAL SET-UP

For the three activities mentioned above, in an attempt to minimize artifacts due
to inconsistent test parameters, the same basic experimental set-up was maintained. The

basic experimental set-up is shown in Figure 14.
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A.  Laser Frequency Offset—Lightwave Electronics Laser Offset Locking Accessory (LOLA)
B.  Source—Lightwave Electronics NPRO 122 Nd:Yag @ 1.064 um with 200mW output power
C.  Probe—Lightwave Electronics NPRO 122 Nd:Yag @ 1.064 um with 300mW output power
D. 25 GHz Detector-New Focus Inc Photodetector Module

E.  Variable 1-16 GHz Signal Generator

F. Hewlett Packard 5364A Microwave Mixer

G.  Alenia Marconi Systems Phase Modulator, S/N PM.V.A.10.20/ST/F/B 4.8 dB loss

H. % Waveplate—Source/Probe Power Control to Detector D

I % Waveplate—Power Control for Probe

J. %2 Waveplate—Power Control for Source

K. Coherent Lab Master Ultima Power Meter for Source (4% pick-off)

L. Coherent Lab Master Ultima Power Meter for Probe Output (4% pick-off)

M.  Coherent Lab Master Ultima Power Meter for Source Output (4% pick-off)

N.  Test Fiber, Angle Polished Ends (8 deg angle)

O.  Objective with Radial Fiber Adjustment and Three Axis Alignment

P. Four Percent “Pick-Off” Mirror

Figure 14: Passive fiber experimental set-up
In this depiction, the red lines represent free space laser paths and the blue lines represent
fiber guided laser propagation.

Since the downshifted Stokes frequency of about 16 GHz from the source signal

with a corresponding 35 MHz spectral response width would be difficult to measure
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directly, a novel methodology for probing the Stokes profile was used. The experimental
set-up shown in Figure 14 above was developed in order to probe the SBS response.
“Probing” was performed by stimulating the source signal, used as a “pump” for the
Stokes response, with a varying frequency laser as the probe. Specifically, two
Lightwave Electronics NPRO 122 lasers were used—Ilaser “B” as the source and laser
“C” as the SBS “probe”. The two NPRO lasers were ideal for these measurements since
they remained stable when tuned, had exceptional power stability, and were fairly easy to
use. In addition, they were truly single frequency with an extremely narrow linewidth of
less than 5 kHz. This single frequency output was critical in measuring the Stokes
response to a seed source probe.

In order to control the NPRO laser frequency separation with accuracy and
stability, a Lightwave Electronics Laser Offset Locking Accessory (LOLA) (A) was
used. The source and probe NPRO lasers were focused onto optical isolators (two
isolators in series for the source). The output of these two laser beams were then
propagated through %2 wave plates (H) in order to select relatively equal amplitudes as
they were reflected or “picked-off” and collinearly aligned to a 25 GHz photo detector
(D).

Since the source and probe were separated by a frequency near 16 GHz, the
detector response was that of the associated beat frequency between the two lasers. This
initial beat from the detector was then sent to a frequency mixer (F) where an external
frequency generated by a variable 1-16 GHz frequency generator (E) was combined with
the detector beat frequency. This mixed beat frequency was then sent to the LOLA (A).

The LOLA was set to cancel the mixed beat frequency with a pre-selected 300-500 MHz
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reference frequency by changing the probe NPRO laser temperature. The result was a
stabilized frequency separation of the two NPRO lasers.

A laptop computer utilizing the software LabVIEW with GPIB interface to the
variable 1-16 GHz frequency generator was programmed to scan frequencies near the
Stokes response frequency. As the frequency generator increased the frequency signal
(initially near 14 GHz), the LOLA balanced the beat to zero by heating the “probe”
NPRO laser (C). As the “probe” laser was heated closer to the temperature of the
“source” laser, it scanned frequency responses with a known frequency differential from
the source. Power meter “L” measured the probe output power. The laptop recorded the
probe output power as a function of the calculated frequency separation from the source.
The responses and associated peaks represent the Stokes frequencies and relative
amplitudes responding to the various source frequencies and amplitudes. This SBS
“probe” was the foundation for the entire experimental set-up.

The remainder of the set-up was used to control the power and polarization for
both the source and probe legs of the propagation. The probe is on the bottom portion of
the set-up while the source is on the top portion.

After the probe exited the “pick-off” mirror for the “beat” portion of the
experiment, it propagated through a polarizing beam splitter (PBS-used for another
experimental set-up) and then enters a %2 wave plate (1). This %2 wave plate is used to
adjust the overall probe power entering the test fiber. The laser then propagated through
another PBS and the vertical polarization is then reflected 90 degrees right to the

incident.
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This particular PBS was used to measure the output power from the source.
Specifically, it is used to adjust the following in-line %2 and % wave plates to either
ensure co- or cross-polarization of the probe to source. Minimizing the source power at
this location of the PBS by adjusting the 2 and ¥ wave plates would ensure co-polarized
alignment with the probe. Maximizing the source power at this location, on the other
hand, would ensure cross-polarization with the probe. This allowed for control of the
polarization so gain measurements could be collected with the probe beam both co- and
cross-polarized with the source.

The probe continued to propagate and reflect off of a mirror through the %2 and ¥4
wave plates, respectively. The probe continued through the pick-off mirror (P) and then
into an objective (O). The objective focused the probe into the test fiber (N).

It must be noted that all free laser propagations were focused onto fibers using an
objective and a three axis adjustable configuration. Newport Electro-Strictive AD-30
Actuators adjusted by Newport u-Drive Controllers, Model ESA-C, were used to provide
steady and stable alignment of all fiber ends. Connectors with an 8.0% angle polish were
placed on all test fiber ends.

For the source leg, the beam propagation out of the beat pick-off mirror continued
through a % wave plate (J) used to adjust the overall source power entering the test fiber.
The laser then propagated through a PBS and the vertical polarization was reflected 90
degrees right to the incident. This polarized beam was then reflected approximately 90
degrees to the left of incident off of a mirror and into a second % wave plate. This
second ¥2 wave plate was used in tandem with the first to ensure proper polarization

alignment and power input into the polarization maintaining (PM) fiber used for the
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phase modulator (G). The source was focused onto the PM fiber of the phase modulator
which propagated through the phase modulator and existed through another objective
lens (O). The source beam then propagated through another pick-off mirror (P) and
entered the test fiber (N) through an objective lens (O). This completed the entire
experimental set-up and source/probe propagation for the passive “base-lining” portion of
the experiment.

The phase modulator in the upper portion of Figure 14, although in place for all
passive fiber experiments, was actively used only for the portion of the experiment
investigating the effects of phase modulation on the SBS gain.

4.3 PHASE MODULATION VARIATION

The phase modulation experimental activity utilized the baseline experimental
set-up discussed in section 4.2, with the exception that the phase modulator was active
during this portion of the passive fiber experiment—except for the initial measurement
without the phase modulator active. The transmitted Stokes (probe) and pump (source)
powers were measured with relationship to the wave plate angles to ensure co-
polarization. Without the source, the transmission of the probe power was set so that
approximately only 1.03 mW was transmitted through the test fiber. The baseline
frequency difference between the probe and pump was 15.370 GHz (frequency generator
setting). The LOLA offset was set to 500 MHz. The center frequency of the Stokes
response was therefore 15.870 GHz. The SBS gain profile was measured within this
region for all phase modulation test runs.

The first run scanned off-set frequencies without the phase modulator active and

recorded the Stokes (probe) power as a function of the off-set frequency. There were
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four additional runs with an active phase modulator. For these runs, the phase modulator
was driven at 100 MHz, 200 MHz, 300 MHz, and 400 MHz. Each was driven with a 40
dB amplifier and a setting of -18 dBm on the signal generator. The results were recorded,
plotted and presented in section 5.1 of this report.

