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Abstract

A numerical model is used to describe the interaction of the transverse pump
modes and the transverse Stokes modes of a multimode fiber. This model explains why
beam cleanup is confined to graded-index fibers and has not been observed in step-index
fibers. According to this model the beam quality of the Stokes output of a Raman fiber
amplifier (RFA) based on a multimode graded-index fiber is a function of the beam
quality of the input seed beam and the beam quality of the input pump beam.

An experimental examination of an RFA based on a graded-index fiber showed
that given a pump beam with poor beam quality, the beam quality of the output Stokes
beam was similar to the beam quality of the input Stokes seed. This was true for a
seeding geometry where the seed beam co-propagated with respect to the pump beam and
for a seeding geometry where the seed beam counter-propagated with respect to the pump
beam. The Stokes output of the backwards-seeded geometry was primarily confined to
the first Stokes order. On the other hand, due to four wave mixing, the Stokes output of
the forward-seeded geometry contained a cascade of multiple Stokes orders.

Several configurations of a Raman fiber laser (RFL) based on a multimode
graded-index fiber were also examined. The maximum Stokes power produced by any of
the tested RFL configurations was 7 W with a slope efficiency of 60%. However, as the
power of the output Stokes beam increased the beam quality of the output Stokes beam
decreased. Furthermore, the reflectivity of the output coupler also affected the beam
quality of the Stokes output. RFL configurations which used a high reflectivity fiber

Bragg grating (FBQ) as the output coupler produced Stokes beams with worse beam

v



quality than RFL configurations which used a low reflectivity FBG as the output coupler.
RFL configurations that employed dichroic mirrors instead of FBGs were examined and
shown to be potentially useful for RFLs based on very large diameter graded-index
fibers.

Finally, two continuous-wave pump beams were combined to generate a single
Stokes beam using the process of stimulated Raman scattering (SRS). Two SRS beam
combination techniques were examined. The first technique used an RFA as the SRS
beam combiner and operated with an optical conversion efficiency of 10%. The second
technique used an RFL as the SRS fiber beam combiner. This second technique
produced an output Stokes beam with 5.5 W of power which was 296% brighter than the
pump beam used generate it. The optical conversion efficiency of the RFL beam

combiner was 56%.
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RAMAN FIBER LASERS AND AMPLIFIERS BASED ON MULITMODE GRADED-

INDEX FIBERS AND THEIR APPLICATION TO BEAM CLEANUP

1. Introduction
1.1. Purpose

The world’s first laser was demonstrated by Maiman in 1960. Since that time,
lasers have been developed for a wide variety of military applications, including
communications systems, laser radar, targeting, and perhaps most dramatically, laser
weapons. In order for a laser to be useful, it must satisfy a number of requirements.
Perhaps the most obvious requirement is power. Laser weapons require very high power
laser systems; other applications such as communications can use low power laser
systems. Wavelength is another defining characteristic of a laser system. The size of a
system is also an extremely important consideration for aerospace applications which
integrate the laser system into a relatively small platform. Lastly, while a system may
produce a large amount of power, the ability of the system to focus this energy on a target
is limited by its beam quality.

In summary, a laser system with military utility will produce the right amount of
power, at the right wavelength, on the right platform, and with good beam quality.
Raman fiber devices based on graded-index fibers have the potential to fulfill these
requirements. The original experiments described in this document show that Raman
fiber devices based on graded-index fibers can produce moderate output powers; this
innovative research also explores the conditions under which Raman fiber devices based

on multimode fibers produce Stokes beams with reasonable beam quality.



1.2. Motivation

One of the first military applications of laser technology was shown on 13 May
1972 when four U.S. F-4D aircraft successfully attacked the Thahn Hoa Bridge in North
Vietnam using laser-guided bombs [1]. A direct demonstration of laser weapons
followed on 13 November 1973 when a 100 kW CO, laser disabled the control system of
a 12-foot long radio controlled drone, knocking it out of the air. The next day, the CO,
laser locked onto another drone’s fuel tank for 1.2 seconds, ignited the interior fuel
vapors and crashed the vehicle [2].

In 1975, a laser was placed aboard a KC-135A, dubbed the Airborne Laser
Laboratory (ALL). Eight years later, the ALL successfully shot down five Sidewinder
air-to-air missiles and an aerial drone [2]. Interest in developing laser systems is not
confined to the Air Force. On 6 June 2000, the Army’s Tactical High Energy
Laser/Advanced Technology Demonstrator used a chemical laser to detonate the high-
explosive warhead of a Katusha rocket at the White Sands Missile Range in New Mexico
[3]. That this was a joint project with Israel underscores the fact that the United States is
not the only nation interested in military laser systems. The Navy is also interested in
developing solid state lasers, as well as free electron lasers for use on ships [4].

Like its sister services, the Air Force is interested moving laser systems from the
laboratory to the battlefield. Perhaps the prime example of this is the Airborne Laser
(ABL). The ABL, designed as a defense against ballistic missiles, consists of a megawatt
class chemical oxygen-iodine laser (COIL). In the COIL system, chlorine gas is
combined with a fine spray of hydrogen peroxide which has been mixed with sodium,

lithium and potassium [5]. The resulting chemical reaction produces excited oxygen



molecules. Excited oxygen molecules transfer energy to iodine atoms which are in turn
excited. The iodine atoms then produce laser energy at the 1315 nm wavelength.

The ABL with its chemical laser is not the only possible aerial platform for
directed energy systems. The Air Force is also interested in employing laser systems on
the C-130 [6]. By thus employing laser weapons, the Air Force would gain the ability to
launch high precision strikes against very specific targets. For example, laser weapons
make it possible to disable the tires or the engine of a truck without damaging the rest of
the vehicle.

Wavelength is a very important characteristic of a laser because different
wavelengths are needed to fulfill different missions. For example, the atmospheric
transmission of a laser beam is highly dependant on its wavelength; some wavelengths
are selectively absorbed by the various constituent molecules of the atmosphere [7].
Other wavelengths, such as the output from a CO; (10.6 um), are highly absorbed by
water, making lasers that operate at these wavelengths useful as medical tools capable of
removing diseased tissue [8]. It turns out that laser wavelengths above 1400 nm are
heavily absorbed by the cornea and lens of the human eye. When these wavelengths are
incident on the eye, absorption in the cornea and the lens attenuates the laser intensity
which is focused onto the retina. This increases the damage threshold of the retina by a
factor of 50 over non-eyesafe wavelengths [9]. Wavelengths which reach the retina with
reduced intensity are sometimes termed “eyesafe”.

Using a laser that operates at an eyesafe wavelength mitigates the risk of
collateral damage associated with that laser system. The potential for collateral damage

is significant. For example, the ABL could pose an eye hazard for a distance of some



28,000 kilometers [6]. The problem of stray reflections becomes even more complicated
when lasers are mounted on high velocity, low-flying aerial platforms. Rapid changes in
the angle of the incident beam relative to the target are inherent in such geometries. The
U.S. military as well as foreign militaries have expressed interest in eyesafe laser
wavelengths because lasers operating at these wavelengths minimize the risk of collateral
eye damage to military or civilian personnel [10,11].

The Air Force is also interested in creating mid-range infrared (IR) lasers which
can be mounted on an aircraft and used to disable the IR tracking systems of inbound
missiles. Due to the relatively small size of fighter aircraft and unmanned aerial vehicles,
compact and lightweight laser systems are very useful. Whereas conventional laser
systems require large and bulky cooling systems, the large surface to volume ratio of
fiber lasers allows extensive air cooling, reducing the need for more complex and bulky
cooling systems. Furthermore, it has recently been demonstrated that a kW class fiber
laser can have a wall plug efficiency of 30%, which is significantly better than the
demonstrated efficiency of other industrial lasers [12]. Increasing the wall plug
efficiency reduces the power requirements and thus the logistical footprint of the laser
system. Efficient cooling and high wall plug efficiency make fiber lasers one of the most
promising laser systems for small tactical aerial platforms [13].

Many lasers are useful only insofar as they produce output beams with good beam
quality. A laser beam with excellent beam quality will be comprised only of a single
transverse mode which is nearly perfectly Gaussian. Such a high quality beam is
generally the preferred output of a laser system because of its increased ability to

concentrate laser energy on a target.



The Raman fiber laser (RFL), which has become increasingly popular due to its
compactness, ruggedness and flexibility, has the potential to be very attractive for DoD
applications. The RFL is based on stimulated Raman scattering (SRS), a nonlinear
optical process whereby photons from a pump beam are converted into lower energy
photons of a Stokes beam. In general, an RFL consists of a fiber gain medium with an
input coupler fiber Bragg grating (FBG) on the front end and an output coupler FBG on
the back end of the fiber cavity. FBGs can be written directly to the ends of the RFL with
an ultraviolet (UV) laser [ 14] or written to separate pieces of fiber and then spliced onto
the ends of the RFL.

RFLs have two main advantages. The first advantage of RFLs is that they can
generate a wide range of novel laser wavelengths. For example, altering the wavelength
of the pump laser of an RFL alters the wavelength of the output Stokes beam. Carefully
tailoring the gain medium provides even more wavelength flexibility. Another method of
wavelength selection employs a series of nested fiber cavities to cascade the Stokes
output to the desired wavelength. Clearly, RFLs are one promising way to generate the
right wavelength on the right platform.

The second advantage of RFLs is that they can produce laser output with good
beam quality. Traditionally, RFLs have produced singlemode output through the use of
fibers with singlemode cores. Unfortunately, RFLs have historically produced only
modest output powers; RFLs based on singlemode fibers have produced continuous-wave
(CW) output powers of up to 13 W [15]. While lasers based on singlemode fibers

produce singlemode output, it is difficult to efficiently couple multimode pump light into



a fiber with a singlemode core. This limits the efficiency and ultimately the output power
of RFLs based on singlemode fibers.

The pump laser of choice for RFLs has typically been the double clad fiber laser
(DCFL). A DCFL utilizes a double clad fiber (DCF) in the laser cavity instead of using a
more traditional singlemode fiber. A diagram of a DCF is shown in Figure 1. The core
of a DCF is surrounded by two layers of cladding material. The first layer known as the
inner cladding confines laser radiation to the fiber core. The second cladding layer, also
known as the outer cladding, confines pump radiation to the inner cladding. The

outermost layer of the DCF is a buffer added to provide mechanical strength to the fiber.

buffer
outer

cladding

inner

cladding

core

Figure 1. Cross section of a notional DCF.

While the multimode inner cladding of a DCFL is pumped with a multimode
diode pump laser, the core of the DCFL is typically singlemode. The singlemode output
of the DCFL can be used as a singlemode pump for an RFL. The typical DCFL can be
considered to be an intermediary pump laser which converts a multimode pump beam
into a singlemode pump beam. Unfortunately, using such an intermediary reduces the

overall efficiency of the RFL system.



One way to increase the efficiency of RFLs is to base them on a multimode fiber
instead of using a singlemode fiber. Larger gain fibers enable more efficient pump
coupling. Higher efficiency leads to higher output powers. This document examines
RFLs based on multimode graded-index fibers.

Fortunately, an RFL based on a multimode fiber can produce near-singlemode
output through the beam cleanup properties of SRS [16]. Beam cleanup occurs when the
most Gaussian-like components of the Stokes beam grow faster than the less Gaussian-
like components of the Stokes beam. Through the process of beam cleanup, a multimode
pump beam is converted into a near-singlemode Stokes beam. As will be shown in this
document, the SRS beam cleanup process requires the use of a graded-index fiber; beam
cleanup does not occur in step-index fibers. Through SRS beam cleanup in a graded-
index fiber it is possible for an RFL to create the right wavelength on the right platform
with good beam quality.

It should be noted that experimental observations of unseeded SRS have
demonstrated dramatic improvement in the beam quality of the output Stokes beam
relative to the beam quality of the input pump beam [17,18,19,20,21]. This has led at
least one author to suggest the output beam of a Raman fiber amplifier (RFA) will be
nearly diffraction-limited regardless of the beam quality of the input seed source [22].
This document examines the beam quality of the Stokes output of an RFA based on a
graded-index fiber and shows that the beam quality of the output Stokes beam depends on
the beam quality of the input Stokes seed. The original research presented in this
document shows that an RFA based on a multimode graded-index fiber can have

relatively high optical-to-optical efficiency (25%) with 9 dB of gain.



The telecommunications industry is very interested in developing fiber amplifiers
which can boost a transmitted signal and thereby improve the signal-to-noise ratio.
While much of the research in optical communications has focused on fiber amplifiers
doped with Erbium, Ytterbium or other materials, there has been significant interest in
the development of the RFA. Like RFLs, RFAs have traditionally been based on
singlemode fibers. RFAs offer two main advantages over their doped fiber counterparts.

First, the RFA provides wavelength flexibility because significant gain occurs at a
wavelength which is shifted from the pump wavelength. The magnitude of the change in
wavelength is determined by the Stokes shift of the material. By carefully choosing
and/or tailoring the Stokes shift of the gain medium, it is possible to use RFAs to amplify
input beams at almost any wavelength, provided an appropriate pump source is available.
For this same reason, the communications industry has been interested in the
development of the RFL as a means to generate novel pump wavelengths.

The second advantage of the RFA is its very wide gain bandwidth. The
bandwidth of SRS is about 30 nm in a fused silica fiber which is pumped at 1450 nm
[23]. However, if an RFA is pumped with two lasers of different wavelengths, the gain
bandwidth the two respective Stokes shifts can overlap, potentially doubling the overall
gain bandwidth of the RFA. Using multiple pump lasers can make the gain bandwidth of
an RFA very broad [24]. A broad gain bandwidth means that a single RFA can be used
to pump multiple signals in a wavelength multiplexing scheme. By contrast, the Erbium-
doped fiber amplifier only has a typical gain bandwidth of 30 nm.

Another option for power scaling the Stokes output of RFLs and RFAs is beam

combination, a process in which multiple pump beams are used to generate a single



Stokes beam. While SRS beam combination has been demonstrated in bulk media, its
development in fibers has been limited by the difficulty of reaching the SRS threshold
[25]. This document describes two methods of SRS fiber beam combination which
effectively lowered the SRS threshold and allowed the SRS fiber beam combination of
two continuous-wave (CW) pump beams. The first of these beam combination methods
used a Stokes seed to lower the effective SRS threshold, while the second beam
combination method used an RFL to lower the effective Stokes threshold.
1.3. Overview

The research described in this dissertation focused on developing Raman fiber
devices based on 50 um graded-index fibers. RFLs and RFAs were constructed and
characterized in terms of the power, the beam quality and the spectral properties of the
output Stokes beam. The efficiency of these devices was characterized by examining the
output Stokes power as a function of the coupled pump power. The spectrum of the
output Stokes beam was examined to determine if the Raman fiber device produced any
higher Stokes orders. The original research presented in this document showed that the
onset of a Stokes cascade generated by an RFA using a backward stimulated Raman
scattering (BSRS) geometry was delayed relative to the onset of the Stokes cascade
generated by an RFA using a forward stimulated Raman scattering (FSRS) geometry.

Both RFLs and RFAs based on graded-index fibers were examined in terms of the
beam quality of the generated Stokes output. The beam quality of the Stokes output of an
RFL was shown to be a function of the output Stokes power of the RFL as well as a
function of the reflectivity of the FBGs used to construct the RFL. Higher Stokes powers

as well as higher reflectivity of the output coupler corresponded to worse beam quality of



the Stokes beam. In the case of an RFA, the beam quality of the output Stokes beam was
a function of the beam quality of the input seed beam.

A computer model was developed to explain the beam quality of the Stokes
output generated by unseeded SRS. Unseeded SRS beam cleanup was examined by
determining the fiber mode with largest Raman gain given a large number of random
mode configurations of the input pump beam. The gain of the Stokes modes of a notional
graded-index fiber and the gain of the Stokes modes of a notional step-index fiber were
examined. In the graded-index fiber, the lower-order transverse Stokes modes exhibited
greater gain than the higher-order transverse Stokes modes. This was not true of the step-
index fiber, which explains why beam cleanup is confined to graded-index fibers.

The beam quality of the Stokes output of an RFA based on a graded-index fiber
was also theoretically examined. This was done by numerically solving the coupled
differential equations describing the interaction of the various pump and Stokes modes of
the fiber. The modal distribution of the output Stokes beam was calculated for different
configurations of the input pump beam and input seed beam. The modal distribution of
the input and the output were compared in terms of the beam quality factor, M, fora
large number of different launching conditions. This numerical model demonstrated that
the beam quality of both the input pump beam and the input seed beam determined the
beam quality of the Stokes output of an RFA based on a graded-index multimode fiber.

This research also examined two methods for the SRS beam combination of two
independent CW laser beams. Two pump beams were first polarized and then overlapped
using a common polarizing beamsplitter (PBS). These two overlapped beams were then

combined to generate a single Stokes beam via SRS in an RFA. In a separate, but related
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experiment, these overlapped pump beams were combined to generate a single Stokes

beam via SRS in an RFL. In the case of the RFA beam combiner, both the FSRS

geometry and the BSRS geometry were considered. The RFL beam combiner proved to

be highly efficient; this demonstrated that using an RFL is a practical method of SRS

beam combination.

1.4. Document Highlights and Organization

This document presents original research, the highlights of which include:

1. The SRS beam combination of two independent CW laser beams using an RFL based
on a 50 um multimode graded-index fiber.

2. The experimental development and characterization of an RFA based on a 50 um
multimode graded-index fiber.

3. The modeling of unseeded SRS beam cleanup in a 50 pm multimode graded-index
fiber.

4. The absence of beam cleanup in a step-index fiber is explained.

5. The modeling of the beam quality of the Stokes output of an RFA based on a 50 um
multimode graded-index fiber.

6. The optimization and characterization of moderate power RFLs based on a 50 um
graded-index fiber.

7. The SRS beam combination of two independent CW pump beams using an RFA
based on a 50 um graded-index fiber.

8. The demonstration of beam cleanup in a 50 pm multimode graded-index fiber

pumped by a CW laser.
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9. The examination of an RFL based on a multimode graded-index fiber which used a
dichroic mirror as an output coupler.

Chapter 2 of this document presents the background material useful for
understanding the operation of Raman fiber devices based on multimode graded-index
fibers. Chapter 3 describes the fiber modes associated with multimode fibers. This
serves to introduce the numerical models of beam cleanup presented in Chapter 4. One
model examines beam cleanup in both graded-index and step-index fibers. A model of
the beam quality of the output of an RFA based on a graded-index fiber is also
considered. Chapter 5 describes experiments which examined the performance of an
RFA based on a graded-index fiber in terms of the beam quality, the gain and the spectral
content of the output. Both the BSRS and the FSRS geometries of an RFA are
considered. Chapter 6 examines the utility of using an RFA as a method for the SRS
fiber beam combination of two independent CW pump beams.

Chapter 7 examines the performance of RFLs based on graded-index fibers. This
chapter discusses the performance of an RFL based on a graded-index fiber. The power
and the beam quality of the output Stokes beams are examined. An RFL is shown to be a
practical device for SRS fiber beam combination. Chapter 8 discusses the performance
of an RFL based on a graded-index fiber which uses dichroic mirrors in place of FBGs.

Chapter 9 summarizes the conclusions of this research and details the technical
contributions of this work. Chapter 9 also provides suggestions for future research,
including the direct diode pumping of Raman fiber devices based on graded-index fibers.
The use of novel fiber materials and novel FBG configurations is also considered, as are

cascaded RFLs based on multimode graded-index fibers.
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2. Theoretical Background

2.1. Nonlinear Optics

In conceptual terms, nonlinear optics can be understood by examining the effect
of an electromagnetic wave on an optical medium consisting of positively charged nuclei
surrounded by a collection of negative electric charges. In a conductor many of these
negative charges are free to roam through the material. In an insulator the negative
charges are more tightly bound to their parent nuclei. The presence of a sufficient
electric field displaces these bound charges, creating an electric dipole. An oscillating
electric field induces oscillating dipoles which serve as the source of a generated
electromagnetic wave. Resulting electric fields which constructively interfere with one
another are said to be phase-matched.

The behavior of electromagnetic waves in matter is more precisely described by

Maxwell’s equations, which can be expressed in differential form in MKS units as

VeD=p, (1)
VeB=0 (2)
VxE=—a—B 3)
ot
~ - oD
VxH=J,+— 4
X f+8t (4)

In the above equations, D represents the electric displacement field, E represents
the electric field, B represents the magnetic induction, H represents the magnetic field,

J ,represents the free current density and py represents the free charge density [26]. Ina

non-magnetic medium (p=L), the magnetic induction is related to the magnetic field

13



according to B = ,uofl , Where y is the magnetic permeability of free space. The electric
displacement field can be expressed in terms of the electric field and the induced
polarization P according to
D=g,E+P (5)
where ¢ is the electric permittivity of free space.
These equations can be used to derive the wave equation by first taking the curl of

both sides of Eq. (3). The left hand side of the resulting equation can be simplified using
the following identity

Vx(VXE)=V(V-E)-V’E (6)
and assuming the free charge density to be zero. The right hand side of the resulting
equation can be simplified by recalling the relationship between the magnetic induction
and the magnetic field in free space and invoking Eq. (4). The free current density is
assumed to zero. Using equation (5) and noting that although the divergence of the
electric field is not identically zero, it is nearly so [27], the wave equation for a dielectric

medium then takes the following form

_ d°E 0P’
VZE—‘UOE()a?:,UOa? (7

The electric field can also be used in conjunction with the susceptibility tensors
" to define the induced polarization as follows
P=e,(y" E+y® :EE+y® :EEE+..) (8)
The order of each susceptibility tensor is denoted by the superscript n. The first order
susceptibility tensor ¥ is associated with several of the linear properties of a material,

including the index of refraction and absorption. The second order non-linear
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susceptibility tensor ¥ is associated with the Pockels effect, second harmonic
generation, parametric mixing and parametric amplification. The third order nonlinear

(3)

susceptibility tensor ¥ is connected to many other optical phenomena, including SRS,

stimulated Brillioun scattering (SBS), and four wave mixing (FWM).
2.2. Raman Process
2.2.1. Raman Scattering
The quantum-electrodynamic explanation of Raman scattering is diagrammed in

Figure 2. A pump photon of frequency w, is annihilated and a molecule makes a
transition from a real ground state | g> to a virtual excited state |h> . The virtual excited
state |h> is actually a superposition of the possible eigenstates of the molecule. A Stokes

photon with a frequency s is created and the molecule transitions from the virtual

excited state |h> to a real vibrationally excited state | f > . The energy of the vibtrationally

excited state is associated with an optical phonon.

An equivalent explanation states that a Stokes photon is created and the molecule

transitions from the ground state |g> to a virtual excited state |h> . The pump photon is
annihilated and the molecule transitions from the virtual excited state |h> to the

vibrationally excited state | f > . In either case, due to the indeterminate energy of the

virtual excited state, the uncertainty principal dictates that the Raman scattering process
proceeds near-instantaneously.
These various transitions can be used to describe the non-linear susceptibility

associated with SRS according to [28]
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where N is the number density of molecules, py(a) is the density matrix of the state
labeled a, e -7 represents the dipole moment operator and where the damping factor is
represented by I". The subscripts b,d.f,g represent the states of the molecule.
The Stokes photon has a frequency defined by
w,=0,—12 (10)
where (2 is the vibrational frequency of the material.

pump photon | h> snsnmmnnnnngrs Stokes photon

Wp |f>

Figure 2. Energy diagram showing the generation of a Stokes photon.

The creation of an anti-Stokes photon is depicted in Figure 3. In this case, the

vibrationally excited state | f > is populated by molecules which are vibrationally excited
relative to the ground state| g> . An incident pump photon is annihilated and the molecule

transitions from the vibrationally excited state| f > to the virtual excited state |h> . An

anti-Stokes photon is created and the molecule undergoes a radiative transition to the

ground state | g> . Again, an equivalent explanation associates the creation of the anti-
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Stokes photon with the transition from of the molecule from the real excited state | f > to
the virtual excited state |h> while associating the annihilation of the pump photon with
the transition from the virtual excited state |h> to the real ground state | g> . The
frequency of the anti-Stokes photon is given by

o, =0,+ Q0 (11)
If the system is in thermal equilibrium, the population of | f > is smaller than the
population of | g> by the Boltzmann factor of exp(-4£2/kzT). As a result the intensity of

anti-Stokes lines are typically orders of magnitude smaller than the intensity of the

associated Stokes lines.

1) annnmnnnnga

pump photon anti-Stokes photon
N T
) -

Figure 3. Energy diagram showing the generation of an anti-Stokes photon.

Experimental observations of Raman scattering were first made by Raman and
Krishnan in 1928 [29,30]. To produce the strong illumination necessary to observe the
Raman effect, sunlight was focused onto samples of 60 different liquids and several gases
via a telescope. All of the samples tested showed some degree of Raman scattering. The
downshifted frequencies are called the Stokes component; upshifted frequencies are

called the anti-Stokes component.
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Boyd explained the relationship between stimulated Raman scattering and
spontaneous Raman scattering by considering the average number of photons in a given
radiation mode, a quantity known as the photon occupation number [31]. The radiation
modes are the pump and Stokes modes of an ideal rectangular cavity. Using these photon
occupation numbers, the probability of a pump mode scattering into a given Stokes mode
per unit time is postulated as

P.=Dm,(m +1) (12)

where m,, is the average number of photons in each pump mode and m;, is the average
number of photons in each Stokes mode. D is a constant of proportionality. The first
term on the right hand side of Eq. (12) represents the contribution of stimulated Raman
scattering, while the second term represents the contribution of spontaneous Raman
scattering. P in Eq. (12) can be considered as the time rate of change of the average
number of photons in a single Stokes mode . Therefore,

dm
dt

==Dm,(m,+1) (13)

After a change of variables using the relationship dz/dt=c/n, this expression takes the

form

dm, n
~=—Dm (m, +1 14
5 = Pmy(m+1) (14)
In the regime of spontaneous scattering where m <<l, the solution to Eq. (14) is

m, () =ms(0)+§Dmpz (15)

where m;(0) 1s the number of Stokes photons at z=0. In the regime of stimulated

scattering when my>>1, the solution to Eq. (14) becomes
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m (z)=m, (0)e” (16)

where the Raman gain coefficient is defined by

G=—=2" (17)

The value of the proportionality constant D can be determined by first recognizing
that the generation of a single Stokes photon requires the annihilation of a pump photon.
A pump photon however, can generate a Stokes photon in any available Stokes mode of
the cavity. The change in the number of pump photons in the system is therefore equal to
the total number of Stokes photons generated in all of the Stokes modes of the system.

The number of Stokes modes available to the cavity is given by [31]

_Va?lAon®

M (18)

r’c’
where V' is the volume of the ideal cavity, w; is the angular frequency of a given mode
and 4w 1s the linewidth of the scattered radiation. The index of refraction in this cavity is
denoted by n.

The scattering of pump photons into the various Stokes modes of the cavity isn’t
necessarily uniform, but can have angular dependence b(8,¢p), where 8 and ¢ denote the
radial angle and azimuthal angle of the radiation. By considering the non-uniform
scattering of a pump mode into the various Stokes modes of the cavity, the depletion of

this pump mode is given by

dm n
L =——Dm Mb(8,p) (19)
dz c ?

The depletion rate of pump photons can also be expressed in terms of the scattering cross

section of the medium, o, according to
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dm »
% =—Nom, (20)

where N is the number density of molecules in the gain medium. By comparing Eq. (19)
and Eq. (20), it is easy to see that the proportionality constant D can be expressed as

D= ﬂ (21)
nMb(8, 9)
Using this expression for the proportionality constant, along with Eq. (18), the Raman

gain coefficient defined in Eq. (17) can be expressed as

Nz*c’m Jdo
G=—" (), (22)
Va:b(0,p)n” 0w

where the gain cross section has been expressed in terms of its center value and linewidth

according to o = (8_0‘) Aw
0w ),

Initially, Stokes photons are generated via spontaneous Raman scattering, which
in forward SRS has been shown to be equivalent to injecting one Stokes photon per
transverse and longitudinal mode into the fiber at z=0 [32]. Given sufficient intensity,
these photons begin to further stimulate the Raman process, giving rise to SRS.

Classically, SRS can be ascribed to the polarizability of a medium by considering
how an electric field acts on the molecules in the Raman gain medium [31,33]. Consider

the combined electric fields of the pump wave and the Stokes wave of the fiber

E=4,(z)exp(ik, z-iw,t)e, 23)
+ A _(z)exp(ik, - 2—iw1)é, +cc.

where A(z), k , w, érespectively represent the amplitude, wave vector, frequency and the

polarization unit vector of the electric field. The pump and Stokes components are
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denoted by the subscripts p and s respectively. While not particularly important to
deriving the polarizability of the medium, the z-dependence of the amplitude of the
electric field will become important in describing the interaction of the pump and Stokes
beams in Chapter 4 and will be explicitly stated in the remainder of the derivation. In
order to avoid cumbersome notation however, the z-dependence of other variables will
not be explicitly stated in the remainder of the derivation.

The force exerted by an electric field can be determined by considering the energy

required to establish an oscillating dipole, which is given by W = %0{<E 2> , where the

brackets denote the time average [31]. The force can be expressed as F = Z—W, which
q

means that the electric field exerts a force on a degree of freedom of the molecule is

equal to

= 1(d — 2\ .
F:5£d—f]‘jo<\E(r)\ >u 24)

where # is a unit vector and a is the polarizability of the molecule. The quantity ¢
denotes the displacement of the atoms in the molecule from their equilibrium separation
distance, ¢o(2), where Q is the difference between the pump and Stokes frequencies. The

force exerted on the molecule is related to its displacement by

d? d . F(t
(??+27/p d—‘f+ a)viju ZL (25)

where 7, is a damping term, o, is the resonance frequency of the molecule and m is the

effective mass of the molecule. The resulting displacement of the molecule is given by

q=q,(2)expli(k, —k,)-2— 2]+ cc. (26)

21



The magnitude of the displacement can be shown to be [31]

_(daldg),4,(2)4, *(2)
m(w, — 02° -2iQy,)

q,(£2) 27)

In this case, the magnitude of the induced polarization is given by

P= N[ao + (d—“J q}E (28)
dq ),

where N is the number density of molecules in the medium. The symbol o denotes the
polarizability of the molecule when the atoms of the molecule are at their equilibrium
separation distance. Substituting Egs. (26) and (27) into Eq. (28) and keeping only the

nonlinear term oscillating at w;, the amplitude of Stokes polarization can be defined as

_ - NQa/og)i|A,| 4, expli(k, -2)]
P = L (29)
m(w? — Q7 +2iQ2y,)

By defining the Raman susceptibility as

1 N@w/dq);
om [w; — (0, —@,)" +2i(0, - ®,)7,]

3 =
IéR?S’ (a)p ’_a)p ’ a)s ) =

(30)

the amplitude of the nonlinear component of the polarization can be expressed as

A,|* 4, expli(k, - 2)] G1)

SNL 3)
P = 6;(SRS(a)P ,—a)p,a)s)

The growth of the amplitude of the Stokes wave in a fiber can be derived from the
wave Eq. (7). The right hand side of the equation can be expressed in terms of the
induced polarization given by Eq. (8) and is simplified by recalling that in an isotropic
medium, y”=0. The left hand side of the wave equation is simplified by invoking the

slowly varying envelope approximation. Using the form of the electric field given by Eq.
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(23) and by grouping terms which oscillate at like frequencies, the growth in the

amplitude of the pump and Stokes waves can be shown to be governed by

kS

np,sa)p,s [A* aAp,s +A aAp,s

c L L

2
] = 680,uoa)p,S X

(3

2 2
‘Ap,s II-n[/ﬁtl.S‘RS (a)s,p 7_a)s,p H a)p,s )] (32)

As,p

A ’ > 1 o
_‘ 2 gOlLlOa)p,s m[l (a)p,s)]

It is useful to consider the relationship between intensity and the field amplitude

2
Ip’s =2¢&,cn As,p

(33)

It should also be noted that [34]

Im[Zé‘QS' (a)p ’_a)p 2 a)s )] == Im[lge)s (a)€ ’_a)s > a)p )] (34)

Furthermore, by considering the relationship between the 1* order susceptibility
and absorption (denoted by ;) and also recalling the relationship between the 3™ order

susceptibility and the Raman gain coefficient [34]

— wp:S I 1) 35
ap,s - m[Z (a)p,s )] ( )
P,
-3, 3)
gR = 2 Im[ZSRS (wp 7_a)p,ws )] (36)
806' l’lsl’lp

the interaction of the pump beam and the Stokes beam is given by

dl .
d; =gRIpIs_asIs (37)
and
di, @,
E:_;gRlpls_aplp (38)
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In this equation, / is the intensity of the Stokes wave and /, is the intensity of the pump
beam. The Raman gain coefficient is denoted by gz. In the simple case when the pump
is assumed to be undepleted by the growth of the Stokes component (i.e., when the pump

is only depleted by attenuation), the power in the Stokes component is given by

1,(L)=1,(0)exp[g, ], (0)L,, — L] (39)
where the effective length of the fiber is defined as
l—exp[—a, L]
o= i Al (40)
a

p
where a,, is the absorption coefficient of the pump.
2.2.2. Raman Gain

As discussed in the previous section, Raman scattering shifts light from the input
pump wavelength to the output Stokes wavelength. One measure of the strength of this
scattering process is the Raman gain coefficient, gz. The relationship between G and gz
can be understood by considering that G gives the Raman gain per unit length. On the
other hand, g is given in terms of the Raman gain per unit length per unit power.

In many materials, the Raman gain is significant only for a limited number of
discrete bands. One example is the Raman gain spectrum of sulfur, which is shown in
Figure 4. On the other hand, in an amorphous solid such as fused silica, discrete bands
broaden and overlap to form the Raman gain spectrum shown in Figure 5. The Raman
gain spectrum of every material is unique, making Raman spectroscopy possible.

v, and hence the Raman gain of a material are dependent on o, and w;. This
can be seen by examining Figure 4 and Figure 5 which show that the Raman gain has a

strong dependence on the Stokes shift and is properly denoted as gz(Q) [*°,36]. To
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understand the consequence of the functional form of gz(22), consider a pump beam
incident on fused silica. Spontaneous Raman scattering produces photons across a broad
range of Stokes wavelengths. Through SRS, these photons are amplified across the entire
bandwidth of the Raman gain spectrum. The Stokes wave grows fastest however, at the
wavelength with the maximum gain. In pure fused silica, the maximum gain and hence

the maximum Stokes production occurs when input pump is shifted by 12.6 THz.

v J‘III'I.J J 'IL_A_‘|'||| I.\_

Normalized Peak Intensity

0 ] T T T T
0 100 200 300 400 500
Raman Shift (cm'])

Figure 4. The Raman spectrum of sulfur, normalized to the peak intensity of the input
probe beam [33].

The Raman gain of a fiber can also be affected by doping. For example the
addition of the dopant GeO, changes the relative index difference, 4, between the index
of refraction of the core and the index of refraction of the cladding of the fiber. This
difference can be tailored by altering the level of doping in the fiber. In a step-index
fiber, the Raman gain coefficient is linearly proportional to the relative index difference

induced by the doping according to [37]

g, (12.9THz) = 2.75x107* +2.16x107"*|A| m/W  (41)
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The relative index difference is typically less than 1%. It should be noted that Eq. (41)
has been shown to be valid for graded-index fibers with an arbitrary index profile in

which 4 is not uniform across the core of the fiber.