Additional experiments were run to determine the overall effect of the modulation
depth on the peaks of the Stokes “side lobes” created by the modulator. These
measurements were recorded and are presented in section 4.1 as well.

4.4 GE-DOPANT VARIATION

For the evaluation of density variations on the acoustic velocity, measured by the
shift in the Stokes response, two fibers were used. The first fiber tested was 1000 m of
single mode, 5/125, Nufern 1060-XP with a 6.0% germanium weight concentration
within the core. The second fiber tested was 1000 m of single mode, 5/125, Corning HI
1060 with an 8.0% germanium weight concentration within the core. In addition to these
two direct tests, 500 m of single mode, 5/125, Corning SM980 with a 6.0% germanium
weight concentration within the core was used during the thermal effects portion of the
passive fiber experiment as a comparison with the Nufern fiber.

For each fiber, the SBS probe was utilized, as described in section 4.2, to measure
and record the probe relative power as a function of frequency separation from the
source. Several runs were made for each fiber to verify consistency. Additional
measurements were also taken to observe any polarization dependency effects—cross-
and co-polarization alignment of the probe with the output of the source. The results of
these two fibers, as well as the results of the 500m of SM980 fiber at room temperature,

are presented in section 4.2.
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4.5 THERMAL EFFECTS VARIATION

The measurement of temperature effect on the acoustic velocity was indirectly
measured by measurement of the Stokes response using the same SBS probe discussed in
section 4.2. Corning’s single mode SM980 fiber, 500 m, was used for these tests. Since
the time to achieve thermal equilibrium of the fiber in air was estimated to be ~10-20
hours for each measurement, combined with limitations of lab equipment to produce a
well insulated furnace, it was determined that water as a thermal medium would be a
practical alternative. The challenge was to take several readings before the fiber became
hydrogenated to a degree that would affect the optical properties. Other than
delamination of the coating, it was estimated that the fiber could be submerged for
several days without detrimental effects.

A picture of the actual experiment during analysis is shown in Figure 15.
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Figure 15: Thermal effects experimental configuration

To ensure consistent temperature over the time required to probe each
temperature, a typical small fish aquarium surrounded by insulating Styrofoam was used
as the container. Temperature equilibrium throughout the tank was achieved utilizing the
water bath agitator and controller as indicted in the figure. A digital temperature meter
connected to a thermocouple probe submerged in the water bath, also shown, was used to
measure the bath temperature—the fiber temperature at equilibrium.

From those who scuba dive, it is known that water transfers heat about 20 times
more effectively than air. The time for the fiber to reach equilibrium with the water bath
temperature, therefore, was estimated to be about 30 minutes. The bath was initially
cooled to ~32 degrees Fahrenheit with ice cubes. A measurement was taken after about

30 minutes. The temperature was allowed to slowly rise to room temperature taking
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measurements along the way, using ice cubes to stabilize the temperature long enough for
the fiber to equilibrate to the water ambient temperature. Once the rising temperature
was stable again, another measurement was taken.

As the temperature passed room ambient temperature, a heater was used to
increase and maintain the temperature. This continued until the maximum temperature of
about 180 degrees Fahrenheit was achieved. The entire bath was then permitted to cool
to room temperature as additional measurements were taken. Ice was once again added
to continue measurements below room temperature. The results of these measurements

are presented in section 4.3.

57



5 PASSIVE FIBER RESULTS

5.1 PHASE MODULATION

Phase modulation experiments were conducted as described in section 3.3. These
experiments demonstrated SBS suppression in single mode fibers with a decrease in
Brillouin frequency output by nearly a factor of four through phase modulation of the
pump signal. For these experiments, the source was modulated with modulation
frequencies of 100, 200, 300 and 400 MHz and compared to no modulation with a
common “strong” modulation depth. An SBS seed signal was beat against the source to
ensure separation of frequency. As the seed signal laser was heated closer to the source
laser, it scanned frequency responses with a known frequency differential from the
source. The responses and associated peaks represent the Stokes frequencies and relative
amplitudes responding to the various source frequencies and amplitudes. The results are

shown in Figure 16:
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Figure 16: SBS seed response to phase modulation

58



Using a lithium niobate phase modulator, we were able to demonstrate a gain
reduction in the fiber by spreading the spectrum of the input pump beam. This created
side lobes at the modulation frequency which have a lower overall peak. Assuming the
modulation frequency is greater than the SBS gain bandwidth, the reduction in SBS
threshold is governed by the amount of power in the most prominent side lobe which is
proportional to the nth Bessel function evaluated at the modulation depth.

The results of the strong modulation indicate a reduction of SBS by nearly a
factor of four. Specifically, the non-modulated power peak was ~7.25mW and the
modulated side lodes for the various frequencies were ~2mW. The normalized
modulated peak values are then ~.28. This is in agreement with the model predictions for
a modulation depth near 10. The model predicts convergence of effects as the strongest
modulation depths approach peaks of ~.25 that of the original signal.

Again, to ensure benefits of such a scheme, corrective modulation scheme is
required at the output. Although this technique works, the added requirement to decouple
the modulation, combined with the inability to coherently beam combine, we will only
use this method for single fiber development.

5.2 GE-DOPANT PERCENT BY WEIGHT EFFECTS

Two fibers by two separate vendors, differing only in germanium weight
concentration, were tested utilizing the set-up and method described in section 4.4. The
first fiber tested was 1.0 km of single mode, 5/125, Nufern 1060-XP with a 6%
germanium weight concentration within the core. The second fiber tested was 1.0 km of
single mode, 5/125, Corning HI 1060 with an 8% germanium weight concentration

within the core. In addition to these two direct tests, 500 m of single mode, 5/125,
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Corning SM980 with a 6% germanium weight concentration within the core was used
during the thermal effects portion of the passive fiber experiment as a comparison.
Variations in the Ge dopant concentrations within the core of single mode fibers caused
large variations in the SBS gain measurement as shown in Figure 17:

Table 2: Stokes shift and bandwidth--different Ge-dopant % weight fibers

Dopant (%0Weight Ge) Center Frequency (GHz) Bandwidth (MHz)
8 15.7268 23.7
6 15.9051 34.0
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Figure 17: SBS absorption of two SMFs-dopant variation

Both the Corning and Nufern fibers had nearly identical numerical apertures, but
had a 2% variation in the Ge dopant for percent weight. The Stokes shift changed by
nearly 200MHz between the two fibers that is several times the SBS gain bandwidth of
approximately 35 MHz. The Corning SM980 used in the thermal experiment at room
temperature with 6% germanium weight concentration had nearly identical SBS center
frequency and bandwidth as the Nufern 6% germanium weight concentration. The
overall effect of the change in density resulted in 89.15 MHz shift per 1.0 % Ge by

weight concentration differential.
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It must be noted, however, that the bandwidth of the differing germanium
concentrations varied significantly, with the 8% being ~24 MHz while both the 6% fibers
being ~34 MHz. It appears that the SBS bandwidth may be significantly dependant on
the process and/or concentrations. Care must be taken to avoid assuming that custom
dual clad fibers will have consistent bandwidths, especially for varied germanium dopant
concentrations. With the addition of ytterbium, the SBS bandwidths may also be
significantly different than those observed for these passive fibers. Measurements should
be made for a single active dual clad fiber to verify the SBS bandwidth.