1.2 I I ! | L T LI | T T T

o
T
1

e
)
T
1

o
=)
T
1

o
T
T

Raman Gain (l(}'”m! %)

e
2
T

L1 1 1 a1 1 1
0 6 12 18 24 30 36 42
Stokes Shift (THz)

]

Figure 5. Raman gain of fused silica as a function of the frequency shift [34].

The Raman gain coefficient changes as new chemical bonds are formed by the
introduction of the dopant. Vitreous SiO; consists of a collection SiO4 tetrahedrons. The
oxygen atom in a corner of one tetrahedron sometimes serves as the corner of an adjacent
tetrahedron, an arrangement known as corner-sharing. The silicon atom at the center of
two adjacent tetrahedrons along with the oxygen atom in the shared corner forms a bond
which is denoted by Si-O-Si. The 440 cm™ Stokes shift of fused silica is formed by the
motion of the oxygen atom of this bond [38,39].

Doping with GeO; introduces GeOj tetrahedra into the vitreous fiber core. GeOq4
tetrahedrons share corners with other GeOj tetrahedrons or with adjacent Si04
tetrahedrons, resulting in Ge-O-Ge bonds and Si-O-Ge bonds respectively. Vibrations in
the former produce a Stokes shift of 416 cm™, while stretching vibrations in the latter

produce a relatively broad Stokes band ranging from 978-1010 cm™ [38]. At low levels
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of GeO, doping, Si-O-Ge bonds are much more common than Ge-O-Ge bonds. As the
vibrational modes of Si-O-Si, Ge-O-Ge and Si-O-Ge are coupled, the addition of GeO;
dopant alters the form of the Raman gain spectrum by decreasing the strength of certain
peaks (particularly those at 485 cm™ and 600 cm™) and by causing the growth of
additional peaks at 675 cm™ and 1000 cm™ [38,39].
2.2.3. Stimulated Raman Threshold

When the overall gain of the fiber exceeds the propagation losses of the fiber , the
Stokes beam can initially grow exponentially at the wavelength associated with the peak
Raman gain. The threshold condition of an oscillator is when the product of the cavity
gain and the cavity losses is unity, i.e.,

1 =exp[2gP,L, IR R, exp[-2a L] (42)

o |
In this equation, the first term on the right hand side represents the Raman gain. R;and
R, correspond to the reflectance at each end of the laser cavity. The exponential term
corresponds to the round trip cavity absorption losses where a; is the absorption loss per
unit length of the fiber at the Stokes wavelength and L is the length of the fiber. P, is the
input pump power an g is the Raman gain per unit area. The effective area of the fiber is

expressed in terms of the mode field radius, wy as

A, =10} (43)

off

The radius of a multimode beam depends on the exact modes which make up that
beam. However, calculating the mode field radius of the fundamental mode provides a
lower bound on the radius of a multimode beam. The mode field radius of the

fundamental mode of a graded-index fiber can be approximated by [40]
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@, za[\/;+ s + 6 J (44)

where a is the physical radius of the fiber core and V is the fiber V' parameter or V-
number, which is defined as

V =ak,NA (45)
where kj is the wave number of the pump beam and NA is the numerical aperture of the
fiber. Calculating the pump threshold necessary to produce a Stokes beam in an
singlemode oscillator through SRS is straightforward by using Egs. (42)-(45).
Calculating the SRS threshold in a multimode fiber is more complicated due to the
challenge of precisely defining the radius of the beam.

For a single-pass configuration, the threshold condition of the forward Stokes
beam is given by Smith to be the pump power above which stimulated effects must be
considered [32]. A good approximation of the threshold pump power can be obtained by
invoking the undepleted pump approximation, integrating the resulting solution to Egs.
(37) and (38) over the entire Raman gain bandwidth and assuming the gain curve to be
Lorentzian in shape. The single-pass SRS threshold is then given by [32]

_ 164,

h
t gRLe{[f

(46)

The threshold condition for the backward Stokes beam is calculated the same
way, except that the sign of the left hand side of Eq. (38) is reversed. The resulting pump
threshold for the backward Stokes beam is similar to the threshold of the forward Stokes
beam given in Eq. (46), except that the factor of 16 becomes a factor of 20 [32].

Smith also showed that in the FSRS geometry, spontaneous Raman scattering can

be considered to be a seed consisting of a single fictitious photon per longitudinal and
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transverse mode which is injected into the front end of the fiber [32]. In the BSRS
geometry, spontaneous Raman scattering can be considered to be a backwards
propagating seed consisting of a single photon per mode injected into the fiber at the
location where the accumulated attenuation losses equals the Raman gain [32].

These calculations assume that the Stokes wave and the pump wave are in step,
which occurs when the fiber maintains the polarization of the wave. It has been shown
for SBS that gain occurs only insofar as the polarization of the Stokes component is the
same as the polarization of the pump component [41]. When the polarization of the
pump component is completely orthogonal to the polarization of the Stokes component,
the SBS gain is zero. Similar arguments can be made for polarization with regard to SRS
[36].

2.3. Four Wave Mixing

Like SRS and SBS, FWM is a parametric nonlinear 3 process in which three

photons interact to form a photon at a fourth frequency, according to
w+w,—-0,=a0, (47)

FWM affects the SRS process when the photon generated at m4 falls within the Raman
gain bandwidth. In this case, FWM essentially creates a seed at w4, a seed which is
subsequently amplified by the SRS process.

FWM can be described in terms of nonlinear polarization using the same
approach that was used to derive Eq. (31). In the case when w;=w;, the terms oscillating
at 2w, — w, are collected; the resulting nonlinear polarization term takes the form [31]

P = 311(?3V2/M (v, 0,~®;) 4, AzAs* X

o 48
exp[(2k, —k;) - Z] 4

where
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3m [0)5 — (o, —(03)2 +2i(@, _a)4)7p]

ZSV?/M (a)1 » ) ,— (5 ) (49)

Unlike SRS and SBS, which are self-phase-matched processes, FWM is associated with
the following generalized phase-matching condition

k +k,—k, =k, (50)
This phase-matching condition is very important in understanding the difference between
the spectrum of a forward propagating Stokes beam and the spectrum of a backward
propagating Stokes beam generated by an RFA. The phase-matching condition of Eq.
(50) can be satisfied for the forward geometry, but not for the backward geometry. This

difference is explained and its consequences are discussed in Chapter 5.
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3. Transverse Modes of an Optical Fiber
3.1. Introduction

One of the main reasons to study RFLs and RFAs based on multimode fibers is
that in a graded-index fiber, a multimode pump beam can be used to create a Stokes beam
with good beam quality. This phenomenon, known as beam cleanup, occurs when the
LPy,; Stokes mode of a fiber experiences greater Raman gain than other transverse Stokes
modes of the fiber. The magnitude of the Raman gain depends on the product of the
intensity of the pump and Stokes beams. Knowing the mathematical form of the modes
of a multimode fiber is critical to calculating the intensity of these two beams.

This chapter begins with a derivation of the mathematical form of the modes of a
step-index fiber. Similar derivations can be found in the literature [42,43]. After
developing a mathematical description of the modes of a step-index fiber, this chapter
concludes with a description of the modes of a graded-index fiber.

3.2. Transverse Modes of a Step-Index Fiber
This derivation begins by assuming the fiber is linear and isotropic. The wave

equation for a given mode of the fiber is then given by

_ n’ d’E
VZE——za :
c t

=0 (51)

Assuming that the electric field has the general form E = y/(r, @, z) exp(~iax)é , where y is

the spatial component of the mode being considered. The wave equation gives rise to the

Helmholtz equation
(V> +k)w(r,p,z)=0 (52)

In cylindrical coordinates, the Helmholtz equation can be expressed as
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(33)

+ +n2k021//(r,(p,z) =0

where kj is the wave number and 7 is the index of refraction. By assuming solutions will
take the form of traveling waves which are propagating in the z direction, the spatial
component of the electric field becomes.

w(r,@,z) =u(r)e e’ where I=0,£1,£2,... (54)
where / is an index labeling the various solutions; this index must be an integer in order

for the modes of the fiber to be periodic over ¢. The z component of the propagation

constant is denoted by . The first term on the right hand side of Eq. (54), u(7),
represents the radial component of the field; the middle term represents the azimuthal
component, while the last term represents the longitudinal component of the field.
Substituting Eq. (54) into the Eq. (53) provides an equation for the radial component of

the field, namely

d*u(r) 1 0u(r)
+ —
dr® r or

+(n’ky = 7 —éw) =0 (55)
r

While this equation is valid both for the core of the fiber and the cladding of the
fiber, the index of refraction in these two regions is different. It is useful to define k7, the

transverse propagation constant for the fiber core, as
kr =niky - 7 (56)
where 7, is the index of the core. It is also useful to define a decay parameter, y. which is

related to the index of refraction for the cladding, n, according to

v.) =B -nk; (57)
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Implicit in these two definitions is the fact that
a’kl+a’y’ =v? (58)
where a is the radius of the fiber, J'is the V-number of the fiber.

Taking Eq. (55) and multiplying both sides by #* gives an equation for the radial

component of the mode field in the fiber

2 dzu(r) iy du(r)

dr? dr

+Hr* (ks =)= lu(r) =0 (59)

Eq. (59) is known as Bessel’s equation. The two classes of solutions of Bessel’s
equation which are applicable to fibers are Bessel functions of the first kind (denoted
Ji(r)) and modified Bessel functions of the second kind (denoted as N/(r)). The second
class of solutions is also known as Weber’s functions or Neumann’s functions. Both
classes of solutions are of order /.

In the cladding region, which is assumed to be infinite, the solutions to Bessel’s
equation are the modified Bessel functions of the 2™ kind of order /. Bessel functions of
the first kind are ruled out as they do not monotonically decrease as r=>co. This means

that for an infinite cladding region 7>a, (where a is the radius of the fiber)
u,(r) o< N, (7,7) (60)
In the core region, the first class of solutions to Bessel’s equation are appropriate

since the Bessel functions of the first kind are bounded at =0, unlike the Neumann

functions which approach oo as »=>0. This means that for r<a
u, (r) o< J, (k) (61)
Eq. (61) expresses the radial component of the electromagnetic field in the core of

the fiber in terms of the transverse propagation constant. The value of k7, can be
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determined by considering the boundary conditions of the fiber. The simplified approach
presented here, known as the weakly-guiding approximation, assumes that the index of
the cladding and the core are similar. The assumption of a weakly-guiding fiber (n,~n>)

means that u(7) and its derivative are continuous at 7=a such that

(kya)J,(kya) _ (7.a)N,(7.a)

(62)
J, (kra) N, (7.a)
Using the identities
T =y (3 (63)
and
Ni@) =N, (7 (64)
and by noting that J.,(x) =(-1)"Ji(x), Eq. (62) can be expressed as
Il ® _ N (2.0) 65

ke T N
Eq. (65) can be solved graphically as shown in Figure 6. The multiple

intersection points represent the transverse propagation constants of each of the various
modes of the fiber. The index m is used to distinguish the various transverse propagation
constants corresponding to each azimuthal index /, i.e., kz,. The first intersection point is
denoted by ky;, the second is ky,, etc. These fiber modes are generally described by the
LPy, notation, which is used because these modes are linearly polarized. The radial and
azimuthal components of the resulting mode fields of the fiber core are a linear

combination of the modes defined by Eq. (54) and are given by [42,44]
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m =k a) cos(/9) (66)

where R=r/a

12,

10

Value of characteristic equation

k;ma

Figure 6. Graphical solutions to the general form of Eq. (65).

The number of modes supported by a fiber is related to the V-number. A step-

2
index fiber can support M = V? modes. The minimum value of V' for which a mode can

propagate is known as the cutoff value of V" and is determined by finding the first roots of
the radial distribution function J; ;(kjma). For example, the first root of J_;(ky;a) is 0 and
the first root of Jy(k;,a) is 2.405, meaning that for /'<2.405, only a single transverse,
known as the fundamental or LP,; mode is supported by the fiber. In other words, the

fiber is singlemode.
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3.3. Transverse Modes of a Graded-Index Fiber

Having developed a mathematical description of the modes of a step-index fiber
in the previous section, this section provides a description of the modes of a graded-index
fiber. In a graded-index fiber, the index of refraction is not uniform across the core of the
fiber. Instead, the index is highest in the center of the fiber and gradually decreases as a

function of radius. Therefore, in the core of a graded-index fiber, Eq. (55) becomes

2
du(r) +l
dr? r

u(r) + (0 (kE - —i—z)u(r) —0 (67

The exact solution of this equation depends on the exact form of the radial profile
of the index of refraction of the fiber core, n;(r). For simplicity, the index profile can

approximated to be infinitely parabolic according to [44]

nl(R)=nl(1-24R?) (68)
where R=r/a and
n’—n?
A=- 2 69
21112 (69)

It should be noted that an infinite parabolic profile is physically unrealizable because as R
approaches oo, n’(r) approaches -oo. However, in the region of the fiber core, the index
profile given by Eq. (68) is reasonable when used in conjunction with the weakly-guiding
approximation, A << 1. Given the index profile of Eq. (68), the modes of the graded-

index fiber take the form [44]

m—1

w,, =cos(I@)R' LY (VRz)eXp(—%VRz) (70)

where L are the associated Laguerre polynomials. Figure 7 depicts the intensity

distribution of several of the lower-order transverse modes of a graded-index fiber. The

36



2
number of modes in a graded-index fiber can be approximated as VT , which is only

about half the number of modes supported by an equivalent step-index fiber.

LPo] LPOZ

LP]] LPZ]

Figure 7. Intensity profiles of four transverse modes of a graded-index fiber.
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4. Model of SRS Beam Cleanup in Multimode Fibers
4.1. Introduction to Beam Cleanup

Good beam quality is an important characteristic of many laser systems. A
singlemode beam is the natural output of a fiber laser based on a singlemode fiber. A
fiber laser based on a multimode fiber, on the other hand, will produce multimode output
unless specific steps are taken to improve the beam quality of the output beam.

Singlemode output from a multimode fiber can be achieved using a variety of
techniques. One of the most common methods is to bend the fiber so as to induce losses
in higher-order transverse fiber modes [45,46,47,48,49]. Another method achieves
diffraction-limited output by using an external resonator cavity as a mode selector
[47,50]. Similarly, singlemode output from a fiber laser can also be achieved through the
addition of an intracavity spatial mode filter comprised of a short section of singlemode
fiber [48]. Good beam quality can also be produced using nonlinear scattering processes
such as SRS and SBS.

SRS beam cleanup has been experimentally demonstrated for bulk media [25,
51,52,53,54]. Van Heuvel created a numerical model of SRS beam cleanup in bulk
media which explained the process in terms of the balance between amplification and
diffraction [55]. SRS beam cleanup, as well as SBS beam cleanup, have been
demonstrated for multimode graded-index fibers [17,18,19,20,21]. However, SRS beam
cleanup has not been observed in step-index fibers [57].

Chiang created a simple model of SRS beam cleanup in multimode fibers, but this
effort was limited in a number of ways. First, Chiang based his model on the intensity

profiles of the modes of a step-index fiber [21]. This is problematic because beam
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cleanup does not occur in step-index fibers. Chiang further simplified his analysis by
only considering the intensity patterns of the fiber modes rather than the mode fields.
Chiang also confined his model to considering the undepleted pump regime. Finally,
Chiang only considered beam cleanup for a single, carefully chosen launching condition
of the pump beam.

After describing the work of Chiang, this chapter develops a model of SRS beam
cleanup based on the overlap of the pump field modes and the Stokes field modes of a
multimode fiber given a variety of input pump mode distributions. This chapter presents
a table of some of the normalized overlap integrals of a notional graded-index fiber. For
comparison, this model also presents the normalized overlap integrals of a notional step-
index fiber. These tables provide a clear conceptual picture of beam cleanup.

These tables of overlap integrals consider the overlap of the intensity pattern of
the pump modes and the intensity pattern of the Stokes modes. This chapter also presents
a more robust model of beam cleanup which considers the nuanced interaction of the
fields of the pump modes with the fields of the Stokes modes. This part of the model
examines unseeded SRS beam cleanup for a variety of a launching conditions.

This model shows that mode competition in a graded-index fiber tends to favor
the lower-order transverse Stokes modes of the fiber at the expense of the higher-order
transverse Stokes modes of the fiber. This explains why beam cleanup occurs in a
graded-index fiber. On the other hand, in a step-index fiber, mode competition does not
tend to favor the lower-order transverse Stokes modes. This explains why SRS beam

cleanup has not been reported for step-index fibers.
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After presenting a model of unseeded SRS beam cleanup, this chapter develops a
model which describes the beam quality of the Stokes output of an RFA based on a
graded-index fiber. This model is based on the coupled differential equations which
define the relationship between the power in the pump modes and the power in the Stokes
modes of the fiber. The solutions of these equations were calculated using a Runge-Kutta
method. The beam quality of the input beams and the output beams of the RFA are
presented in terms of the beam quality factor, M°.

This model examined 1800 random input pump and seed configurations. The
results of these simulations show that the beam quality of the output Stokes beam
depended on the beam quality of the input seed beam and the beam quality of the input
pump beam. The beam quality of the output Stokes beam was shown to be better than the
beam quality of the input seed beam in the case of a pump beam with good beam quality.
In the case of a pump beam with poor beam quality, the beam quality of the output Stokes
beam was similar to the beam quality of the input seed beam. In other words, according
to this model, the beam quality of the input of the RFA determined the beam quality of
the output of the RFA. Chapter 5 describes experiments that validate several of the
predictions of this model.

4.2. Observations of SRS Beam Cleanup in Multimode Fibers

Chiang demonstrated SRS beam cleanup in a graded-index fiber in 1992 [21]. In
his experiment, a pulsed dye laser at 585 nm was launched into a graded-index fiber with
a core size of 50 um (NA=0.2). Chiang noted that the when the launching conditions of
the pump beam were optimized, the generated Stokes beam propagated in the LP,; mode.