5.3 THERMAL EFFECTS

Temperature effects on the SBS center frequency were measured for 500 m of
single mode, 5/125, Corning SM980 with a 6% germanium weight concentration within
the core. Several experimental runs were conducted and all achieved consistent results.
It was determined that that a change in temperature of one degree Fahrenheit results in a

shift in the Stokes frequency by 0.93 MHz as shown below:

Temperature vs SBS Center Frequency
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Figure 18: Effects of temperature on stokes frequency on SMFs
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Since typical passive fiber SBS widths observed are about 35 MHz, a temperature
differential of 38 degrees will shift the Stokes frequency outside of the previous response.
The increase in the Stokes center frequency with temperature is consistent with our
original model where the acoustic velocity is proportional to temperature. Again, the
effects of temperature on SBS are dependent upon the SBS bandwidth and frequency of

the particular fiber.
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6 MODEL ADJUSTMENTS

Taking into account the results of the effects of temperature on the center
Brillouin frequency for passive fibers, we will now use 0.93 MHz/°F or 1.67 MHz/°K as
the dependence of temperature on Brillouin frequencies. Also, with the additional
dopants used for the active fiber medium, the linewidth of the active fiber Brillouin
response will probably increase, so we will use a value of ~40 MHz, vice the 34 MHz
observed for passive fibers, for the active fiber. The effect of % Ge concentration by
weight on the Brillouin center frequency was 89.15 MHz per 1.0% Ge shift. Therefore,
in order to acquire at least a Brillouin shift between fiber segments, we will use a change
of 0.5% Ge concentration by weight for the active dual clad ytterbium doped fiber

amplifiers.

For the actual design, we will set the total fiber length at the 95% absorption
length for the pump power. In addition, we will use a counter-pump pumping scheme.
Finally, the position of the segments will be increasing in % Ge concentration from the

signal input to account for the thermal gradient of the counter-pump scheme.
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7 ACTIVE FIBER SELECTION AND CHARACTERISTICS

7.1 PURPOSE OF FIBER

Similar to the passive fiber selection, the active dual clad fibers were designed to
evaluate the effect of density and temperature variations on active ytterbium-doped dual
clad fiber amplifiers. The fibers developed were also selected to test the
manufacturability of differential germanium-dopant concentrations to within a 10%
deviation from specifications. Standard and consistent Nufern dual clad fiber parameters
were used, including: percent weight of ytterbium, numerical apertures, geometries,
cladding and coating materials, draw processes, and architectures.

Two custom fibers were purchased, each with differing germanium concentrations
near the same germanium densities and core diameters used by the passive fibers for
comparison. Based on the results of the passive fibers, the specific percent weight of
germanium was chosen to ensure a visible separation between SBS gain peaks. As
discussed in section 5, a 0.5% Ge by weight was selected between the two dual clad
fibers versus the 0.35% Ge required by the passive fibers. The additional 0.15% Ge by
weight was chosen to account for any uncertainty in manufacturability and densities of
the core.

7.2 CONSTRAINTS AND CONSIDERATIONS

As with many applications of science, there are limiting factors, or constraints and
practical considerations which limit the ability to utilize all positive attributes of our
model. Using common fiber manufacturing techniques, typical dopants added to raise the
index include germanium, aluminum, and phosphorous [41]. The only common dopant

used to lower the index is fluoride. Within the core, GeO; is typically added to raise the
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index necessary to acquire appropriate numerical apertures because of the concentration
limitations by other dopants within the gain medium. Adding GeO, also raises the
overall density of the core, a benefit to changing the acoustic velocity and associated
Brillouin center response frequency. Because of the ability to add a significantly large
percentage by weight of GeO; to the core, the only changes to the core material
composition for this dissertation will be % Ge by weight. In order to maintain
consistency of numerical apertures among the fiber segments, the first clad will have
varying dopant concentrations of germanium, phosphorous, and fluoride to raise or lower
the 1% clad index appropriately.

The germanium dopant concentration within the core, utilizing today’s
manufacturing capabilities, however, has limitations. Specifically, the variation of
percent (%) weight Ge within the core is limited by the demands of lower numerical
aperture. With a numerical aperture of 0.14 and associated core diameter of about 5.0
um, the core germanium concentration can be varied from about 2%-18% - resulting in as
many as 40 individual fiber segments (according to Nufern representatives). This is not
true, however, for larger cores. According to a manufacturing representative at Nufern, it
becomes extremely difficult to vary the germanium concentration for larger core
diameters-a property that requires a decrease in the numerical aperture in order to
maintain single mode propagation. Recall that the VV-value must remain below 2.405 for
single mode operation. Since V is proportional to the core diameter and the numerical
aperture, an increase in the core diameter must be compensated by a decrease in the

numerical aperture.
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V= ”Xd°0f+NA < 2.405 (for single mode). (58)

The numerical aperture is also proportional to the index of refraction and the acceptance

angle:

NA = Sirlgmax Y nsore - nlzst_clad : (59)

For current manufacturing techniques, the first and second cladding material
properties are designed to ensure multimode acceptance of the pump diode within the
inner clad, typically with a numerical aperture ~0.46. If the relative first clad index
remains the same, then the core index must decrease with a decrease in the numerical
aperture. For this reason, an increase in the core diameter, resulting in a decrease in the
numerical aperture, requires a decrease in the core index of refraction. However, as the
index of refraction becomes smaller, the variation of germanium dopant concentration
within the core has a greater effect on the index and associated clad dopant requirements.
Maintaining the core numerical aperture requires the germanium dopant concentration to
be significantly constrained to only a few percentages for current clad architecture
designs. Furthermore, if we permit a larger index value for the core, an associated larger
clad index is required as well. As a result, fusion splicing becomes more difficult due to
the greater density of the cladding resulting in a differential melt temperature between the
two fiber-clad segments. For this reason, the increase in core diameter has both physical
and practical limitations to the overall suppression of SBS because of the limiting number

of segments that could be made.
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As an example, Table 3 is an estimate by Nufern of the core index difference,

core diameter, numerical aperture, mode field diameters at 1060 um for dual clad

ytterbium doped fibers similar to the ones used for this experiment. The figure below

presents two graphs showing the associated effects on NA and index of refraction

difference as the core diameters changes. As the core diameter increases, both the NA

and index begin to converge on single values respectively.

Table 3: Effects of core diameter on index and NA

Index Core Diameter | NA MFD @ 1060
Difference (um) (um)
0.0012 12.5 0.060 14.7
0.0019 10.0 0.074 11.7
0.0030 8.0 0.094 9.3
0.0040 6.9 0.108 8.0
0.0050 6.2 0.121 7.2
0.0058 5.7 0.130 6.7
0.0067 5.25 0.140 6.2
NA vs Core Diameter Index vs Core Diameter
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Figure 19: NA and index versus core diameters

For our model, it is assumed that future manufacturing capabilities and

architectures will overcome many of these initial core index constraints. Based on this
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assumption, the model will be capable of adjusting the core sizes with an NA ~.06 such
that at least a 10% variation of germanium concentration within the core will be
available.

To further constrain our model, there is also a practical limit to the numerical
aperture. Around or below a numerical aperture value of ~0.06, the fiber begins to
exhibit extremely high sensitive bend loss and it is also difficult to control the index of
refraction in conventional fibers to reliably achieve lower NA’s. Utilization in aircraft
and other more severe environment applications would require minimal bend sensitivity.
For these reasons, we will limit our model application to those fibers with numerical
apertures of 0.06 or greater.

According to a Nufern representative, current standard manufacturing capabilities
limit the ytterbium dopant concentration within the core to less than 2.0%, with the most
common concentrations near 1.0%. The addition of ytterbium dopant also places
constraints on the core diameter, similar to the discussion presented above. For this
reason, the ytterbium dopant concentration for the model will be limited to 1.5% to
ensure practical application. Given the octagonal clad geometry for our fibers, the pump
power is distributed uniformly within the core such that pump absorption is proportional
to the ratio between clad and core diameters. Increasing the ytterbium dopant
concentration within the core will provide proportional increase to the absorption and

associated gain according to the following:

ABS. - AreaCore,,,, « AreaClad, YABS.. X Conc,, (60)
e | AreaCore,,, ) \ AreaClad 27 Conc,g

New
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Where ABSyew IS the predicted absorption in dB/m, ABSo.p is the previous absorption in
dB/m, AreaCore and AreaClad with subscripts “Old” and “New” represent the core and
cladding cross section areas of the previous and desired core and cladding areas in m?
respectively, and Concyewand Concoyg represent the previous and new ytterbium dopant
concentrations within the core as percent weight of ytterbium.