In the case of a 30 m long fiber the Stokes beam could be made to propagate in different
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lower-order modes by adjusting the angle and position of the input end of the fiber. The
LPy;, LP;;, LP>;, LPyy, LP3;, LP; and the LP;; modes were observed individually.
Several of these modes were also observed simultaneously, sometimes resulting in a ring
pattern. In a 1 km long fiber, Chiang similarly observed several lower-order transverse
Stokes modes which appeared when the input fiber was aligned to provide the proper
launch conditions. The second Stokes order was only observed to propagate in the LPy;,
mode.

In 1997, Islam and Sakuda also reported beam cleanup in a multimode graded-
index fiber [56]. A frequency doubled, mode locked and O-switched Nd:YAG laser with
a wavelength of 532 nm was coupled into a 90 m long fiber with a core diameter of 42
um (NA=0.2). It was noted that while the pump beam was multimode, the Stokes beam
appeared to propagate in the fundamental mode of the fiber.

In 2002, Russell et al. performed an SRS beam cleanup experiment using a 300 m
long 50 um graded-index fiber [17]. In this experiment, diagrammed in Figure 8, the 300
m long multimode fiber was pumped with a O-switched Nd:YAG laser at 532 nm. It was
observed that while the pump beam had poor beam quality (M?=20.7), the Stokes beam
had a dramatically improved beam quality (M’=2.4).

It should be noted that when Sharma et al. studied a 50 m long step-index fiber
with a core diameter of 7.9 um, beam cleanup was only observed when the fiber was bent
[57]. Bending the fiber introduced significant losses to the higher-order transverse
Stokes modes of the fiber, but not to the LPy; mode of the fiber. Good beam quality in
the Stokes output beam was achieved by spatially filtering the Stokes beam. In other

words, SRS beam cleanup was not observed in the step-index fiber.
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Figure 8. Setup for demonstrating unseeded beam cleanup in a graded-index fiber [17].
4.3. Theory of Beam Cleanup
4.3.1. Background

Beam cleanup can be explained in terms of mode competition between the various
transverse Stokes modes of a graded-index fiber; beam cleanup occurs when the LPy;,
mode experiences preferential gain relative to the other transverse modes of the fiber.
Beam cleanup produces a Stokes beam which has much better beam quality than the
input pump beam used to generate it.

In a multimode fiber, a multimode pump beam is coupled into many different
modes of the fiber which in turn stimulates many different Stokes modes. Pump power
launched into the LPy; pump mode of the fiber will generate Stokes power in the LPy;,
Stokes mode of the fiber. To a lesser degree, Stokes power will also be generated in
other neighboring Stokes modes. The same is true of pump power launched into any
other pump mode of the fiber. Power in every pump mode will generate power in the
corresponding Stokes mode of the fiber as well as in neighboring Stokes modes of the
fiber. The following section develops a quantitative description of the interaction of the

various modes of the fiber.
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4.3.2. Overlap Integral

The competition between modes can be quantified using the concept of the
overlap integral [18,19,21,58,59,60]. The overlap integral can be derived using the
coupled differential equations which describe the interaction of the pump and Stokes
waves during the SRS process. This relationship is given by Egs. (37) and (38). In order
to convert these equations to into a form relating the power in the pump modes to the
power in the Stokes modes, Egs. (37) and (38) are integrated over the cross-sectional area
of the fiber. In terms of power, the coupled differential equations then take the following

form

aPp (2) w,
— =8O P(R () -, P, ()
z o

dP,(z)
oz

(71)

=g(2)P,(2)F (2) ~ &, P (2)

where P is the power in the beams and where the subscripts p and s denote the pump and

Stokes beams respectively. The effective gain of each mode is given as

le (x,y,2)I (x,y,z)dxdy

z)= 72
g(z) =g P P (2) (72)
The irradiance 7, s related to the electric field according to
— 2
I, (x,,2,)= 2€0cn<‘Ep,S (X,,2,) > (73)

where the angle brackets are used to indicate time average. The electric field in a
multimode fiber can be considered to be a superposition of the modes of the fiber

according to

E, (x,y,z,0)=Y Al " [cos(k -Z—w, t+¢7 )] (74)
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In this case, Ay, v, ,kp,s ,

¢, represent the field amplitude, the mode field
distribution, the propagation constant and the phase of the m” mode of the fiber. The
subscript p and s denote the pump and Stokes contributions. By incorporating Eq. (73)

and Eq. (74) into Eq. (72), the Raman gain coefficient is given by

s ) P P
DA AL ALY ALY s

g(2) = gy (€4cn)” - PP ()

(75)

where
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(76)

and
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_ P
k!

.S
g (77)

The time average included in Eq. (73) accounts for the elimination of the time dependant
terms.

The concept of the overlap between the pump and the Stokes modes of a fiber has
been considered by previous authors [18,59,60]. Stolen introduced the overlap integral as
a method of computing the Raman gain in fibers in connection with RFLs [60]. Dianov
et al. used the overlap integral to analyze an RFA based on a singlemode fiber [59].
Russell et al. applied the concept of the overlap integral to analyzing unseeded SBS beam
cleanup [18].

Chiang applied the overlap integral to the concept of mode competition in order to
explain SRS beam cleanup, albeit in a simplified way [21]. Chiang considered the case

of weak mode coupling by assuming that the gain of each Stokes mode was independent
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of the gain of every other Stokes mode. Chiang simplified the overlap integral expressed
in Eq. (76) by only considering the intensity patterns of the fiber modes using the

following expression

+ootoo

[ [wiw dxdy
e (78)

yn'n"' T footoo +ootoo

| Jwidsdy | [.dxdy

—oo—oo —oco—00

In this equation, v, and v, are the mode fields of the overlapping intensity
patterns of the n”’ Stokes mode and »”’” pump modes respectively. Chiang further
simplified his analysis by invoking the non-depleted pump approximation and expressing

the gain of each individual mode of the fiber as

g = 8r ('Q)P,;Le_;f 2 PV (79)
J

where P, is the total pump power and pj is the fraction of the pump power launched into
the /" mode of the fiber. By using a carefully chosen input pump beam configuration,
Chiang showed that the gain of the LPy; Stokes mode exceeded the gain of all of the
other Stokes modes of a notional step-index fiber.

While Chiang’s model was insightful, there are several ways it can be improved.
First, it only used the modes of a step-index fiber to explain the behavior of a graded-
index fiber. Second, Eq. (78) only considers the intensity patterns of the modes and not
the more nuanced interactions of the mode fields. Lastly, it is important to consider the
gain of the various modes of a fiber for a variety of input pump distributions rather than

only examining a single special configuration of the input pump beam.
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4.3.3. Model of Beam Cleanup

The model of SRS beam cleanup developed for this dissertation addresses beam
cleanup by converting the expression for the overall Raman gain given by Eq. (75) into
an expression of the gain of each individual fiber mode. This can be done by carefully
considering the terms of Eq. (75) and grouping them appropriately. In order to simplify

)

the notation, the following convention will be used, where the indices »” and n’

’ ’

correspond to the Stokes modes and the indices n’"" and n””"’ correspond to the pump

modes
Ay A A Ay g = gt (80)

The model developed in this chapter will ultimately be applied to a notional fiber
with 20 transverse modes. Eq. (75) therefore contains a total of 20* terms. Although all
20* of these terms will be used to model SRS beam cleanup, justifying Eq. (82) can be
done by considering a fiber with only two transverse modes. This reduces the number of
terms to be considered to 16 (i.e., 2*). These 16 terms can be fully expressed and
grouped as follows. Fortunately, the following method of grouping is fully generalizable
to a notional fiber with 20 transverse modes.

In the simplified case of a fiber with two modes, the total gain of both modes can

be expressed as

g(2) o= (gt &unt&iut&int &t &
1811 T8 T &1t 822 T 82100 &1 (81)
+8o11 + &nin T &0t + &2220)

For clarity, the terms in the above expression are rearranged in the following manner
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81 (2)+ 81212 (2) + 81001 (2) + 8o (2) +

€2111(2) + €2112(2) + €121 (2) + 8215, (2)

In this equation, the 1% row of terms describes the growth of the 1% Stokes mode
and only the 1*" Stokes mode. The only Stokes elements represented in this 1* row are
those of the 1* Stokes mode; these “11” terms involve the overlap of the 1** Stokes mode
with itself. As there are no components of the 2™ Stokes mode in the 1% row of terms of
Eq. (82), this 1* row is clearly attributable to the growth of the 1** Stokes mode and not to
the growth of the 2™ Stokes mode. By the same reasoning, the 2™ row of terms in Eq.
(82) is only attributable to the growth of the 2™ Stokes mode because the Stokes elements
of the 2™ row of terms in Eq. (82) involve the overlap of the 2™ Stokes mode with itself.
The remaining two rows in Eq. (82) include Stokes cross terms which describe the
interaction of the 1% Stokes mode with the 2™ Stokes mode.

There are several options for dealing with the 3™ and 4" rows. One option is to
consider that the gain of one mode has no direct effect on the gain of neighboring modes.
In this regime, the 3™ and 4™ rows are simply ignored. This approximation has the
disadvantage that it underestimates the Raman gain. Calculating the Stokes output of an
RFA using Eq. (82) and ignoring the 3™ and 4" rows underestimates the total output
Stokes power produced by the RFA.

Another alternative is to retain the terms in question and allow the gain of one
mode to directly affect the gain of neighboring modes. The simplest way to account for

this is to assume that the gain of the 1% Stokes mode affects the gain of the 2™ Stokes
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mode as much as the gain of the 2™ Stokes mode affects the gain of the 1% Stokes mode.
Thus, as an approximation, the terms of the 1% and 3™ rows of Eq. (82) were used to
calculate the gain of the 1% Stokes mode. Likewise, the terms of the 2" and 4™ rows of
terms in Eq. (82) were used to calculate the gain of the 2" Stokes mode. Since it turns
out that the array is symmetric with regards to an interchange of the indices »n” and n ",
the 3" and 4™ rows are equivalent to one another. It is should also be noted that the array

199

is symmetric with regards to an interchange of the indices »’’”and n’""’". Furthermore,
symmetry arguments can be used to show that a number of these gain terms are equal to
Zero.

By assuming that the gain of each Stokes mode can be calculated individually and

by using the aforementioned grouping of terms, the gain of each Stokes mode is given by

K K P p
A A ALY A

n" "

P.(2)P,(2)

g, (2) = g (g,cn)’ (83)

Essentially, the gain of the 1* Stokes mode is approximated to affect the gain of the 2™
Stokes mode as much as the gain of the 2" Stokes mode affects the gain of the 1 Stokes
mode.

By simply calculating which Stokes mode has the highest gain, unseeded SRS
fiber beam cleanup can be modeled; this is done in Section 4.5.3. On the other hand, by
combining Eq. (83) with the coupled power equations given in Eq. (71), the evolution of
a seed in an RFA can be described. In order to be physically meaningful however, a
model of the beam quality of an RFA requires some way to transform the modal power
distributions into a measurable quantity such as beam quality. A method for converting

the modal distribution into beam quality is described in the following section.
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4.4. Beam Quality of Higher-Order Transverse Modes

One of the most commonly used characterizations of beam quality is the beam
quality factor known as M’, which compares the spot size and divergence of a multimode
beam to the spot size and divergence of an ideal Gaussian beam. The beam cleanup
experiments described in Chapters 5-8 report the beam quality of the measured beam in
terms of M. The simulations of an RFA described in Section 4.5.3 also characterize
beams in terms of M.

Yoda et al. derived a method of determining the beam quality of the transverse
modes of a step-index fiber [61]. Using their method, Yoda ef al. calculated the beam
quality of various individual LP;,, modes, as well as the beam quality of a linear
combination of two LP;,, modes, in terms of M°. This section outlines the method used
by Yoda et al. to determine the M value of a given mode distribution in a step-index
fiber.

To begin, this method considers the transverse profile of the electric field at the

end facets of the fiber. Using the notation of Yoda et al., which defines the beam center

using the 1* moment method, the center coordinate <x> and the variance o (x) of the

normalized intensity distribution are defined by

= - i z—z
<x>(z)—<x>(zo) 147[( 0) %

aE(xayazo)
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A (84)
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2
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(27)

where the coefficients C; and C, are expressed as
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where z, is the location of the fiber facet.
By comparing the center and the variance as given in Egs. (84) and (85) with the
center and variance of a Gaussian beam, Yoda ef al. showed that the beam quality is of a

beam emerging from a step-index fiber is given by [61]

M? = \J4C,07 (z,) +C (86)

Calculating the beam quality of the modes of a graded-index fiber is fairly
straightforward using this equation. In the case of pure LP;, modes, the transverse profile
of the electric field is given by Eq. (70). The beam quality (in terms of M?) of several
individual LPj, modes of a graded-index fiber is shown in Table 1. Asymmetric modes
have two different values of M, one for the x axis and one for the y axis. The beam
quality of a beam containing multiple fiber modes can be determined by considering the
electric field of the beam to be a simple superposition of modes according to Eq. (74).

When considering the beam quality of a superposition of modes, the relative
phase of each mode at the facet of the fiber is important. Yoda ef al. evaluated the effect
of phase on the M’ of a step-index fiber for two cases. The first case was a combination
of the LPj; mode with the LP;; mode. Given an equal weighting of the two modes, Yoda
et al. showed that when the modes were in phase, the beam quality of the superposition of
modes was approximately M°=1.3; when the two modes had a relative phase difference of

n/2, the beam quality was M’=2.1. Yoda et al. also examined a combination of the LPy;
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mode with the LPj; mode and again found that when the two modes were in phase, the
value of M’ was lower than when the modes were not in phase [61].

Table 1. Beam quality of the transverse modes of a notional graded-index fiber.

Mode M?
LP,, 1.0
LP,; 3.0
LPy; 5.0
LP;, 1.0,3.0
LP;, 2.0,6.0
LP;; 3.0,9.0
LP;; 3.0
LP, 5.0
LP>; 7.0
LP;; 4.0,8.0
LP;; 4.0,6.0
LP, 5.0
LP,; 7.0
LPs; 5.0,6.0

Assuming all of the fiber modes have the same relative phase at the fiber facet
simplifies calculations involving M. Calculations made using this assumption yield the
optimum beam quality of the beam at that fiber facet. While this approximation is
obviously somewhat non-physical, it is useful because it simplifies calculations of M”.
Fortunately, it is still possible to compare the beam quality of the input and the output
mode distributions given this approximation. By assuming that all modes have the same
relative phase at the input and output facet of the fiber, this model compares the optimum
input beam quality to the optimum possible beam quality of the output.

4.5. Results and Discussion
4.5.1. Overview
This section describes the results of numerical simulations based the model

described in Section 4.3 and Section 4.4. The results of these simulations fall into two
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categories. The first category describes unseeded SRS beam cleanup. The second
category considers the beam quality of the Stokes output of an RFA.

Unseeded SRS beam cleanup was modeled by considering the overlap integrals of
a graded-index fiber and a step-index fiber. The overlap of the LPy; Stokes mode with
the LPy; pump mode in a graded-index fiber was shown to be greater than the overlap of
any other pair of pump and Stokes modes. Given the uniform seeding associated with
spontaneous Raman scattering in a long fiber, the LP); Stokes mode will be the dominant
component of the output Stokes beam of a graded-index fiber. In other words, the model
predicts that the beam quality of the output Stokes beam will be better than the beam
quality of the pump beam used to generate it. An analysis of the gain of the Stokes
modes of a step-index fiber showed that the gain of the higher-order transverse Stokes
modes was equal to or greater gain than the gain of the lower-order transverse Stokes
modes. This explains why beam cleanup does not occur in a step-index fiber.

While a simple examination of the overlap integrals is insightful, it ignores the
fact that the Raman gain of any given fiber mode depends on the modal distribution of
the pump beam. Chiang used the overlap integrals in conjunction with a single, well-
chosen pump configuration to demonstrate that the LP; Stokes mode had greater gain
than any other Stokes mode.

The more comprehensive approach of this section considered the relative gain of
the various Stokes modes of a fiber for a large number of random pump launching
conditions. This approach showed that for random configurations of the pump beam, the
lower-order transverse Stokes modes of a graded-index fiber tended to have a higher

average gain than the higher-order transverse Stokes modes of a graded-index fiber. This
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is not the case in step-index fibers, which explains why beam cleanup has only been
observed in graded-index fibers and not in step-index fibers.

In a graded-index fiber, an unseeded pump beam can generate a Stokes beam with
beam quality which is dramatically improved relative to the beam quality of the pump
beam used to generate it. Rice predicted a similarly dramatic improvement in the beam
quality of a seed beam as it is amplified by an RFA based on a multimode graded-index
fiber [22]. The remainder of this section describes a numerical model which analyzes the
beam quality of the Stokes output of an RFA based on a graded-index fiber.

The beam quality of the Stokes output was modeled by calculating the gain of
each individual mode according to Eq. (83). The gain of each mode is a critical element
in the coupled differential Eqs. (71) which describe the interaction of the power in the
pump modes of the fiber and the power in the Stokes modes of the fiber. The initial
modal distribution of Stokes seed was compared with the final distribution of Stokes
modes. These simulations showed that the beam quality of the input pump and Stokes
beams determined the beam quality of the output beam. In the case of a poor quality
pump beam, the beam quality of the amplified seed was similar to the beam quality of the
input seed beam. In the case of relatively good quality input pump beam, the beam
quality of the amplified seed was better than the beam quality of the input seed beam.
4.5.2. Modeling of Unseeded SRS Beam Cleanup
4.5.2.1. Overlap Integrals

In the case of unseeded SRS, the Stokes beam resulted from the amplification of
Stokes photons generated by spontaneous Raman scattering. As discussed in Chapter 2,

forward spontaneous Raman scattering in a long fiber (a,L>>1) can be viewed as seeding
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by one fictitious photon per transverse mode of the fiber at z=0 [32]. The Stokes output
was assumed to be generated as part of a single longitudinal Stokes mode. This model of
unseeded SRS beam cleanup considered the Stokes seed to be uniformly distributed
between the transverse modes of the fiber. Since all transverse modes began with equal
power, the mode with the largest gain dominated the Stokes output. The goal of these
simulations of unseeded SRS beam cleanup was to determine the Stokes mode with the
greatest gain.