If we maintain the core and clad geometries, the absorption will increase by 50%,
thus decreasing the overall length of the fiber by 1/3. However, if we maintain the
original ytterbium concentration and first clad dimensions, but increase the core diameter
to 12.5 um, the absorption will increase by a factor of ~2.4. Together, these two
simultaneous changes will result in an overall decrease of the required fiber length by a
factor of ~3.6. This decrease in fiber length will significantly reduce SBS.

Notice that we use the actual dimensions of the fiber for the estimated absorption,
but we use the mode field diameter for the affected area for SBS. Utilizing the mode
filed diameter of 14.7 um rather than 6.2 um increases the effective area for SBS by a
factor of ~5.6. Therefore, by increasing the core diameter to a reasonable value, with a
1.5% ytterbium dopant concentration, providing future manufacturing capabilities and
associated splicing for this are possible, we can increase our SBS threshold by a factor of
~20. If we also include the ability to permit a 10% variation of Ge concentration by
weight within the core, assuming 2 segments per 1%, we have the potential to observe an
increase in SBS threshold by an overall factor of ~400. Again, the caveats are that 1.5%
ytterbium concentration solubility within the core is possible while changing the core
density by 10% and adjusting the cladding dopants appropriately to maintain the same

numerical aperture between fiber segments. Excellent manufacturing controls would be
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required for this approach. Validation of a manufacturer’s capabilities to produce such
fibers would be required.

This will be limited further due to splice losses and the actual linewidth of the
Stokes response within the active fiber. The number of splices will also be limited by the
minimum length required to fusion splice two segments. According to Nufern
representatives, fusion splice loss for similar dual clad ytterbium fibers is about 0.03 dB.
The minimum length required to make a splice is about 20 cm. Therefore, our model will
only use segments > 20 cm.

If the 1 clad is the only material to change in material composition-other than
germanium-in order to maintain the NA for the same size cores, we must consider the
effects of index on the fiber segments of differing Ge % by weight. Significant changes
in index will also affect SBS, but more importantly, create potential reflections at the
interfaces between fibers. For a 1.0 wt% GeO2 =0.577 mol% GeO2 there will be a

0.00084 increase in refractive index over pure silica.
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Figure 20: Effect of germanium on refractive index
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Utilizing fiber segments with a 1/3 % Ge by weight differential, and an estimated
core index ~1.5, we have a difference in index between fibers < 0.02%. The reflectivity

of the power is:

2
n —-N
Rpower — ( segmentl segment 2 ] ) (61)

nsegmentl + nsegmentz

The resulting power reflectivity at the splice for these assumptions will be ~9 x

10 —negligible for our model.

Also the effect on SBS, more specifically the Brillouin center frequency as

developed in section 2, is given by:

2nVAcoustic . (62)

Vg = 1

For a typical 1064 nm wavelength, the Brillouin center frequency, vg is ~16 GHz.
A change of 0.00028 in index of refraction between adjacent fibers will result in ~ 3 MHz
shift in the center Brillouin frequency-an order of magnitude smaller than the SBS
linewidth. Since the fiber segments are shifted an entire SBS linewidth due to the density
differential, the shift due to the change in index between fiber segments is a negligible

effect for our model.

7.3 FIBER CHARACTERISTICS
Three specialty dual clad ytterbium-doped fiber amplifiers were specified and purchased
to support this dissertation. The fiber specifications were based on current capabilities of
fiber manufacturers in 2002. Nufern was selected based on price and availability.

The specialty fiber specifications were as follows:
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Table 4: Active ytterbium-doped fiber specifications

Product Fiber 1 Fiber 2
Length (m) >=50 >=50
Cutoff (nm) 920 +/- 50 920 +/- 50

6.2+/-03@ 6.2+/-03@
MFD (um) 1060nm 1060nm

Coating Type

dual acrylate, UV

dual acrylate, UV

curable curable
Operating Temp. Range -60°C to 85°C -60°C to 85°C
Numerical Aperture - Core 0.14 0.14
. St
Numerical Aperture — 1 0.46 0.46

Clad

Core Composition

GeO0,, P,05*,Si05*

Ge0,, P,05*,Si0,*

% Ge by Weight 6.0% 55 %
Cladding Composition SiO, F, SiO,
Yb dopant level >1 wit% ** >1wt% **
Peak Absorption @ 915 nm 0.20 dB/m 0.20 dB/m

*P,05 and SiO, concentrations constant & the same for each fiber core
** Yb concentrations must be constant & within 10% variance for each

fiber

As mentioned previously, the fibers were selected to ensure comparison with the passive

fibers, while maintaining at least a Brillouin linewidth separation from each other. Since

6.0 % Ge concentration by weight was used for the passive fibers, this was the base value

selected. For a full Brillouin frequency shift between fibers, a delta of 0.5% below base

value was chosen, that is 5.5% Ge concentration by weight.

The following are the actual measured results of the final two fibers

manufactured:

Table 5: Characteristics of purchased ytterbium-doped fiber amplifiers

Fiber #| Core NA | Clad NA | %Ge |Peak Absorption MFD %Yb | Flat to Flat |Attenuation
1 0.146 0.46 |6.01|0.20dB/m @ 915|6.07 @ 1060 | ~1.0| 200 um | 4.2 dB/km
2 0.1444 0.46 |5.43| 0.21 dB/m@915 |6.17 @ 1060 |~1.0| 200 um | 3.9 dB/km
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The coating/2™ clad diameter was measured at ~350 um. The following figure illustrates

the relative dimensions and shape of the fibers:

Acrylate 1st Clad (200 pm)
2nrd Clad (350 pm)

Core (5.25 pm)

Figure 21: Dual-clad fiber diagram

The real difference from the specification to actual was in the fabrication process where
each core had equal amounts of aluminum and ytterbium, but varying amounts of silica,
germanium, phosphorous, and fluoride within the first cladding to ensure consistent core
numerical apertures between fiber segments. Variations of index of refraction between
the fibers were also measured. The differences were similar to those mentioned have
negligible effects on our model. All relevant specifications were met within or near 10%.
The fibers were manufactured in 2002, There have been significant advancements in dual
clad fiber manufacturing capabilities over the past six years, meeting future, more

stringent specifications should not be a challenge at the present time.
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8 ACTIVE YTTERBIUM-DOPED FIBER EXPERIMENTAL SET-

upP

8.1 APPROACH

This portion of the experimental set-up was utilized for the model validation and
adjustment as mentioned in section 4.1. The active fiber experiment included the
analysis of a single dual-clad ytterbium-doped fiber amplifier while being pumped
(active), followed by the analysis of three cascading (active) dual-clad ytterbium-doped
fibers with various acoustic velocity responses (varying Ge dopant concentrations).
These three fibers varied in length and were cascaded in a manner to minimize SBS
threshold effects. The final analysis of the two cascading dual-clad ytterbium-doped
fibers included a modified experimental set-up to provide a passive and active mapping
of the comprehensive Stokes spectral response utilizing the SBS probe method described
in section 4.2. This final analysis was used to validate and modify the longitudinal
temperature model, Ge dopant dependence, and other aspects of the model developed in
section 2 and adjusted in section 5.

8.2 ACTIVE YTTERBIUM-DOPED FIBER BASELINE

EXPERIMENTAL SET-UP

For the active fiber experiments, a few adjustments were made to the passive fiber
experimental set-up in order to accommodate the pumping and monitoring requirements.
The phase modulator was removed and a 4% pick-off mirror (P) to measure the probe
output power along with a dichroic mirror (S) to extract the residual pump power was

inserted in its place. Additionally, an Alfalite pump laser (T), used to counter-pump the
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dual-clad ytterbium-doped fiber amplifier, followed by an objective (O) and power meter
(V), were also added. Two additional power meters (V and W) were positioned to
measure the residual Alfalite pump power and 4% of the Stokes power (probe),
respectively.

For the first two portions of the active fiber experiments only the “source” laser

was utilized. For this reason, only the source laser propagation is inducted with a red line

in Figure 22:
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Figure 22: Active fiber baseline experimental set-up

The 976 nm wavelength Alfalite pump was set on a cooling plate to provide a
heat sink for to aide in frequency stability. The plate maintained a constant, colder
temperature through the circulation of refrigerated water through an enclosed channel

within the plate. The water was re-circulated using a temperature controlled chiller (Y).
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The frequency stabilization of the Alfalite system was estimated to be within 1.0 nm of
976 nm.

The input of the Alfalite was fusion spliced to 2 % feet of an OZ Optics
Polarization Maintaining SMF Pigtail with a manufacturer 8 degree polished connector.
Alignment was straight forward since the Alfalite input had the same core-cladding
dimensions as well as similar polarization maintaining stress rod geometries. The
estimated loss within the core due to the fusion splice was about 0.01 dB.

Calibration of the Alfalite was required to accurately determine the initial pump
power insertion. A current-voltage driver was used to control and vary the Alfalite pump
power. To determine the pump power response to current, the current was incrementally
increased while measuring the pump output power. Three runs were conducted to ensure
consistency at the same chiller temperature. A plot of current versus pump power was
created for future reference and conversion.

8.3 SINGLE ACTIVE YTTERBIUM-DOPED FIBER VALIDATION

EXPERIMENTAL SET-UP

Based on the model and previous experimental results, the Nufern fiber with the
lowest density core (5.43 % weight of germanium) was selected for the single active fiber
test. In this manner, the increasing temperature differential along the fiber length would
complement the effects of the decreasing fiber densities between the two cascading
fibers—an additional fiber would be fusion spliced to this fiber for the next set of
experiments. The total fiber length selected was twenty meters in order to absorb over
95% of the pump power. The total length of the following experiments using cascading

fibers was also twenty meters to provide relevant comparisons.
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Since the Alfalite fiber pigtail inner cladding diameter (125 pum) was 75 um less
than the Nufern fiber inner cladding diameter (200 pum), Alfalite pump power insertion
into the Nufern fiber was not considered to be an issue. However, the differential in
cladding geometries made it difficult to acquire an exceptional fusion splice. The
resulting loss within the core at the fusion estimated by the fusion splicer was 0.1 dB vice
the typical 0.01-0.03 dB loss for geometrically matched fibers. The Nufern fiber was
then terminated with a connector having an eight (8) degree angle polish to avoid
reflections and resulting damage due to back reflections being amplified as they traveled
backwards through the gain fibers.

Alignment of the source beam with the connector was extremely difficult and
resulted in less than a 50 % power insertion. In an effort to accurately estimate source
power insertion into the Nufern fiber amplifier, a short (~1m) single mode fiber jumper
with two manufactured 8 degree end polished connectors was used to measure maximum
the coupled power insertion independently. The maximum power output of this jumper
was measured and used as the coupled power efficiency for the remainder of the
experiments.

With the known source input power, associated losses within the fiber, and the
relationship between current and pump power, the first set of active fiber tests were
conducted. Twenty meters of the Nufern fiber were carefully wound around a standard
Corning insulated spool. Each fiber wind had a separation of at least two fiber diameters
from the next nearest fiber wind in order to ensure thermal isolation. In this manner, the
entire fiber length had a pump induced longitudinal temperature differential profile

created from the thermal propagation within the core due to the nonradiative processes.
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The experiment began by measuring the source output without the pump. The
current driving the Alfalite pump was then activated. As the current was slowly
increased, the output source power, current, residual pump power, and 4% of the output
probe power were measured and recorded. Several plots were made to view the various
relationships using conversions of current to input pump power.

After the insulated Nufern fiber test was completed, a new thermally conductive
spool of similar dimensions was used to wind the twenty meters of fiber. The fibers were
wound tightly together to ensure maximal thermal coupling. A conductive metallic sheet
was placed on top of the wound fibers to further promote thermal equilibrium between
fiber winds. Similar measurements were made, recorded and plotted as with the insulated
fiber spool tests.

8.4 CASCADING ACTIVE YTTERBIUM-DOPED FIBERS

VALIDATION EXPERIMENTAL SET-UP

For the cascading active fiber experiment, the input end of the Nufern fiber was
cut back to ten meters. Ten meters of the 6.01 % Ge dopant fiber was then fusion spliced
to the ten meters of 5.43% Ge dopant fiber. Since the geometries of both fibers were
identical, the estimated loss in the fiber core due to the fusion splice was estimated to be
0.01 dB per splice. A connector with an eight degree angle polish was added to the end

of the 6.01% Ge dopant fiber. Figure 23 depicts this order arrangement:
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10 meters
5.43% Ge

-

This cascading arrangement was then wound around the insulating spool in the

10 meters

67% Ge

Figure 23: Cascading fiber arrangement

Source

same manner described in section 8.3 to ensure thermal isolation between fibers. The
same measurements described in section 8.3 were taken, recorded and plotted. Again, the
cascading fiber arrangement was wound onto the conductive spool in the same manner as
described in section 8.3 with the same data measured, recorded and plotted.

8.5 CASCADING ACTIVE FIBER STOKES FREQUENCY

EXPERIMENTAL SET-UP

Although results from experiments described sections 8.3 and 8.4 provided a
gross view of the dopant effects and temperature differentials, a more detailed evaluation
of the effects on the Stokes peaks was required to determine the appropriate
modifications and/or validation of the model. For this, the SBS probe set-up was
required to measure the comprehensive effects of the cascading fibers on the various
Stokes peaks as the probe varied its frequency across the range of responses. Figure 24

depicts this new arrangement:

79



H
A2 w2

Test Fiber

2 50/50 BS

A2
W PBS

. PBS

| A2

Figure 24: Cascading active fiber stokes response experimental set-up

In this set-up, the output source power is measured through a power meter (M)
after being reflected by a 4% pick-off mirror in order to permit propagation of the probe.
The probe and source polarizations were adjusted to provide maximal overlap within the
fibers. The Alfalite pump and probe input powers were set to a value low enough to
avoid threshold for each fiber segment.

The first set of experiments involved utilizing the insolated spool. Three probe
sweep measurements were taken to observe both the locations and spread of each of the
Stokes responses. This data was measured and recorded.

The second set of experiments utilized the conductive spool. Three similar
sweeps of the probe were made with data being measured and recorded. In this manner,
the temperature effects data could later be qualitatively de-coupled from the effects of

increasing source power.
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9 ACTIVE YTTERBIUM -DOPED FIBER RESULTS

9.1 SINGLE ACTIVE FIBER

The first important experimental result for all active fiber tests was determining
the loss due to the fusion splice between the Alfalite pump and the dual clad fiber
amplifier being evaluated. As stated previously, there was a mismatch of cladding
diameters between the pump and the amplifier that resulted in a poor fusion splice after
several attempts. The splice broke several times before | was able to initiate the
experiments. The significant difference between the two cladding diameters was so
dramatic that creating an appropriate recipe for the fusion took over three days.

As a result, there was a great deal of pump power loss at the fusion interface.
Although the center core was aligned for acquiring sufficient data, the pump was not as
fortunate. The splice became so hot during the experiments that it could not be touched.