As described in Section 4.3, the gain of a given Stokes mode is related to the
overlap of that Stokes mode with the other modes of the fiber. In the case of a graded-
index fiber, the overlap of the various pure pump modes and pure Stokes modes (i.e. the
overlap of the intensity patterns) was calculated via Eq. (78); the mode fields, y, used in
these calculations were defined by Eq. (70). The values of this simplified overlap
integral, normalized to the value of the LPy;-LPy,; overlap, are presented in Table 2.

A graphical depiction of the overlap integrals is presented in Figure 9, which
simply plots the values of the normalized overlap integrals tabulated in Table 2. This
figure clearly shows that the overlap of the LPy; Stokes mode with the LPy; pump mode
is greater than the overlap of any other combination of pure pump and pure Stokes
modes. Furthermore, the overlap of the intensity patterns becomes progressively smaller
for higher-order transverse modes. According to this simple description, mode
competition in a graded-index fiber will favor the LP,; Stokes mode.

The overlap integrals of the notional graded-index fiber are very different from
the overlap integrals of a notional step-index fiber. The overlap integrals of a step-index

fiber were calculated using Eq. (78) and normalized to the overlap of the LP,; Stokes
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mode with the LPy; pump mode; the mode fields for the step-index fiber were defined by
Eq. (66). These overlap integrals, presented in Table 3, clearly show that several
transverse Stokes modes have higher overlap with their respective pump modes than does
the LPy; Stokes mode with the LP,; pump mode. Unlike the case of a graded-index
fiber, the overlap integrals of the mode intensities tended to be greater for higher-order
transverse Stokes modes than for the lower-order transverse Stokes modes, although this
trend is not monotonic. It should be noted that in general, the overlap integrals of the
step-index fiber were about an order of magnitude smaller than the overlap integrals of
the graded-index fiber.

Table 2. Overlap integrals for the pure pump modes and the pure Stokes modes of
a notional graded-index fiber. All overlap integrals are normalized to the value of
the LPo;-L Po; overlap. Self-overlap is highlighted in bold font. The largest value of

the overlap integral is noted in blue.
Pump Modes

LPy; LPy; LP;; LPy; LP;3; LP;; LPy

LPy; | 1.0000 | 0.5120 | 0.2622 | 0.5003 | 0.1162 | 0.3781 | 0.0687
LP;; | 0.4880 | 0.7496 | .3838 | 0.2562 | 0.2620 | 0.3754 | 0.1677
LP; | 0.2381 | 0.3658 | 0.5618 | 0.2557 | .3197 | 0.1922 | 0.2455
LPy; | 0.5003 | 0.2441 | 0.2437 | 0.4494 | 0.2495 | 0.2619 | 0.2243
LP3; | 0.1162 | 0.2380 | 0.3046 | 0.2495 | 0.4679 | 0.1933 | 0.2795
LP;; | 0.3721 | 0.3754 | 0.1832 | 0.2379 | 0.1813 | 0.4675 | 0.1920
LPy | 0.0567 | 0.1451 | 0.2230 | 0.2123 | 0.2664 | 0.1976 | 0.4092

Stokes Modes

A graphical depiction of the normalized overlap integrals of a step-index fiber is
presented in Figure 10. Chiang calculated similar results for the value of the overlap
integrals of a step-index fiber [21]. In doing so, Chiang ignored the wavelength
dependence of the V-number in his calculations, which accounts for the symmetry of his
reported results. Generally, mode competition in a step-index fiber does not favor the
LPy,; Stokes mode. This explains why beam cleanup has not been reported for step-index

fibers [57].
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Figure 9. Graphical representation of the normalized overlap integrals of a notional
graded-index fiber; these results are also presented in Table 2. Note that the greatest
overlap occurs between the LPy; pump mode and the LPy; Stokes mode.

Table 3. Overlap integrals for the pure pump modes and the pure Stokes modes of
a notional step-index fiber. All overlap integrals are normalized to the value of the
LPo1-LPo1 overlap. Self-overlap is highlighted in bold font. The largest value of the
overlap integral is noted in blue.
Pump Modes

LPy; | LP;; | LPy | LPyy | LP3; | LP;; | LPy

LPy; | 1.0000 | 0.6683 | 0.5130 | 0.8209 | 0.3749 | 0.7538 | 0.7717
LP;; | 0.6664 | 1.0606 | 0.6772 | 0.4217 | 0.5659 | 0.7391 | 0.5442
LP5; 1 0.5094 | 0.6744 | 1.1095 | 0.4106 | 0.6784 | 0.3952 | 0.6677
LPy; | 0.8215 ] 0.4208 | 0.4096 | 1.1986 | 0.4044 | 0.6778 | 0.6495
LPs; | 0.3715 | 0.5624 | 0.6770 | 0.4053 | 0.9981 | 0.3489 | 0.3710
LP;; | 0.7540 | 0.7394 | 0.3946 | 0.6737 | 0.3470 | 1.2491 | 0.7450
LP4 | 0.7709 | 0.5444 | 0.6681 | 0.6460 | 0.3704 | 0.7445 | 1.4467

Stokes Modes

This section presented the overlap integrals associated with intensity patterns of
several pump modes and Stokes modes in both a graded-index fiber and a step-index

fiber. While this model provides good insight into the beam cleanup process, it only
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considers the overlap of the modal intensity patterns rather than considering the more
nuanced interactions of the mode fields. In the next section, the Stokes mode with the
highest gain will be calculated for a large number of random launching configurations of

the pump beam.

Figure 10. Graphical representation of the normalized overlap integrals of a notional
step-index fiber; these results are also presented in Table 3. Note that the greatest overlap
does not occur between the LPy; pump mode and the LPy; Stokes mode.

4.5.2.2. Modeling Unseeded SRS Beam Cleanup

The analysis of unseeded SRS beam cleanup presented here calculates the gain of
various Stokes modes of a notional fiber given a wide range of pump launching
conditions. The gain of each fiber mode, given by Eq. (83), was calculated at z=0 for a
series of 50,000 random pump beam configurations. In this simulation, the pump

wavelength was 1064 nm. The notional fiber had a core diameter of 50 um (NA4=0.2)

with /=30. As was discussed in Chapter 3, such a graded-index fiber actually contains
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about 225 modes. To limit the computation time of the numerical simulations however,
the notional fiber used in this analysis contained only 20 transverse modes.

The power of each pump mode and the phase of each pump and Stokes mode
were initialized using a random number generator. The amplitude of each Stokes mode
was taken to be equal in order to approximate seeding via spontaneous Raman scattering.
It should be noted that the LP;, modes of the fiber can have two possible orientations if
the index / is odd. The letter 7 will be used to denote the transpose orientation of these
modes, i.e. LPj,r

The results of this simulation are given in Figure 11, which shows the percentage
of pump mode configurations which resulted in a given Stokes mode having the greatest
gain. From this figure, it is clear that given random launching conditions of the pump
beam, the LP); Stokes mode tended to experience greater gain than any other Stokes
modes of the fiber. This dominance of the LP;; mode was by no means universal; the
LPy; mode had the highest gain for only about 25% of the random pump launching
conditions. Given other sets of pump launching conditions, other Stokes modes had the
highest gain. This is consistent with Chiang’s observation that the generated Stokes
modes of the fiber could be tailored by careful aligning the pump beam.

A similar description of SRS beam cleanup is given by Figure 12, which gives the
relative gain of each Stokes mode averaged over each of the 50,000 random pump
launching configurations. Again it is clear that the LP,; mode had the greatest gain and
was therefore the dominant component of the Stokes output. Progressively higher-order

transverse modes of the fiber tended to have a progressively lower average gain.
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Figure 11. Probability that a given Stokes mode will have the greatest Raman gain of any
Stokes mode in a multimode fiber.

Having examined beam cleanup in a graded-index fiber, this section will now
address the relative gain of the Stokes modes of a step-index fiber. The notional step-
index fiber had 20 transverse modes and a core diameter of 50 um (N4A=0.2). The pump
wavelength was 1064 nm. The amplitude of each pump mode was defined by a random
number generator. The phase of each pump and Stokes mode was also defined using a
random number generator. The transverse Stokes mode field of the fiber is given by Eq.
(66).

This simulation used Eq. (83) to calculate the gain of each of the various Stokes
modes of a step-index fiber for 50,000 sets of random pump launching conditions. The
results of this simulation are given in Figure 11, which shows the percentage of pump

configurations for which a given mode had the greatest gain. From this figure, it is clear
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that given random launching conditions of the pump beam, the LP,; Stokes mode had the
greatest gain for less than 10% of the pump launching conditions examined. The LP»;
mode was dominant almost 10% of the time; the LP,; mode is dominant for almost, but
not quite, the same percentage of the pump launching configurations examined.
Furthermore, there was not a trend of higher-order transverse modes having lower gains
than the lower-order transverse modes.

A similar description of step-index fibers is given by Figure 12, which shows the
relative gain of each Stokes mode averaged over the 50,000 random pump launching
configurations. According to Figure 11 and Figure 12, no single individual mode will
dominate the Stokes output of a step-index fiber.
4.5.2.3. Conclusions

In summary, this section described a model which explained why unseeded SRS
beam cleanup occurs in graded-index fibers, but not in step-index fibers. This model
evaluated the overlap integrals of both kinds of fiber. These overlap integrals were used
to determine the Raman gain of the various Stokes modes of the fiber. It was shown that
in a graded-index fiber, the gain of the LP); Stokes mode was dominant for a range of
launching conditions. This simulation also showed that in a step-index fiber, the gain of
the LPy; Stokes mode was roughly equal to or slightly less than the gain of several other
transverse Stokes modes of the fiber.

Furthermore, this model is consistent with observations that beam cleanup does
not occur in step-index fibers [57]. This is a significant improvement over the beam

cleanup explanation offered by Chiang, who considered beam cleanup in a graded-index
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fiber by using the overlap integrals of a step-index fiber in conjunction with a single,
carefully chosen launching condition of the pump beam.
4.5.3. Modeling Beam Quality in a Raman Fiber Amplifier

While the previous section analyzed unseeded SRS beam cleanup in a graded-
index fiber and a step-index fiber, this section considers a model of the beam quality of
the Stokes output of an RFA based on a graded-index fiber. In an RFA the modal
distribution of the input Stokes seed was non-uniform; different Stokes modes contained
different amounts of seed power. While it is still true that the LP,; mode generally had
better overlap with the input pump beam than other Stokes modes, the LPy; mode was not
necessarily the dominant component of the Stokes output. This was because the gain of
each Stokes mode described by Eq. (83) contained both overlap terms and power terms.
A Stokes mode with a poor overlap with the pump beam was sometimes seeded with
large amounts of power and therefore had a larger gain than a Stokes mode with good
overlap with the pump beam but low seed power.

The interaction of the power in the pump beam and the power in the Stokes beam
is governed by Eq. (71). In the case of a multimode fiber, these two coupled differential
equations become a set of 20 coupled differential equations, where Q is the number of
modes in the fiber. Solutions to these equations are complicated by the fact that the
Raman gain of each and every mode is related to the power in every other mode
according to Eq. (83). This problem is extremely complicated for the case of a 50 um
graded-index fiber which contains hundreds of fiber modes. To simplify this problem,
the model described in this section considered a 5200 m long notional graded-index fiber

which contained only 20 transverse modes.
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Since the evolution of the input seed depended on the modal power distribution of

launching conditions, the power in the pump and Stokes beams were determined by
solving Eq. (71) using a Runge-Kutta solver. The gain, g(z), at each point in the fiber

the pump and the Stokes beams, a large number of random distributions of the both
coupled pump beam and the input seed beam were examined. For each set of random

was calculated using Eq. (83).

The beam quality (M) of each input and each output configuration was calculated

using Eq. (86). These beam quality calculations assumed that all the fiber modes were in

phase at the input facet and at the output facet of the fiber. This approximation was

acceptable in the limit of a long fiber because in a long fiber, imperfections would

eventually cause the initial phase information to be lost as the beams traversed the fiber.
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This approximation is consistent with the experimental setup described in Chapters 5 and
6, which only examined RFAs based on long fibers.

Beam quality calculations made using this simplification consistently yielded the
minimum possible values of M°. By assuming all the modes of the fiber were in phase,
the calculated M values of both the input beam and the output beam were, on average,
equally underestimated. As section compared the beam quality of the input beam with
the beam quality of the output beam, this approximation was valid.

The performance of the RFA was numerically evaluated for 1800 random input
pump and input seed configurations. The coupled pump power was defined to be 3.5 W
and the input seed power was 330 mW, values which were selected to match the pump
and seed values for the experimental investigation of the RFA considered in Section 5.4.
The relative amplitude of each pump and each Stokes mode was selected using a random
number generator. The beam quality of the amplified seed versus the beam quality of the
input seed for each of these random launching configurations is shown in Figure 13.
Each point on the graph represents one random launching configuration, while each color
on the graph represents a specific range of beam quality of the pump beam.

Figure 13 shows that the better the beam quality of the input pump beam, the
better the beam quality of the amplified seed. In the case of a pump beam with relatively
poor quality, the beam quality of the amplified seed was very similar to the beam quality
of the input seed. In the case of a pump beam with good beam quality, the beam quality
of the amplified seed was generally improved relative to the beam quality of the input

seed.
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This analysis assumed that all the modes of the fiber were in phase at the input

and output fiber facets. If the modes were not in phase, the beam quality of both the

input and output beams would decrease (M’ would increase) along both the seed M’ axis

and the amplified seed M axis. While this would result in a spreading of the points, the

points would still tend to remain below the dotted line.
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Figure 13. Beam quality of the amplified seed versus the beam quality of the input seed.

Each dot represents the beam quality of a random pump/seed configuration. Each color

represents a different range of beam quality values of the pump beam. Points below the
dotted line exhibited beam cleanup of the amplified seed relative to the input seed.

It should be that noted two significantly different pump configurations can share a

similar M’ value. As shown by Table 1, the LPy; mode, the LP,; mode and the LP,,

mode share the same beam quality parameter (M°=5.0). However, as can be seen by

Figure 12, these modes do not have the same average Raman gain. Therefore, a seed

containing an equal weighting of say the LPy; Stokes and the LPy; Stokes mode would

have the same beam quality as a seed containing an equal weighting of say, the LPy;,
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Stokes mode and the LP,, Stokes mode. Both configurations would have the same beam
quality as a seed containing equal weighting of the LP;; mode and the LP,; mode. The
beam quality factor would be M°=3.0 in all three cases.

While the exact growth depends on the exact modal composition of the input
pump beam, examining Figure 12 shows that each of these mode configurations will
experience different amounts of Raman gain. Even though each of these configurations
begins with the same initial beam quality, the evolution of the various components of the
input seed will be different. This explains how two input configurations with the same
value of M’ value can evolve into output configurations with different values of M-.

Chapter 5 examines the beam quality of the amplified seed for the case of an RFA
based on a graded-index fiber. A summary of these measurements, shown in Figure 14,
shows that the beam quality of the input seed beam was roughly the same as the beam
quality of the output Stokes beam. In these measurements, the beam quality of the pump
beam ranged from M°=4.5-6.5. This data is consistent with predictions of the model
presented in this chapter for the pump configurations corresponding to a relatively low
quality input pump beam.

4.6. Chapter Summary

This chapter presented a model which described SRS beam cleanup in a
multimode fiber. It was demonstrated that the LP); Stokes mode of a graded-index fiber
tended to have higher gain than other Stokes modes of the fiber. This was different from
the case of a step-index fiber where the gain of the LP,; Stokes mode was not

significantly greater than the gain of many of the other Stokes modes of the fiber. This
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explains why dramatic beam cleanup has been observed for unseeded SRS in graded-

index fibers and not in step-index fibers.

A model for describing the beam quality of the Stokes output of an RFA based on

a graded-index fiber was also developed in this chapter. This model described the

evolution of a random input seed beam configuration as it interacted with a random input

pump beam configuration. It was shown that the beam quality of the output Stokes beam

depended on the beam quality of the input pump beam and on the beam quality of the

input seed beam. In other words, the beam quality of the input into the RFA determined

the beam quality of the output of the RFA. This is a sharp contrast to the rather dramatic

SRS beam cleanup reported for the case of unseeded SRS in a graded-index fiber. The

predictions of the model of the beam quality of the Stokes output of an RFA were

validated by the experiments described in Chapter 5.
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Figure 14. Experimental measurements of the beam quality of the input seed versus the
beam quality of the amplified seed. The dotted line shows the point where the beam
quality of the seed and the amplified seed were the same.
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5. Raman Fiber Amplifier based on a Graded-Index Fiber
5.1. Motivation

RFAs have been extensively studied, particularly for applications involving the
amplification of telecommunications signals. Conventional RFAs use singlemode gain
fibers, allowing them to amplify a singlemode signal beam while still maintaining its
diffraction-limited beam quality. One drawback of using a single clad, singlemode gain
fiber is that efficient pump coupling can only be achieved by using a singlemode pump
beam. Efficiently pumping a singlemode gain fiber is only possible if there is some way
to convert the multimode pump beam into a singlemode pump beam. Such an
intermediary mode converter however, reduces the overall efficiency of the RFA. On the
other hand, a multimode gain fiber can be directly pumped with a multimode beam
eliminating the necessity of a mode converter and improving the overall efficiency of the
device. Using a multimode gain fiber therefore provides one avenue for the power
scaling of RFAs.

Due to the beam cleanup property of SRS, which was described in Chapter 4, a
graded-index multimode fiber can produce a Stokes beam with good beam quality. SRS
beam cleanup has been demonstrated in bulk media [51,52,53,54]. SRS beam cleanup in
graded-index multimode fibers has generally been confined to demonstrations involving
unseeded Stokes beams [17,20,21,56,]. These experiments demonstrated dramatic
improvements in the beam quality of the output Stokes beam relative to the input pump
beam used to generate it.