After all experiments were completed, the active fiber was cleaved just after the
splice to measure the coupled pump power into the active amplifier. Measurements of
output pump power versus current drive for the Alfalite were measured and recorded for
low pump powers. Next, the fusion splice was removed by cleaving the input pump fiber
just before the splice. Again the output pump power versus the current drive for low

pump powers were measured and recorded. The results are shown below:
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Figure 25: Fusion splice loss at pump/amplifier interface

The loss of power transfer due to the fusion splice was calculated to be ~42%.
The associated relationship between the pump current drive and the coupled output pump
power was calculated to fit a linear curve. This relationship was used throughout this

chapter to provide accurate pump power values for the threshold measurements.
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For twenty meters of 5.43 % Ge dual clad fiber amplifier, SBS threshold was
assumed to be reached at ~3W of output signal where the Stokes power began to exceed

1% of the total output power value as shown below:

Insulated Single Active Fiber Test

—SBS Power  ——Signal Power

Threshold? \
4 6

Extrapolated Pump Power (W)

Power (W)

8 10 12

Figure 26: Active 5.43 % Ge single amplifier threshold-insulated spool

Although the total output power, both forward and backward, at 20W pump level
appears to be 11W, this is merely a result of the uncertainty of measurement of the
backward direction power. We have good certainty of the forward output power
measured value due to our set-up, direct measurement method, and verified equipment
calibrations. However, the backward measurement was not as accurate. It was an
estimate based on a small percentage pick-off mirror and with not so well calibrated
measurement system. It was only intended to provide a relative representation of the
backward power to help identify the threshold point. As such, the appearance of a gain in

total energy is the result of the uncertainty of measurement.
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Although this particular experimental run demonstrates a near 3W threshold,
other runs had thresholds ranging from 2.6W to 3.0W. For this reason we will use and
average value of ~2.8W for our model adjustments. It must be noted that the pump
power required for the ~3.0W threshold was only ~4.0W. This is in agreement with the
claimed efficiencies by Nufern of 75%, as compared to 40% efficiencies for Er-Yb doped
dual clad fiber amplifiers. For our model we need to know what fraction of the absorbed
pump light contributed to heating in the fiber. In order to determine the contribution to
heat generation within the core, it is necessary to subtract the residual pump power as

shown below:

Residual Pump Power
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Figure 27: Residual pump power for 5.43 % Ge Single amplifier experiment
From Figure 27, the residual pump power at threshold was only ~0.1W. In
addition, at about 2.0W pump power, where the Stokes power began to absorb the pump
more significantly, the residual pump began to reach a “threshold” of about 0.1 W. At

this point, the total absorption within the fiber met the prediction of 95% for the 20 meter
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segment. The decrease in the expected 5% residual pump power beyond the ~2.0W
pump power was a result of the effects of the SBS gain within the core-as the SBS gain
reached threshold, it too acquired gain from the ytterbium, thus causing additional pump
depletion.

Evaluation of the residual power as shown in the figure above, it was determined
that the continued increase in output power beyond threshold of ~3W was due to the
contributions of higher even orders of SBS (2nd, 4th, etc). The change in the slope, as
well as the bend, above 3W output, combined with continued intermediate bends and
slope changes, were the accumulation of additional SBS higher even order powers.

Such multiple Stokes interactions can be understood as follows: The first Stokes
wave in the backward direction now acts as a secondary signal source. As the power of
the first Stokes wave increases, acoustic phonons created at the beginning of the amplifier
now beat with the incoming Stokes signal creating a secondary Stokes interaction,
downshifted ~16 GHz from the first. As the power of the secondary Stokes builds, the
first Stokes reaches threshold. The secondary Stokes then builds, and the interaction with
another odd order Stokes signal begins. The continued increase of output power in the
forward and backward directions continues to build with increasing pump power as the
various Stokes signals reach threshold and begin the process of higher order modes. The
spectrum of the output power, however, will have various frequencies downshifted by
two orders of Stokes, or ~ 32 GHz separation.

In order to verify this interaction above the ~3W threshold, a spectrum analyzer

was used to evaluate the output. Data was observed at or near pump power levels of
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about 9-10 W where it was assumed that several higher order Stokes waves were present.

Figure 28 shows the observations directly taken from the spectrum analyzer:

Peaks Separated by 32 MHz as Expected for Higher Order Stokes
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Figure 28: Forward output spectrum of active amplifier with ~10W pump

The figure above clearly identifies several higher even order Stokes signals
separated by the predicted 32 GHz. The first peak represents the original signal and the
cascading peaks to the left represent the downshifted higher order even Stokes signals.

For completeness, spectrum measurements were taken near ~5W pump power
levels to ensure the assumed threshold of ~3W was indeed the actual threshold. If there
were no additional higher order Stokes waves immediately after the assumed threshold,
then the estimated ~3W value would be validated. A scan of frequencies with a pump
power near 3.5W yielded no findings of an additional Stokes wave. Therefore, we had
reached our threshold at ~3W.

It was assumed that the multiple Stokes signals at higher power pump power

levels would create Four-Wave mixing as described by Boyd[1]. Therefore, the pump

86



power was set to ~10W and another spectrum scan was conducted, this time including the
higher frequencies predicted. Rather than the output location, the 4% reflected pick-off
power was used just before the entrance of the signal into the fiber amplifier. The figure

below shows the results of this scan:
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Figure 29: Four-wave mixing for single amplifier with ~10W pump power

From Figure 29, it is clear that Four-Wave mixing (FWM) was observed at this
higher power levels. The mirrored, higher frequencies separated by 32 GHz, were typical
for such FWM. A reflected signal separated by 16 GHZ was observed at the higher end
of the frequency spectrum due to the fiber splice interface (< 1/60 reflection of the
original signal) between the amplifier and the Alfalite fiber.

From the observations, additional power can be reached beyond threshold,
increasing somewhat linearly with the pump power. Actually, there are many fiber laser

manufacturers that reach higher levels of power, including IPG, by exceeding the SBS
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threshold. However, the power increased beyond the SBS threshold is not beneficial for
coherent Beam Combining applications due to the independent frequencies separated by
32 GHz.

9.2 SINGLE ACTIVE FIBER WITHOUT THERMAL DIFFERENTIAL

As described in section 8.3, a specially designed aluminum spool containing
groves for the fiber to be wound within, cooled with circulating water, was utilized to
remove the thermal gradient along the fiber length as a result of the nonradiative
processes from the pump-ytterbium interaction. In essence, the exceptional conductivity
of aluminum coupled with the circulation of the cooled water increased the value of “h”,
or convection coefficient at the surface of the fiber. It was hoped that this approach would
remove the majority of temperature differential along the fiber in order to provide a non-
thermal gradient baseline for model comparison and adjustment.

The aluminum spool utilized was hollow inside so that cooled water could pass
through it. The circulated water was cooled to a constant 17.5 C. As the pump current
source was increased, the output, Stokes, and residual pump powers were measured and
recorded for several runs. Each of the runs resulted in a various values for the threshold
ranging from 1.4 to 1.7 W. The average pump power required to reach threshold was over
2 W. Output power threshold was verified with reflected SBS power and residual pump
powers similar to the method described in section 9.1. Specifically, threshold reached is
when SBS power to output power exceeds 1% and when the residual pump power begins

to reach a threshold. The result for one of the experimental runs is displayed below:
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Figure 30: Active amplifier threshold — conductor spool

It appeared that the output power began to "clamp™ around 1.4W, or ~3dB less
than the previous experiment which permitted the full temperature gradient by utilizing
the insulator spool. Taking all the data sets into account, the average threshold to be used
for the model will be ~1.6 W. As in section 8.1, an optical spectrum analyzer was used to
verify that the continued increase in output power beyond threshold was due to increasing
powers of even order Stokes.

Based on the estimates from the model, the increase in threshold power should
have been significantly smaller. The significant increase in SBS threshold for the
insulator spools suggests, as stated earlier, that our “h” value and associated thermal
model requires adjustment for this significant thermal differential witnessed from actual

experiments. Such adjustments and considerations are made in chapter 9.
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9.3 CASCADING ACTIVE FIBER

Similar to the single 5.43 % Ge concentration by weight ytterbium doped dual
clad fiber amplifier experiments in sections 9.1 and 9.2, both thermal gradient and
constant core temperature experiments were conducted for both cascading fiber
amplifiers. The arrangement desired was described in section 8.4 with the pump fiber
fused to ten meters of 5.43 % Ge fiber fused to ten meters of 6.01% Ge fiber with an 8°
angle polished connector.