One important extension of these previous experiments is the development of an

RFA based on a multimode graded-index fiber. Rice predicted that an RFA with a
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multimode core would not only preserve the quality of the seed beam, but improve it
[22]. Morgan developed an RFA based on a multimode fiber using the BSRS geometry
[110]. His work showed that in the BSRS geometry, the beam cleanup of the amplifier
was much less dramatic than the unseeded SRS beam cleanup discussed in Chapter 4.
Morgan’s work also showed that there is a difference in the number of Stokes orders
produced by the unseeded FSRS geometry and the number of Stokes orders produced by
the BSRS geometry. This difference was attributed to FWM. Morgan’s work however,
did not demonstrate an RFA based on a multimode fiber using the FSRS geometry, nor
did his work examine how the amplified seed was affected by the beam quality and
power of the input seed beam.

This chapter begins with a review of experiments which have investigated Raman
amplifiers (RAs) in bulk media, as well as a review of RFAs based on singlemode fibers.
After reviewing these experiments and after reviewing the work of Morgan, the
remainder of this chapter describes innovative experiments which have been conducted in
order to test the beam quality of the Stokes output of an RFA given two seeding regimes.
The first regime used a low-order transverse mode Stokes seed beam, while the second
regime used a near-singlemode Stokes seed beam. The former regime tested the ability
of an RFA based on a graded-index fiber to improve the beam quality of a multimode
seed beam, while the latter regime demonstrated the ability of the RFA to maintain the
beam quality of a near-singlemode seed beam. This extends the work of Morgan by
showing that in both seeding regimes the beam quality of the seed determined the beam

quality of the amplified seed.
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This chapter also describes experiments which compared and contrasted the
performance of the FSRS geometry of an RFA to the performance of the BSRS geometry
of an RFA. Both geometries were characterized in terms of the beam quality, the spectral
content as well as the power of the amplified seed. This chapter demonstrates that the
spectral output of the BSRS geometry of the RFA was superior to the spectral output of
the FSRS geometry of the RFA. At the power levels tested, the output of the BSRS
geometry was confined to a single Stokes wavelength, while the output of the FSRS
geometry contained a cascade of multiple Stokes wavelengths. The difference between
the Stokes spectra generated by the two geometries can be explained in terms of the
phase-matching condition of FWM. A quantitative analysis of the Stokes thresholds of
the various Stokes orders confirmed that FWM contributed to the Stokes cascade only for
the FSRS geometry of the RFA.

5.2. Background
5.2.1. Demonstrations of Raman Amplifiers based on Bulk Media

Komine ef al. demonstrated SRS beam cleanup using a H, Raman Amplifier (RA)
pumped with a pulsed XeCl master oscillator power amplifier (MOPA) [51]. While both
the pump beam and the injected Stokes beam were aberrated, a comparison of the Strehl
ratio of the seed with the Strehl ratio of the amplified seed showed that the amplified seed
was cleaned up relative to the pump beam. Goldhar ef al. also examined a RA in terms of
its ability to amplify a low quality (not diffraction-limited) seed beam [52]. In their
experiments, a pulsed KrF laser was split into two channels. One channel was used to
pump a Raman oscillator, which served as a seed. The other channel was used to pump

an RA. The beam quality of the seed beam was 2 2 times diffraction-limited. The beam
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quality of the amplified seed was the same as the beam quality of the seed beam. In other
words, the RA described in these two experiments maintained or improved the beam
quality of the amplified seed relative to the input seed.

Hanna et al. performed a similar experiment in 1985 [53]. In their work, the
output of a pulsed XeCl laser was split into two channels. One channel pumped an H,
Raman oscillator; an aperture inside the oscillator ensured that the output Stokes beam
was diffraction-limited. This diffraction-limited Stokes output beam was used as a seed
for an H, RA which was pumped by the other channel of the XeCl laser. An examination
of the waist size and divergence of the amplified seed beam showed that the Stokes
output was diffraction-limited. This demonstrated that an RA based on a bulk medium
could maintain the beam quality of a diffraction-limited Stokes seed beam.

Reintjes et al. also demonstrated an RA which used H; as the gain medium [54].
They split the output from a XeCl laser into two channels, which were used to pump both
the seed (a Raman oscillator) as well as the RA. In their experiments, an abberator was
used to distort the pump beam. However, both the seed and the amplified seed were
diffraction-limited. In other words, Reintjes ef al. showed that even if the RA was
pumped with an aberrated pump beam, the beam quality of the seed was maintained.

In summary, previous experiments with gas RAs examined the beam quality of
the output of an RA. These experiments demonstrated that the beam quality of the
amplified seed was the same as or better than the beam quality of the input seed. This

was shown to be the case even for aberrated pump beams.
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5.2.2. Demonstrations of Raman Fiber Amplifiers

Lin and Stolen created the first RFA in 1976 [62]. A pulsed dye pump laser was
used to amplify a signal which was generated by another pulsed dye laser. The signal
was tunable over the range of 540-560 nm. Using a BSRS geometry, the signal was
coupled into a 1 m long gain fiber which had a 3.8 um core. This RFA amplified a small
signal by a factor of 45. Gain at higher signal powers was significantly lower due to
pump depletion. Lin and Stolen also observed that the gain was reduced when the seed
was tuned away from the peak of the Raman gain curve.

Ikdea created an RFA which operated in an FSRS configuration in 1981 [63].
The gain fiber consisted of 1.3 km length of 4.8 um Ge-doped silica fiber. The pump was
a LiNbO3 O-switched optical parametric oscillator. The seed was generated by a CW
Nd:YAG laser. Ikdea examined the effects of polarization on the gain and noted that
when the pump polarization was parallel to the seed polarization, the gain was 40%
higher than when the polarization of the pump and the seed were orthogonal.

Nakzawa et al. studied an RFA based on a singlemode fiber using both an FSRS
geometry and a BSRS geometry in 1985 [64]. Their seed source was an RFL which was
wavelength tuned between 1.3 pm and 1.6 um. The pump laser was a polarized Q-
switched YAG at 1.34 pm. The gain fiber was a 1 meter long polarization maintaining
fiber. In the FSRS configuration, the amplified seed contained two Stokes orders. In the
BSRS configuration, only the first Stokes order was observed; higher Stokes orders were
absent. Gain as high as 25 dB was reported for the BSRS configuration.

Vilhelmsson compared forward and backward-propagating Stokes beams which

were generated using a pulsed, polarized pump beam [65]. Using an 11 pm singlemode
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fiber with lengths ranging from 15 to 100 m, he observed that the unseeded SRS process
generated two Stokes orders in the forward direction, but only a single Stokes order in the
backward direction. This asymmetry between the spectral content of the forward Stokes
beam and the backwards Stokes beam was similar to the difference noted by Nakazawa et
al. In both cases, the forward geometry produced multiple Stokes orders, while the
backward geometry produced only a single Stokes order. As discussed in Section 5.4.3,
the difference between the output spectra of the two geometries can be attributed to
FWM.

Previous investigations of RFAs have generally relied on singlemode fibers.
While singlemode fibers provide inherently singlemode output, they possess only a
limited ability to gather light. Multimode fibers on the other hand, possess a greater
ability to gather light. Codemard blended the advantages of singlemode and multimode
fibers by creating an RFA based on a DCF with a singlemode core and a multimode inner
cladding [66]. The gain fiber had a 9 um core and a 21.6 um inner cladding; the output
was singlemode. Two lengths of fiber were examined: 400 m and 1100 m. A pulsed
MOPA pump at 1547 nm was used to amplify a signal at 1663 nm. An optical
conversion efficiency of 36% was reported.

In general, previous studies of RFAs employed pulsed pump beams. One
exception was the work of Koepf et al., which used a CW pump beam to amplify a signal
generated by an LED [67]. As in most previous experiments, singlemode output was
achieved by using a gain fiber with a singlemode core.

It is possible to create an RFA based on a multimode fiber and to pump this

device with a CW laser. This was demonstrated by Morgan, who developed a RFA based
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on graded-index fiber [110]. In his experiment, Morgan coupled an Nd:YAG pump laser
into a graded-index fiber with a 50 um core; long fiber lengths of 5.2 km and 2.5 km
were examined. The seed, created using the RFL described in Section 7.2, was coupled
into the back end of the RFA. Morgan only considered an RFA configured in the BSRS
geometry—the FSRS geometry of the RFA was not examined. Morgan noted that the
beam quality of the amplified seed was not as good as the beam quality of a Stokes beam
generated by unseeded SRS.

Morgan also considered the spectrum of unseeded Stokes beams generated using
the BSRS and the FSRS geometries. He noted that the forward Stokes beam contained a
greater number of Stokes orders than the backwards Stokes beam. This difference was
attributed to FWM, the phase-matching condition of which can only be satisfied in the
forward direction and not in the backward direction.

The experiments described in the rest of this chapter extend the work of Morgan
in two ways. First, this original research compares the performance of the BSRS
geometry of the RFA to the performance of the FSRS geometry of the RFA in terms of
the power, the beam quality and the spectral content of the output Stokes beam. In the
FSRS geometry, the beam quality of the seed was roughly maintained by the amplifier.
Likewise, in the BSRS geometry of the RFA, the beam quality of the amplified seed was
similar to the beam quality of the input seed.

5.3. Amplification of a Low-order Transverse Mode Seed
5.3.1. Introduction
The model presented in Chapter 4 examined the performance of an RFA based on

a long graded-index fiber. According to this model, the beam quality of the amplified
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seed depended on the beam quality of the input seed beam and the beam quality of the
input pump beam. This section validated some of the predictions of the model presented
in Chapter 4 by experimentally examining the performance of an RFA based on graded-
index fiber with a 62.5 um core. In these experiments a seed beam with a relatively poor
beam quality was used. Two geometries of the RFA were examined: the FSRS geometry
and the BSRS geometry. The beam quality of the input pump beam, the beam quality of
the input seed beam and the beam quality of the output Stokes beam were characterized
for both geometries. Several different launching conditions of the seed beam were
examined; this demonstrated that the beam quality of the output Stokes beam was a
function of the beam quality of the input seed beam. The gain of the RFA was also
characterized and shown to be a function of the launching conditions of the input seed.
5.3.2. Experimental Setup

The setup for studying the RFA using a low-order transverse mode seed launched
into the RFA in the BSRS geometry is depicted in Figure 15. The seed was generated by
an RFL based on graded-index fiber. The RFL, pumped by an Nd:YAG laser, consisted
of a 300 m long Ge-doped fused silica fiber with a 50 pm graded-index core (NA=0.2). A
single FBG was spliced onto each end of the RFL. The singlemode reflectivity of each
FBG was measured by the manufacturer (Avensys) to be 99.9% at the Stokes wavelength
(1117 nm). The output power of the RFL seed averaged ~800 mW; the beam quality of
the seed was M°=3.6+0.1 as it emerged from the RFL. An edge filter separated the seed
beam from the residual pump beam. A more detailed description of RFLs based on

multimode graded-index fibers is presented in Chapter 7 of this document.
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Figure 15. Experimental setup for characterizing the performance of the BSRS geometry
of an RFA based on a graded-index fiber. An RFL provided the seed.

The RFA was pumped by a Nd:YAG pump laser at 1064 nm which was launched
into the front end of the gain fiber; in the BSRS geometry the seed beam was launched
into the back end of the gain fiber. The beam quality of the coupled pump beam was
M’=6.5+£0.1. The RFA gain fiber was a 4.6 km long Ge-doped fused silica fiber with a
62.5 um graded-index core (NA=0.28). An edge filter on the front end of the gain fiber
separated the counter-propagating seed beam from the pump beam, allowing the
amplified seed to be characterized with respect to its beam quality and power for various
launching conditions of the seed.

The setup of the FSRS geometry of the RFA is depicted in Figure 16. In this
configuration, the RFL seed laser and the pump laser were both launched into the front
end of the gain fiber. An edge filter on the back end of the gain fiber separated the
amplified seed from the residual pump beam. An edge filter was also used immediately
after the RFL to separate the seed beam from the residual RFL pump beam. The edge
filter on the front end of the gain fiber reflected the pump beam into the gain fiber, while

at the same time transmitting the input Stokes beam.
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Figure 16. Experimental setup for characterizing the performance of the FSRS geometry
of an RFA based on a graded-index fiber. An RFL provided the seed.

5.3.3. Results & Discussion
5.3.3.1. Beam Quality

The beam quality of the beam was determined by measuring the diameter of the
beam as it traversed the focus of a lens and comparing the resulting profile to the profile

produced by a perfect Gaussian according to [68]

P (87)

D)= w, 1{%}

where w(z) is the radius of the beam, z, is the measured location of the beam waist and wy
is the measured radius of the beam waist. Images of the beam were obtained with an
Alpha NIR camera; the beam diameter was determined using the second-moment
method.

In this experiment, the beam quality of the amplified seed was examined as a

function of coupled pump power for 3 distinct launching conditions of the seed beam.
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The results of this experiment are shown in Figure 17. These measurements indicate that
for the BSRS geometry of the RFA, there was a small incremental improvement in the
beam quality of the amplified seed as the coupled pump power increased. The most
pronounced improvement in beam quality occurred in the case where the coupled seed
beam had the worst beam quality.

Since the output of the BSRS geometry exhibited no dramatic changes in the
beam quality of the amplified seed as the coupled pump power increased, the beam
quality of the amplified seed in the FSRS geometry was only characterized at the
maximum available coupled pump power. The beam quality of the amplified seed at the
maximum available coupled pump power was compared to the beam quality of the
unamplified seed beam as it exited the gain fiber (i.e., the beam quality of the Stokes
beam given zero input seed power). This pair of beam quality measurements was taken
for three different seed coupling geometries in both the BSRS geometry and the FSRS
geometry; the results are detailed in Table 4. The beam quality of the pump beam as it
exited the RFA was similar for all three sets of measurements (M°=6.5+0.1).

Table 4 compares the beam quality of the seed and the amplified seed of both the
FSRS and the BSRS geometries and shows that for most of these seeding conditions, the
beam quality of the amplified seed was mildly improved relative to the beam quality of
the input seed. In one case, the amplified seed produced by the FSRS geometry appeared
to be mildly degraded relative to the beam quality of the seed. These measurements
demonstrated that the beam quality of the input seed was an important factor in

determining the beam quality of the amplified seed. These experimental observations are
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consistent with the theoretical results described in Chapter 4. The experimental results

are also consistent with the performance of the bulk RAs described in Section 5.1.
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Figure 17. Beam quality of the amplified seed as a function of the coupled pump power
for three different seed launching conditions. Each shape represents a different seed
launching condition (diamonds, squares and triangles).

The beam quality of the amplified seed for the BSRS geometry was also
measured as a function of the input seed power. The coupled seed power was varied
using a graded filter wheel which was inserted between the seed RFL and the gain fiber;
the filter wheel was gradually rotated to reduce the power of the RFL seed which was
coupled into the RFA gain fiber. A plot of the beam quality of the amplified seed versus
the throughput seed power is shown in Figure 18. In the absence of a seed, the pump

beam generated a Stokes beam with M°=1.4; the resulting Stokes power was on the order

of milliwatts. Immediately after a seed beam was introduced, even a seed beam with low
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power, the beam quality of the output Stokes beam was immediately degraded by the

presence of the poor quality input seed beam.

Table 4. Beam quality measurements of the seed and the amplified seed for both
the BSRS and the FSRS configurations of an RFA based on a 62.5 pm diameter

graded-index fiber.

BSRS geometry of RFA FSRS geometry of RFA
Seed M’ Amplified Seed M’ Seed M’ Amplified Seed M’
13.7+0.1 10.7+0.6 11.0+0.8 9.2+0.6
6.5+0.2 5.620.1 9.6+0.3 10.2+0.9
5.0+0.2 3.8+0.1 5.2+0.2 5.1+0.3
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Figure 18. Beam quality of the amplified seed versus the throughput power of the seed

beam.

An explanation of these results was presented in Chapter 4. Before reviewing this

explanation, it is useful to reemphasize the terminology used to describe the gain of the

various modes of the fiber. The gain of each mode, given by Eq. (83), can be divided

into two essential parts. The first part is the overlap of a given Stokes mode with the

various pump modes of the fiber, ¥

. This term is defined by the overlap integral of

n'n"n"n"™

Eq. (76). The second part of the gain described by Eq. (83) concerns the power
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distribution of the pump modes and the seed modes given by the product 4,,:4,,4, Ay,
To understand the experimental results shown in Figure 18, it is important to consider
that the power distribution and the overlap integral both affect the gain of a given Stokes
mode and that they do so independently. In other words, it is the product of the overlap
and the modal distribution that determines the gain of a given Stokes mode.

In this experiment, the pump beam generated an unseeded Stokes beam with good
beam quality. The lower-order transverse Stokes modes of the fiber had better overlap
with the pump beam than the higher-order transverse Stokes modes of the fiber.
Spontaneous Raman scattering provided a uniform internal seed for each Stokes mode
and so the Stokes modes with the greatest overlap with the pump beam, namely the
lower-order transverse Stokes modes, dominated the Stokes output. As soon as an input
Stokes seed was introduced, the seeding Stokes power was no longer uniformly
distributed between the transverse Stokes modes of the fiber.

The overlap integrals were not affected by altering the distribution of the seed
power, so it was still true that the lower-order transverse Stokes modes of the fiber had
better overlap with the pump beam than did the higher-order transverse Stokes modes of
the fiber. However, poor launching conditions excited higher-order transverse Stokes
modes of the fiber, meaning that Stokes modes with poor overlap with the pump beam
but higher initial power competed with Stokes modes with better overlap with the pump
beam but lower initial power. In the case of very poor launching conditions, the resulting
mode competition did not favor the lower-order transverse Stokes modes. Instead, the
higher-order transverse Stokes modes remained the dominant component of the Stokes

output. As shown in Figure 14, the beam quality of the amplified seed was very similar
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to the beam quality of the input seed. As a result, the beam quality of the Stokes beam
produced by the RFA was much less dramatic than the beam quality of the Stokes beam
produced by unseeded SRS which was described in Chapter 4.