The first experiment evaluated the cascading fibers with a significantly mitigated
thermal gradient by once again utilizing the conductive aluminum spool cooled to

17.5 °C. The results are shown in Figure 31:
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Figure 31: Cascading active fiber threshold — conductor spool
The average threshold for the measurements taken was ~2.7W. The increase
without a thermal gradient was ~1.7 times that of a single fiber amplifier. This is what
we might expect for two equal lengths of passive fiber segments, thus consistent with an

assumption that we removed any measureable effects of a thermal gradient along the
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length of the fiber. Further analysis of the Stokes response in section 9.4 will provide

clarification as to the difference in model expectations to the results.

The same threshold experiment was conducted utilizing the same insulator spool

in section 9.2. The results are shown below:
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Figure 32: Cascading amplifiers threshold

From the results, it appears that the threshold is ~5.4W. Interestingly, the SBS

power does not appear to be dominating at this value. To be confident in the

measurement, one would require greater pump power and observation of the Stokes

power. For now, however, we will assume this is our threshold. In comparison with the

mitigated thermal gradient cascading amplifiers, there is an increase in output power by a

factor of two. This is significant considering our model only predicted a slight increase

due to a few degrees of temperature gradient along the fiber. Before any adjustments are

made to the model, an evaluation of the Stokes response with and without the thermal
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gradient should be made. In addition, each fiber type should be evaluated at low pump
powers to determine the individual center frequencies and associated linewidths.

94 ACTIVE FIBER STOKES PEAK AND LINEWIDTH RESPONSE

The final measurements for this dissertation utilized the novel SBS probe
arrangement and technique described in the set-up portions of this dissertation. By
measuring and analyzing the center frequencies and linewidths of the individual fiber
amplifiers, as well as the combined cascading amplifier configuration for both thermal
gradient and somewhat constant core temperatures, it was hoped to acquire enough
information to adjust the model appropriately. Although it was predicted that a linewidth
of 40 MHz was accurate, physical material properties and processing methods would
cause unique deviations. In addition, such measurements would also provide adjustments
to the required % Ge by weight concentrations that would be required to shift the
Brillouin center frequency by a linewidth. Only empirical results would provide the
necessary adaptations to the model to be an effective predictive tool.

The results were first acquired for the cascading fiber arrangement and then for
the individual fibers. However, in order to present in a more logical process, the
individual fiber amplifier profiles will be presented first. In addition, three revelations
will be revealed as to why there were significant discrepancies in our predictions from the
results in sections 9.1-9.3.

The Stokes probe was conducted for each of the two fibers having 20 meter
lengths using a relatively low pump power of ~0.6W to avoid significant spread of the
linewidth due to any thermal gradients. In addition, an associated Lorentzian line shape,

slightly smaller (to account for any thermal spread) than the SBS profile spread, was fit to
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the data for comparison. Several measurements were taken yielding consistent results.

The actual d

ata points for one such typical measurement are blue dots while the

Lorentzian is a solid red line. The figure below shows such data for the 6.01 % Ge dual

clad ytterbium doped fiber amplifier:
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Figure 33: 6.01 % Ge active fiber — conductor spool

Lorentzian was an excellent fit to the data as expected, with a center

frequency of 15.827 GHz and a linewidth 55 MHz. Recall that we used a Lorentzian

linewidth of 40 MHz for our model based on the passive data experiments.

Several measurements were also taken for the 5.43 % Ge fiber wound around the

cooled cond

uctor spool. Again, the actual data points for one such typical measurement

are blue dots while the Lorentzian is a solid red line. The figure below shows such data

for the 5.43

% Ge dual clad ytterbium doped fiber amplifier:
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Figure 34: 5.43 % Ge active fiber — conductor spool

Although the Lorentzian linewidth of 55 MHz was the same for the two fibers, the
center frequency was 49 MHz greater with a measurement of 15.882 GHz. Our passive
fiber measurements predicted an 89.15 MHz/% Ge. From the passive fiber results, we
should have observed a downshifted frequency of 51.7 MHz, or center frequency of
15.830, very close to the actual value of 15.827. For future model development, we will
use our active fiber results of 94.83 MHz/%Ge rather than the value of 89.15 MHz/%Ge
obtained from our passive fiber results. The significance of these results is that our
estimate of %2 % Ge concentration between active fiber segments is a good approximation
to ensure separation of the effects of Stokes wave on preceding fiber segments.

The two segment cascading fiber configuration, each segment being 10 meters in
length, was wound on the aluminum conducting and cooled spool. Similar measurements

were taken as those for the individual fibers. The results are shown below:
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Figure 35: Cascading active fibers — conductor spool

As expected, only two peaks were observed. The separation between the two
peaks was about 50 MHz with a linewidth of 55 MHz for each segment as expected. The
fiber closest to the pump (5.43 % Ge) had a significant peak compared to the one farthest
away. The increased power of the signal nearer to the pump produced a stronger
response to the SBS signal, thus a higher peak for that fiber segment region. Hopefully,
there will be enough thermal gradient to compensate for the increased signal power effect
at the 5.43 % Ge segment.

Below are the results for the cascaded amplifier with a thermal gradient:
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Figure 36: Cascading active fibers — with thermal gradient

With the thermal gradient, there are several noticeable attributes. First, the peak
of the 5.43 % Ge is now significantly lower than the 6.01 % Ge peak. In addition, the
frequency separation is now 60 MHz rather than 50 MHz. Finally, the Lorentzian
linewidth for the 5.43 % Ge is 85 MHz while the 6.01 % Ge is 60 MHz. The spread from
55 MHz to 85 MHz for the 5.43 % Ge indicates a significant temperature differential
within the length of the fiber segment. In addition, the increase in the linewidth of the
6.01 % Ge indicates additional temperature change in this region, although much smaller
than the first segment. The 10 MHz increase in center frequency separation represents an
integrated SBS response due to the temperature differential.

All this together indicate a significant temperature differential along the fiber

length not predicted by our initial assumptions for our model. This information also
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compliments and agrees with the threshold values found in sections 9.1-9.3, where the
thermal gradient increased the threshold by a factor of two.

An explanation for this discrepancy can be presented through the second
revelation. The fibers had two significant aspects that were not included in the initial
model. First, the second cladding was made of a material unlike the first. This material
was an ultraviolet curing durable acrylate with thermal conductivity less than 0.1 that of
typical silica for the first cladding. The diameter was ~350 um-an additional 75um radius
from the first cladding. This alone provides additional temperature differential within the
core. Second, the fiber was wrapped around a plastic spool surrounded by excellent
insulating foam. The pressure of the tightly wound fiber created an insulation barrier
around ~60% of the fiber. Since the heat could not escape on this region it significantly
reduced the “h” value of that for a fiber suspended in air. The figures below are diagrams

illustrating these two contribution conditions:

Dual Clad Fibers

Figure 37: Dual clad fibers wrapped around insulator spool
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Figure 38: Dual clad fiber in insulator

These two additional effects contributed to the significant increase in temperature

differentials along the fiber length not predicted with initial estimates.
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10 COMPARISON WITH MODEL AND ADJUSTMENTS

From the results of the active fiber experiments presented in chapters 5 and 9, the
most significant changes to our overall model are in the prediction of the temperature
gradient within the core and the adjustments to the Brillouin linewidths for the active
fibers used. For the later, the model will utilize ~55 MHz linewidths. In addition, the
fiber segments will be separated by 0.5% Ge by weight to ensure limited interaction
between segments of the Brillouin frequencies. For the former, the “h” value for surface
convection will be reduced (by 60%) to 0.4 W/m? to account for the insulator around the
spool. Adjusting the model to more accurately account for the geometry of the fiber and
associated convection coefficients is required. Recall the original assumed that the

claddings could be assumed as a single region, described by the equation below:

AT(2) =[:b’§jn{1+2|n[cﬂj+i} P.(2). (63)

a Cclad

We change this model to account for the less than 0.1 conductivity of silica for the 2™
cladding, as well as adding an adjustment factor “Z”. The Z-coefficient is used to account
for the additional localized heating of the fiber core as a result of the temperature build-
up resulting from the insulator blocking heat transfer. The longitudinal temperature

distribution equation now becomes:

_ [ an@’ b a), 20k
AT(z)—Z[”bzﬂrkj{ﬁ2In(aj+20In(bJ+ o }Pp(Z), (64)

where d is the diameter of the 2™ cladding.