The mode competition in a poorly seeded RFA also affected the total Stokes
power of the amplified seed. Power launched into higher-order transverse Stokes modes
of the fiber experienced less gain than power which was launched into the lower-order
transverse Stokes modes of the fiber. Optimized seed launching conditions produced
greater output Stokes power than did poor seed launching conditions. This was
demonstrated experimentally as described in the next section.
5.3.3.2. Output Stokes Power

The Stokes power generated by an RFA in the BSRS geometry was characterized
as a function of the coupled pump power for two different seed launching conditions.
The results of these two measurements are shown in Figure 19. The two launching
conditions correspond to the best and worst seed coupling conditions used in the previous
section. In the case of optimal coupling of the input seed beam, the input seed power was
attenuated using a filter wheel. This ensured that the same amount of power was
launched into the gain fiber for the case of poor seed coupling and for the case of optimal
seed coupling.

The only difference between the two launching conditions was the modal
distribution of the seed power. Even though the coupled seed powers and the coupled
pump powers were similar for these two configurations, the output Stokes powers
produced by these two configurations were very different. This is because the seed

power that was coupled into lower-order transverse Stokes modes experienced more gain
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than the seed power that was coupled into higher-order transverse Stokes modes. In

short, better coupling meant better overlap, which translated into higher overall gain.

180
160 ~ [
140
120
100

o0
(e
!
|
O

60 - m =
40 [ 0

Power of Amplified Seed (mW)
S
O
|
O
[

-

S L
O

O

|

2 4 6 8 10 12 14
Coupled Pump Power (W)

Figure 19. Power in the amplified seed as a function of pump power for two different
fiber alignments. Optimum alignment is depicted with filled squares; poor alignment is
depicted with hollow squares.

5.3.3.3. Brightness

The combination of the power and the beam quality of a beam can be expressed in

terms of a quantity known as brightness. Brightness can be defined as

P
- 88
5 (M*Y A (88)

where P is the power, M is a measure of the beam quality and / is the wavelength. The
BSRS geometry of the RFA described in Section 5.3 produced a ~1 W Stokes beam

(1116 nm) with M°=3.8. This was not as bright as the 10 W, M*=6.5 pump beam (1064
nm) used to produce it. In the case of the FSRS geometry, the ~ 1 W Stokes beam with

M?=5.1 was also dimmer than the pump beam used to produce it. In short, an RFA based
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on a 62.5 um fiber was not a favorable brightness converter when it was used to amplify
a poor quality seed beam.
5.3.4. Summary

These results showed that an RFA based on a multimode graded-index fiber in
either a BSRS or an FSRS geometry roughly maintained the beam quality of a seed beam
rather than dramatically improving it. This experimentally demonstrated that the beam
quality of the input seed determined, at least in part, the beam quality of the Stokes output
of an RFA. These results are consistent with the beam quality model presented in
Chapter 4 of this document, which predicted that the beam quality of the amplified seed
was a function of the beam quality of the input seed.
5.4. Amplification of a Near-Singlemode seed
5.4.1. Motivation

Rice predicted that if a singlemode Stokes signal was launched into an RFA with
a graded-index multimode core, the process of SRS and its associated beam cleanup
property would maintain the Stokes signal in the LPy; mode of the fiber [22]. The model
described in Chapter 4 also predicted that a Stokes seed launched only into a single
transverse Stokes mode of the fiber would emerge as an amplified seed composed of only
a single transverse Stokes mode. As perfectly singlemode propagation of the Stokes seed
was not realized experimentally, Rice’s prediction was examined by characterizing the
performance of an RFA which was instead seeded with a near-singlemode Stokes beam.

The experimental characterization of both the FSRS geometry and the BSRS
geometry of an RFA are described in this section. For both geometries, the amplified

Stokes seed was compared to the input Stokes seed in terms of its power and its beam
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quality. The spectrum of the output generated by these two geometries was also
examined.

In terms of its spectral output, the BSRS geometry exhibited superior wavelength
confinement relative to the FSRS geometry. Due to FWM enhancement of the Raman
gain, the FSRS geometry generated a Stokes beam which consisted of a cascade of
multiple Stokes orders. In the BSRS geometry, the phase-matching condition of FWM
was not satisfied which delayed the onset of the Stokes cascade relative to the FSRS
geometry.

5.4.2. Experimental Setup

The setup for examining the BSRS geometry is shown in Figure 20. In this setup,
the gain fiber was a 5.2 km long 50 um graded-index fiber (N4=0.2) which had been
angle polished at both ends to prevent Fresnel reflections. The seed, depicted in Figure
21, was generated using an 8.8 km long 62.5 pm graded-index fiber which was pumped
with a CW Nd:YAG laser. A diffraction grating ensured that only the 1** Stokes order of
the seed was launched into the gain fiber of the RFA. The beam quality of the output
seed beam emerging from the RFL was characterized by M°=1.4+0.1. The coupling of
the seed into the gain fiber was optimized by adjusting the alignment of the input seed
relative to the gain fiber in order to minimize the measured M * value of the seed as it
exited the gain fiber. Because of fiber mismatch however, a value of M*=1.4+0.1 was not
maintained. In the best case, the beam quality of the unamplified seed beam was worse
(M *=2.6+0.1) as it exited the RFA.

The FSRS geometry of the RFA, depicted in Figure 22, also used the seed

generated using the setup shown in Figure 21. Again, the seed was coupled into the RFA
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gain fiber so as to minimize the measured M value of the seed beam as it exited the gain
fiber. Great care was taken to ensure that the launching conditions of the pump beam

were the similar for both the FSRS and the BSRS geometries of the RFA.
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Figure 20. Schematic of the BSRS geometry of the RFA used to amplify a near-
singlemode seed. The setup of the seed is depicted in Figure 21.
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Figure 21. Configuration used to create a near-singlemode seed.

5.4.3. Results and Discussion
5.4.3.1. Spectral Measurements

One of the main differences between the FSRS geometry of the RFA and the
BSRS geometry of the RFA was the number of Stokes components contained in the
output Stokes beam. Due to FWM, the FSRS geometry contained a cascade of Stokes
wavelengths. Since the phase-matching condition of FWM cannot be satisfied for the
BSRS geometry, the Stokes output was primarily contained in the 1% Stokes order. The

Stokes cascade generated using the unseeded FSRS geometry contained the five Stokes
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orders shown in Figure 23. Given 3.5 W of coupled pump power, the peak of the 1%
Stokes order was about 3 times higher than the peak of the 2™ Stokes order and about 6.5

times higher than the peak of the 3" Stokes order.
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Figure 22. Schematic of the FSRS geometry of the RFA used to amplify a near-
singlemode seed. The setup of the seed is depicted in Figure 21.
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Figure 23. Spectral characterization of the Stokes output of an unseeded FSRS geometry.
The Stokes cascade generated by the seeded FSRS geometry of the RFA is shown
in Figure 24. In this case, the 1* Stokes order had a peak intensity that was about 20

times higher than the 2™ Stokes order and about 64 times higher than the 3™ Stokes

order. An estimate of the power in each Stokes order, made by doing a simple numerical
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integration of the area under each intensity curve, is presented in Table 5. The 1% Stokes
order was amplified by a factor of almost 7.2. The 2" Stokes order was amplified by a
factor of 3 relative to the unseeded case, even though the injected seed contained no 2™
Stokes order. The power in the 3" Stokes order was amplified by a factor of

approximately 4.
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Figure 24. Spectral characterization of the Stokes output of an RFA using the seeded
FSRS geometry.

Having described the Stokes cascades generated by the unseeded FSRS geometry
and the FSRS geometry of the RFA, this section now turns to describing the spectra
produced by the BSRS geometry. The spectrum produced by the unseeded BSRS
geometry is shown in Figure 25, while the spectrum produced by the seeded BSRS
geometry of the RFA is shown in Figure 26. The relative power in each Stokes order,
shown in Table 6, was determined by doing a simple integration of the area underneath
the intensity curves. In the unseeded BSRS geometry, the power of the 2™ Stokes order

was 16 times less than the power of the 1* Stokes order.
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Table 5. Power generated in various Stokes orders by the FSRS geometry of

unseeded SRS and the FSRS geometry of the RFA.

Stokes Order FSRS
Unseeded Seed Amplified Seed
™ 68 mW | 103 mW 750 mW
o 29 mW - 95 mW
31 12 mW —- 47 mW
4™ 4 mW - 8 mW
1
z 0.1
5§ 0.01
E 1E-3 f ﬂ { m ‘
4 - |"’) w.’n ol gl \k
< i ! h ] |
2 iy Yt g
B 1E-5
S 1E-6
:
Z 1E-7
1E_8| T T T T T T T T T T T 1
1100 1150 1200 1250 1300 1350 1400

Figure 25. Spectral characterization of the Stokes output of an unseeded BSRS

The power in the 2™ Stokes order generated by the seeded RFA in the BSRS
geometry was about 0.2 mW, which was well under 0.1% of the total generated Stokes
power. The peak intensity of the 2" Stokes order of the amplified seed was about 4.5
orders of magnitude less than the peak intensity of the 1% Stokes order. Clearly the BSRS

geometry of the seeded RFA provided better spectral confinement of the output Stokes

Wavelength (nm)

geometry.

beam than the FSRS geometry of the RFA. This is attributable to FWM.
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Figure 26. Spectral characterization of the Stokes output of the BSRS geometry of the
RFA.

Table 6. Power generated in various Stokes orders by the BSRS geometry of
unseeded SRS and the BSRS geometry of the RFA.

Stokes Order BSRS

Unseeded Seed Amplified Seed
I <5mW | 103 mW ~300 mW
2nd <0.3 mW —- ~0.08 mW
31 <0.04 mW - ~0.1 mW
4™ <0.01 mW - ~0.03 mW

FWM is the reason for the difference between the spectral output of the FSRS
geometry and the spectral output of the BSRS geometry. Unlike SRS, which is generally
considered a self-phase matched process, FWM must satisfy the phase-matching
condition given by Eq. (50). Consider the case where FWM combines 2 photons at 1116
nm with a photon at 1064 nm to generate a new photon at 1172 nm. The phase-matching
condition of Eq. (50) can be satisfied in a collinear geometry in which the photons at
1116 nm co-propagate with the photon at 1064 nm, as shown by wave vectors in Figure

27(a).
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Figure 27. The phase-matching condition of FWM can only be satisfied in the FSRS
geometry (a) and not in the BSRS geometry (b) because conservation of energy dictates
that k17, must have a smaller magnitude than Kj 6.

However, as shown in Figure 27(b), the phase-matching condition cannot be
satisfied in a geometry in which the photons at 1116 nm counter-propagate with the
photon at 1064 nm. In order to satisfy the phase-matching condition for the BSRS
geometry, the magnitude of the wave vector of the 1172 nm photon must be larger than
the wave vector of the 1116 nm photon. This is not possible however, since the wave
vector is inversely proportional to the wavelength. The magnitude of the wave vector of
the 1172 nm photon must be smaller than the magnitude of the wave vector of the 1116
nm photons.

The phase-matching condition for the FWM generation of 1172 nm photons will
not be satisfied in the BSRS geometry. Thus, the BSRS geometry will delay the onset of
a cascade of Stokes wavelengths by preventing seeding via FWM. This means that the
BSRS geometry of the RFA provides better spectral confinement of the amplified seed
than does the FSRS geometry.

The FSRS geometry of the RFA clearly generated a significant amount of power
in the higher Stokes orders (17%). The Stokes beam generated by the BSRS geometry of
the RFA did not contain significant amounts of power in the higher Stokes orders

(<0.1%), a clear indication that power was not being efficiently transferred from the

lower Stokes orders to the higher Stokes orders. In other words, at the pump powers
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tested, the Stokes threshold for the higher Stokes orders was not reached in the BSRS
geometry.

Evidence of FWM in the FSRS geometry manifested itself during an
examination of the Stokes thresholds of several Stokes orders using the experimental
setup diagrammed in Figure 28. In this setup a CW Nd:YAG pump laser was coupled
into a 5200 m long graded-index fiber with a 50 um core. An edge filter was used to
separate the residual pump beam from the Stokes beam.

The Stokes spectra produced by the FSRS geometry of the RFA at 300 mW,
360 mW, 400 mW and 500 mW of input pump power are shown in Figure 29 through
Figure 32 respectively. Comparing Figure 29 with Figure 30 shows that the observed
threshold for the 1% Stokes order was between 300 mW and 360 mW of input pump
power. Comparing the spectra of Figure 30 and Figure 31 shows that the observed
thresholds for the 2™ and 3™ Stokes orders were between 360 and 400 mW of pump
power. As demonstrated by the Stokes cascade shown in Figure 32, the observed

threshold of the 5™ Stokes order was less than 500 mW of pump power.
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Figure 28. Setup for measuring the FSRS Stokes thresholds associated with a CW,
single-pass pumping geometry.
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These observed threshold values for the sequential Stokes orders cannot be
explained by a sequential application of the single-pass SRS threshold condition given by
Eq. (46). Using Eq. (46), the threshold for the 2™ Stokes order corresponds to hundreds
of milliwatts of Stokes power in the first Stokes order. The total unseeded Stokes power
observed in this experiment was only a few milliwatts; clearly the conventional SRS
threshold for the 2™ Stokes order was never reached. Higher Stokes orders were likewise
observed to have much lower thresholds than were predicted by Eq. (46).

These low thresholds can be explained by FWM which essentially provided a
seed for the higher Stokes orders. The seeded Stokes orders were then amplified by the
SRS process. The FWM generated seed lowered the effective threshold of SRS and
allowed a forward Stokes cascade at relatively low pump powers. Similar results were

obtained by Russell and Roh, who concluded that FWM reduced the threshold of SBS
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Figure 29. Unseeded Stokes spectra produced by 300 mW of pump power.
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Figure 30. Unseeded Stokes spectra produced by 360 mW of pump power.
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Figure 31. Unseeded Stokes spectra produced by 400 mW of pump power.

1.00E+00
2
S 1.00E-01 -
g
4
S
[a W
=
(]
N
£ 1.00E-02 -
S

1.00E-03 - ‘ | ‘ I ‘

1100 1150 1200 1250 1300 1350 1400

Wavlength (nm)

Figure 32. Unseeded Stokes spectra produced by 500 mW of pump power.
[69]. On the other hand, the necessary phase-matching condition for FWM cannot be
satisfied in the BSRS geometry and hence the onset of the Stokes cascade was delayed.

In summary, there was clearly a difference between the number of Stokes orders
produced using the FSRS and the BSRS geometries of the RFA. This is similar to the
observations of Nakazawa et al. that two Stokes orders were generated by the FSRS
geometry of an RFA and that only one Stokes order was generated by the BSRS
geometry of an RFA [64]. Vilhelmsson made similar observations [65]. This difference
arose because the phase-matching condition of SRS can only be satisfied in the FSRS
geometry.

In the FSRS geometry, the Stokes output contained a Stokes cascade consisting

of multiple Stokes orders, with about 17% of the Stokes power residing in higher Stokes
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orders. Inthe BSRS geometry, FWM could not be phase-matched. This delayed the
onset of the Stokes cascade and as a result, 99.9% of the power was confined to the 1%
Stokes order. Even in the BSRS geometry, the power of the 1** Stokes order will
eventually become high enough to reach the SRS threshold given by Eq. (46) for the 2nd
Stokes order. Once the threshold for the 2™ Stokes order is reached, the 2™ Stokes order
will generate 3™ order Stokes photons, via FWM eventually resulting in a cascade of
Stokes wavelengths. However, using the BSRS geometry delays the onset of this Stokes
cascade relative the onset of the Stokes cascade in the FSRS geometry.
5.4.3.3. Beam Quality Measurements Given Near-Singlemode Seed

This section describes the measured beam quality of an RFA given a near-
singlemode input seed. The beam quality of the seed and the amplified seed at 3.5 W of
coupled pump power was measured for both the FSRS and the BSRS geometries. A
summary of these measurements is provided in Figure 14. The best cases of beam
cleanup are shown in Table 7.

Table 7. Best case beam quality measurements of the seed and the amplified seed

for both the BSRS and the FSRS geometries of an RFA given optimal launching
conditions of a near-singlemode seed beam.

BSRS geometry of RFA | FSRS geometry of RFA

Pump | Launched | Amplified | Launched | Amplified
Seed M’ Seed M’ Seed M’ Seed M’
4.540.2 | 3.240.2 2.5+0.1 3.7+0.1 2.0+0.1

The results shown in Figure 14 indicate that the beam quality of the amplified
seed was similar to the beam quality of the input seed. Simulations based on the model
developed in Chapter 4 showed that in the case of a poor quality pump beam, the beam
quality of the amplified seed was similar to the beam quality of the input seed.

Furthermore, the model of Chapter 4 predicted that a pump beam with good beam quality

95



would produced an amplified seed beam with much better beam quality than that of the
input seed beam. Unfortunately, this prediction could not be tested due to the lack of a
high power pump beam at 1064 nm with good beam quality.

5.4.3.4. Power Measurements

Besides analyzing the beam quality and spectral content of the Stokes output, the
output Stokes power generated by the RFA given optimal seed launching conditions was
also examined. The Stokes power was measured as a function of the coupled pump
power; the results of this measurement are shown in Figure 33, which provides a
comparison of the Stokes powers produced by the FSRS and the BSRS configurations of
an RFA as well as the powers generated by unseeded SRS in both geometries. The
difference in the measured powers between the two geometries is not understood in this
case.