Note: Kpastic = 10X Kgiass (We use 20k instead of 2k).
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In an attempt to match the SBS linewidth of the model to the experimental results
for the thermal, an initial estimate of “Z” was set at ““1.0/(1.0-fraction of insulated
cladding)”, or “1.0/0.4”. With these changes, our model was able to predict the linewidth
results presented in chapter 8 for the two fiber segments within the cascaded fiber
arrangement. The model results with these modifications for the fiber segment with the
greatest thermal differential (5.43 % Ge)-the segment next to the counter-pumped source-

are shown below:

40 Constant temperature [iber
FWHM = 55MHz + /- 2MHz
Experimental FWIHM = 55MI1z

Pump induced lemperalure gradient [rom Model
/ FWHM = 87MHz + /- 2MHz
Experimental FWHM = 85MHz
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Figure 39: Model prediction of SBS gain spectrum for 5.43 % Ge fiber segment -

with and without thermal gradient
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11 CONCLUSIONS

11.1 SYNOPSIS OF RESULTS

A theoretical model has been developed to mitigate the SBS threshold for fusion
spliced fiber segments of varying % Ge by weight. The model was developed in an
iterative process, first utilizing passive fiber results and then moving on to the more
complicated active fiber results. Empirical data baseline the model and provided
substantial insight into the physics in order to further adjust the model.

The most significant finding was the change in the thermal gradient along the fiber
length. Initial model predictions only indicated a few degrees change, while
experimental data indicated differentials in double digits. The use of an acrylate 2™
cladding and an insulator between the fiber and spool added a dramatic contribution to
the temperature differential within the core along the propagation length.

Experimental data of active ytterbium-doped dual clad fiber amplifiers have
demonstrated that sequential fiber segments should be separated by %2 % Ge by weight.
The cascaded system must be counter pumped with increasing % Ge by weight segments
starting at the pump end. The fiber exiting the pump needs to be matched to the
numerical aperture and physical dimensions of the first amplifier to ensure efficient
coupling of the pump power. Due to the limitation of fusion splicing, the smaller fiber
segment length should not be below 20 cm.

Assuming the maturity of fiber manufacturer by 2010, it is estimated that an
increase in both diameters of the core and ytterbium dopant concentrations are possible.
It has been estimated that with these considerations, the SBS threshold can be increased

by a factor of 20 from the values we experienced. This means that without the cascaded
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fibers, using standard manufacturing, with a few advances, we could achieve a narrow
line, single mode power output of nearly 40W.
The active fiber amplifier tests have demonstrated the ability to increase SBS by a

factor of two for each fiber segment. The follow is a summary of our test results:

|| Conductor Spool | Insulator Spool
3W ~2X

One 1.4W
Single Fiber
Two 2.7TW 5.4W ~2X
Cascading Fibers
Increase ~2X ~2X ~4x
Factor

Figure 40: Active fiber amplifier summary results
The results have shown that, if fiber lengths are chosen to match the overall SBS effects
of the thermal gradient, we can provide an extremely valuable design tool from our
model to create a high power narrow linewidth fiber amplifier from several segments
made of varying % Ge concentration cores.

Now, if we assume the ability for the manufacturer to provide a range of Ge
concentrations within the core of nearly10%, twenty fiber segments could be combined
utilizing our theoretical model to determine the appropriate length of each fiber.
Providing we can maximize each fiber length’s effectiveness for the temperature
differential and coupled power effects, we will have an estimated forty fold increase in
output power. The potential power output of a single cascaded fiber amplifier for
utilizing standard dual clad fiber amplifier manufacturing capabilities would be ~1.6 kW

without SBS! This potential benefit, however, is constrained by the limitations presented
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in this dissertation. Perhaps a more conservative approach would be to use 12 fiber
segments resulting in an overall single fiber output ~1kW.

11.2 BENEFITS

The most significant benefits of this dissertation is the utilization of intrinsic
thermal differential properties within the fiber core as well as the ability to manufacture
inexpensive fiber amplifiers utilizing common fabrication and standard equipment to
provide low cost solutions. In addition, the model developed within this dissertation can
be utilized as a predictive tool to avoid unnecessary experimental costs and associated
time for developing an SBS mitigated narrow linewidth fiber amplifier. Finally, the use
of inexpensive cascaded fiber, produced in a short period of time with great accuracy and
reliability, having a narrow linewidth output, enables an effective and efficient
demonstration of high power coherent beam combining of dozens of fibers for a variety
of industrial and government applications. This in turn will provide the validation
necessary for continued research and eventual deployment of high power tactical and
strategic fiber lasers for the defense of our nation.

11.3 LIMITATIONS

Although this work has provided a positive potential for the growth of high power
fiber lasers, there are several limitations. The first is the ability of manufacturers to
maintain constant density within the fiber core of all the other key elements while
changing the % Ge by weight and maintaining a constant index of refraction within the
core.

In addition, fusion splicing of several fiber segments may introduce issues with

maintaining a center threshold for coherence lengths required for coherent beam
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combining. Each splice will introduce an additional loss of coherence. The sum of
nearly 20 segments may exceed the required constraints placed on this technology. Also,
there may be issues at higher temperatures and power levels for fusion splices.

The time and ability to ensure quality fusion splices is also an issue. There will
need to be a repeatable method utilized in order to ensure consistency. In addition, the
time to splice must be minimized to ensure low cost production.

The ability to accurately predict the thermal gradient within the fiber core for
these fibers will also constrain the potential output power of this approach. Although this
dissertation provided an initial thermal model, adaptations were required based on
empirical results. A more robust thermal model will be required to account for the
unique configurations to be used.

Finally, the solubility of ytterbium must be maintained for the varying increases in
% Ge. It is still uncertain the effects of such high concentrations of % Ge on ytterbium
solubility. Further experiments and challenges to the manufacturing capabilities are
required.

11.4 FUTURE WORK-NEXT STEPS

In order to fully exploit these findings and model presented in this dissertation,
several future activities and experiments should be explored. First, the maximum core
diameter for single mode with a numerical aperture of ~0.06 should be ordered. These
fibers should span the estimated 10% Ge differential with the highest level of ytterbium
concentration possible. At least ten fibers should be purchased, differing by 1.0% Ge by
weight. Verification of the results performed in this dissertation should be performed.

Once the verification is made, the individual fiber results should be utilized with the
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model in order to predict the appropriate fiber lengths. These should be cascaded and
evaluated.

Included in the first work mentioned above, should be high power pumps near 2.0
KW to reach the desired threshold for each cascaded fiber configuration. This experiment
in itself will determine any additional limitations to the model and approach.

As mentioned, the ability to coherently beam combine these fusion spliced fiber
must be evaluated. Starting with low power of several cascaded fibers, one could
gradually build up in power and numbers. The gradual addition of both complexity and
numbers will enable the overall determination of whether or not this approach will have
utility for coherent beam combining.

Finally, an extensive development of a more robust thermal model must be
explored to account for the various fiber material, geometries, and configurations to be
used. Analysis and observation of the temperature within the core should be sought to

ensure an accurate temperature profile along the core is obtainable.
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