The combination of the beam quality and output power of the amplified seed can
be characterized in terms of brightness according to Eq. (88). When the RFA was seeded
with a near-singlemode seed, the RFA in an FSRS geometry was a brightness converter
which produced a Stokes beam which was up to 30% brighter than the pump beam used
to amplify it. In the best case of the BSRS geometry, the output Stokes beam was only
20% as bright as the pump beam which was used to amplify it.

5.5. Chapter Summary

This chapter examined the performance of an RFA based on a 50 um graded-

index fiber. It was experimentally demonstrated that the RFA maintained the beam

quality of the seed as it was amplified. This was a sharp contrast to the unseeded SRS
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beam cleanup addressed in Chapter 4 where the beam quality of the Stokes beam was

dramatically improved relative to the beam quality of the pump beam used to generate it.
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Figure 33. Stokes power as a function of coupled pump power for the FSRS geometry
(squares) and the BSRS geometry (triangles). The output of unseeded SRS (unfilled
figures) and the RFA (filled figures) are shown.

The spectral content of the Stokes beam produced by the RFA was also examined.
The FSRS geometry of the RFA generated a Stokes cascade in which 17% of the Stokes
power resided in the higher Stokes orders. In the BSRS geometry, the Stokes output was
primarily confined to the 1* Stokes order at coupled pump powers of up to 3.5 W; less
than 0.1% of the Stokes power was contained in higher Stokes orders. The difference
between the spectrum produced by the FSRS geometry of the RFA and the spectrum

produced by the BSRS geometry of the RFA was explained in terms of FWM. As the

phase-matching condition of FWM cannot be satisfied in the BSRS geometry, the onset
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of a Stokes cascade in the BSRS geometry of the RFA was delayed relative to the FSRS
geometry of the RFA.

The Stokes powers generated by the FSRS and the BSRS geometries were also
contrasted. Given 3.5 W of coupled pump power, the FSRS geometry of the RFA
produced almost 900 W of Stokes power. This corresponded to an optical conversion
efficiency of 25%. The BSRS geometry, on the other hand, produced about 300 mW of
Stokes power, which corresponded to an optical efficiency of less than 10%. It was also
shown that in the FSRS geometry, the RFA functioned as a brightness converter which

produced a Stokes beam which was 30% brighter than the pump beam used to generate it.
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6. SRS Beam Combination in Multimode Graded-Index Fibers using a Raman
Fiber Amplifier

6.1. Introduction

Many authors have investigated ways to efficiently combine semiconductor
lasers, fiber lasers and/or solid state lasers to produce a single bright, high power output
beam [70]. Coherent beam combination combines beams of the same wavelength and
involves some mechanism for controlling the phases of the various beams. Wavelength
(or spectral) beam combination utilizes a diffractive optic to combine beams of different
wavelengths into a spectrally broad single beam. Beam combination via nonlinear
optical processes such as SRS and SBS is another approach that is not easily classified in
either of these two categories. The difficultly of achieving the SRS threshold has limited
the development of SRS fiber beam combination. Flusche et al. overcame this problem
by using a pulsed pump laser in conjunction with a fiber beam combiner [20]. By
contrast, the work described in this chapter demonstrated that an RFA in either the FSRS
geometry or the BSRS geometry can be used for the SRS fiber beam combination of two
CW pump beams.

This chapter begins by briefly reviewing previous efforts at nonlinear beam
combination in bulk media and in fibers. Next, this chapter describes the experimental
setup of a CW SRS fiber beam combiner, with a particular emphasis on the differences
between the FSRS and the BSRS geometries of the RFA. The results of these
experiments showed that the power and the beam quality of the Stokes output of the RFA
beam combiner were similar for both geometries. It is demonstrated however, that the
Stokes beam produced by the BSRS geometry of the RFA was more spectrally confined

than the Stokes beam produced by the FSRS geometry.
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In summary, this chapter demonstrates the feasibility of using an RFA to combine
two temporally incoherent CW pump sources to create a single Stokes shifted output
beam. While this SRS beam combination technique was only demonstrated for 1064 nm
pump sources, it is generally applicable to a large spectrum of other wavelengths,
including the more eyesafe region around 1500 nm.

6.2. Background

This section reviews three categories of nonlinear beam combination. First, this
section reviews SBS beam combination in fibers because it is complimentary to SRS
beam combination. While the latter can be used to combine broadband pump sources, the
former can be used to combine narrowband pump sources. Second, this section will
review SRS beam combination in bulk media (i.e. H, gas). Finally, this section reviews
SRS fiber beam combination of pulsed pump lasers [20].

SBS has been used for beam combination in bulk media [71,72]. SBS beam
combination has also been demonstrated for SBS in multimode fibers [17,73,74,75,].
Rodgers et al. demonstrated both coherent and incoherent SBS beam combination [75].
Coherent beam combination was demonstrated by splitting a single 150 mW diode laser
into two channels which were both coupled into a 4.4 km silica fiber with a 9.5 pm core
(NA=0.12). The fiber supported multiple modes (V'~4.4). Incoherent beam combination
was demonstrated using a separate 150 mW laser for each channel. In both cases, the
Stokes output was shown to be a Gaussian-like beam. Russell et al. demonstrated SBS
beam combination and beam cleanup in a 4.4 km long 50 um graded-index fiber [17].

SRS beam combination is another type of nonlinear beam combination which is

complimentary to SBS beam combination. The latter provides a higher nonlinear gain
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coefficient, but places spectral restrictions on the available pump beams due to its narrow
gain bandwidth. SRS on the other hand, has a relatively large gain bandwidth (~3 THz at
1 um wavelength in silica fibers) which allows broadband lasers to be used as pump
sources for SRS beam combination. SRS, as well as SBS, has the ability to produce a
Stokes beam with far better beam quality than the pump beam. This process, known as
beam cleanup, was described in Chapter 4.

Chang et al. demonstrated Raman beam cleanup and beam combination in an H;
RA in 1985 [76]. The pump beam used in their experiment was a frequency-doubled
CW dye laser. Part of the pump beam was aberrated and sent to an array of 24 adjustable
mirrors segments. Each mirror segment was aligned to focus a part of the diverging
pump beam into the RA, essentially pumping the amplifier with 24 separate pump beams.
The other part of the pump beam was coupled into a Raman oscillator which created a
near-diffraction-limited Raman seed. When the multiple pump beams and the seed beam
were launched into the amplifier, the amplified Stokes output was near-diffraction-
limited.

Basov demonstrated the SRS beam combination of 50 individual beams in 1984
[77]. In his experiment, the output from an Nd MOPA was separated into 50 individual
pump beams which were coupled into an RA which consisted of a 0.5 m H; cell nestled
inside of a square light-guide. Basov noted that the generation of the 2™ Stokes order
was suppressed by reducing the pressure of the gas. (Decreasing the pressure of the gas
decreased the Raman gain.) Smith et al. also the studied the SRS beam combination of

two pump lasers (353 nm) using high pressure H, gas [78]. The pump beams were
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focused into a Raman gain cell at shallow angles. The diffraction-limited Stokes output
contained two Stokes orders.

While SRS beam combination has been demonstrated in bulk media, SRS beam
combination in fibers remains largely undeveloped, partly because it is difficult to
achieve a low Stokes threshold. Flusche et al. demonstrated SRS fiber combination
using temporally coherent pulsed pump laser beams [20]. The setup of their experiment
is depicted in Figure 34. The pump was an Nd:YAG Q-switched laser (1.064 pm).
Several beamsplitters divided the pump into four separate channels of equal energy.

Each of the channels was coupled into one of the four input fibers of a fiber beam
combiner (FBC). The core diameter of each input fiber was 100 pm (NA=0.19); the
single output fiber of the beam combiner had a core diameter of 105 um (NA=0.49); a
significant amount of energy was lost due to this fiber mismatch.

The output from the FBC was coupled into one of two different graded-index gain
fibers. The first gain fiber had a core of 100 um (NA=0.29). The second gain fiber was a
2.5 km long 200 um fiber (NA=0.275). The beam quality of the pump beam and the
resulting Stokes beam were measured in terms of M”. In the case of the 100 um fiber, the
beam quality of the transmitted pump beam was measured to be M°=26.1, while the beam
quality of the associated Stokes beam was measured to be M’=2.6. In the case of the 200
um fiber, the beam quality was measured to be M°=42.1 and M*=2.8 for the pump beam
and the Stokes beam respectively.

Besides analyzing the beam quality of the Stokes output, Flusche ef al. also
characterized the spectrum of the Stokes beam using an optical spectrum analyzer (OSA).

The output Stokes beam contained of a cascade of multiple Stokes orders. Flusche et al.

102



demonstrated that the higher Stokes orders were highly attenuated by the fiber.
Essentially the Stokes cascade transformed the energy of the pump beam into higher
Stokes orders which were absorbed by the fiber. As a result, the efficiency of the beam

combiner was severely limited.
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Figure 34. Schematic for SRS beam combination using a fiber beam combiner [20].

While the work by Flusche et al. demonstrated the feasibility of SRS fiber beam
combination, there were several limitations to their study. First, Flusche et al. employed
a pump laser which was split into four temporally coherent channels. Furthermore, the
work of Flusche ef al. was limited to studying unseeded SRS, which is why they used the
high pump energies produced by a pulsed pump laser. Finally, significant amounts of
power were produced in higher Stokes orders, a definite disadvantage considering that

the goal was to produce a beam with a narrow-band spectral output.
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6.3. Experimental Setup

Having reviewed previous studies of nonlinear beam combination, this section
now turns to a description of SRS fiber beam combination. The beam combiner, an RFA
based on a multimode graded-index fiber, combined two CW pump beams and generated
a single Stokes beam. Both the FSRS and the BSRS geometries of the RFA were
examined.

The setup of the FSRS geometry of the RFA is shown in Figure 35. In this setup,
two separate unpolarized Nd:YAG pump lasers (1064 nm) were polarized in orthogonal
directions using two separate PBSs. Each polarized pump beam (channel) then traversed
a A/2 wave plate before being overlapped into a single beam by passing each channel
through a common PBS. Rotating the respective wave plates changed the amount of
pump power which was launched into the gain fiber; rotating the wave plates did not alter
the launching conditions of either pump beam. The overlapped pump beams were
launched into 5.2 km long fiber with a 50 pm graded-index core (NA=0.20). The
coupling efficiency of both channels was approximately 75%.

In the FSRS geometry, the seed was launched into the same end of the 5200 m
long gain fiber as the two pump beams. A near-singlemode seed beam at 1117 nm with
M’=1.4 was generated by using a third Nd:YAG laser (1064 nm) to pump an 8.8 km long
fiber with a 62.5 um graded-index core (NA=0.28). The configuration used to generate
the seed is diagrammed in the lower left corner of Figure 35. A diffraction grating
ensured that only the 1* order Stokes component of the seed was launched into the gain

fiber. An edge filter prevented the residual pump beam from damaging the diffraction
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grating. The BSRS configuration, shown in Figure 36, was identical, except that the seed

beam was counter propagating relative to the two pump beams.
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Figure 35. Setup of an SRS beam combiner using the FSRS geometry of the RFA.

6.4. Results and Discussion
The power in the amplified seed was measured as a function of the pump power

coupled into the gain fiber. Initially, the RFA was pumped with only a single pump
channel. Once the coupled pump power in channel #1 reached 5.3 W, additional pump
power was added via pump channel #2. The output Stokes power versus the coupled
pump power is shown in Figure 37. In the graph shown in Figure 38, the coupled pump
power was first added via pump channel #2; additional pump power was then added via
pump channel #1. Both Figure 37 and Figure 38 show that the power of the amplified

seed had a smooth transition between single-channel and double-channel pumping. The
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generated Stokes powers were essentially independent of which channel was used for the

initial pumping.
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Figure 36. Setup of an SRS beam combiner using the BSRS geometry of the RFA.
The power of the amplified seed is governed by the coupling between Eq. (37)
and Eq. (38). By invoking the non-depleted pump approximation, the relationship
between the output Stokes power and the coupled pump power is approximated by [79],

P.(L)= P (0)exp(gP,L,; —,L) (89)

where P(0) is the seed power, g is the Raman gain coefficient per unit area (gg/Aep), Py 1S
the coupled pump power, a is the attenuation of the Stokes beam at the Stokes

wavelength, L is the length of the fiber and Ly is the effective length of the fiber. The
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fits shown in Figure 37 and Figure 38 plot the Stokes power as given by Eq. (89)
assuming a Raman gain per unit area of g=1.1 x 10* W'm™ for the BSRS geometry and
g=1.0x 10" W'm™ for the FSRS geometry. Given a peak Raman gain coefficient of
2z= 1.0 x 10> mW™' (the Raman gain of fused silica as given by Stolen [79]), the
calculated effective area of the Stokes beam in the fiber was 9.1 x 10" m* and 1.0 x 10”
m® for the BSRS geometry and the FSRS geometry respectively. In both the BSRS
geometry and the FSRS geometry, the effective area was less than the upper bound set by
the size of the fiber core (7.9 x 10 m?), but greater than the effective area of the

fundamental mode (4.9 x 10" m?) calculated using Eq. (44).
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Figure 37. Power in the amplified seed versus the coupled pump power with only pump
channel #1 (open circles and squares) and with pump channels #1 and #2 together (closed
circles and squares). The power given by the non-depleted pump approximation is also
shown (black dashed and solid grey lines).
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Figure 38. Power in the amplified seed versus coupled pump power with only pump
channel #2 (open circles and squares) and with pump channels #2 and #1 together (closed
circles and squares). The power given by the non-depleted pump approximation is also
shown (black dashed and solid grey lines).

The small difference in the performance of the FSRS geometry and the BSRS
geometry is attributed to minor alignment differences between the two configurations.
These alignment differences corresponded to different overlaps between the pump and
Stokes modes of the fiber, which translated into small differences in the overall Raman
gain. A comparison of Figure 37 and Figure 38 shows that the performance of the beam
combiner was slightly better when pump #1 was used as channel #1. While both pump
lasers launched approximately the same amount of power into the gain fiber, pump #1
had slightly better overlap with the Stokes modes of the fiber. It should also be noted that

when the input seed was turned off, there was no significant unseeded Stokes generation

(<1mW) in either the FSRS or the BSRS configurations. This indicated that the single-
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pass Stokes threshold defined by Eq. (46) had not been reached in either geometry of the
RFA beam combiner.

Beam quality measurements of the Stokes beam produced by both the FSRS and
the BSRS configurations are shown in Table 8. Beam quality in the form of M?* was
characterized by measuring the diameter of the beam at about 20 different locations as it
traversed the focus of a lens with a 300 mm focal length. The diameter of the beam at
each location was determined using the average of 100 images obtained using an Alpha
NIR InGaAs camera. Neutral density filters prevented saturation of the camera. A least-
squared fit was determined the value of M.

Table 8. The beam quality of the seed beam exiting the gain fiber and the beam
quality of the amplified seed when pumped by each individual pump channel and

both pump channels together. The beam quality of each pump beam as it exited the
fiber is also shown.

FSRS BSRS
Seed 3.0+0.1 | 3.0+0.1
Amp. Seed (Pump #1) 2.5+0.1 | 2.3+0.1
Amp. Seed (Pump #2) 2.5+0.1 | 2.4+0.1
Amp. Seed (Pump #1 & #2) | 2.3+0.1 | 2.3+£0.1
Pump #1 5.0£0.3
Pump #2 6.3+£0.3
Pump #1 & #2 5.8+0.3

In both the FSRS and the BSRS geometries, the amplified seed had slightly better
beam quality than the unamplified seed beam. The beam quality of the Stokes beams
generated by all three pump configurations was similar. There was no significant
difference between the beam quality of the amplified seed produced by the FSRS
geometry and the beam quality of the amplified seed produced by the BSRS geometry of
the RFA beam combiner. According to Eq. (88), which uses the combination of power

and beam quality to describe the brightness of a beam, both the FSRS geometry and the
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BSRS geometry of the RFA beam combiner produced a Stokes beam with similar
brightness. However, the generated Stokes beams were only about 2/3 as bright as the
overlapped pump beams used to generate them. In other words, the RFA beam combiner
was not a favorable brightness converter in either geometry.

The spectra of the amplified seed produced by the FSRS and the BSRS
geometries of the RFA beam combiner are shown in Figure 39 and Figure 40
respectively. For the FSRS geometry at 10.5 W of coupled pump power, the 2™ Stokes
order (at approximately 1170 nm) was present along with the 1% Stokes order, but with a
peak intensity of <10 times that of the 1 Stokes order. There was no detectable 2™
Stokes order generated by the BSRS configuration at approximately 10.5 W of coupled
pump power. With the pump power available, it was not possible to investigate if the
Stokes cascade appeared at higher powers, although this is presumably the case.

6.5. Chapter Summary

The experiments described in this chapter demonstrated that an RFA can be used
as a method of SRS fiber beam combination. The high pump power threshold previously
reported for unseeded SRS fiber beam combination was avoided by launching a low
power seed into the gain fiber. Both the FSRS geometry and the BSRS geometry of the
RFA beam combiner were examined. The gain of both geometries was 15 dB at 10.5 W
of coupled pump power. The optical efficiency of the RFA beam combiner was
approximately 10% for both geometries. It was shown that while both geometries
maintained the beam quality of the input seed, the RFA beam combiner was not a

brightness converter.
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Figure 39. Spectra of the output of the FSRS geometry of the RFA beam combiner.
Inset uses a linear y axis scale; otherwise the y axis uses a logarithmic scale.
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Figure 40. Spectra of the output of the BSRS geometry of the RFA beam combiner.
Inset uses a linear y axis scale; otherwise, the y axis uses a logarithmic scale
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7. Raman Fiber Lasers based on Graded-Index Fibers
7.1. Introduction

RFLs have long been recognized for their ability to generate laser radiation at
novel wavelengths. Due to the flexibility of the SRS process, different pump lasers can
be combined with various fiber materials to generate a wide selection of laser
wavelengths. In general, RFLs have been based on fibers with singlemode cores. This
allows singlemode operation, but often requires the use of some sort of singlemode pump
beam. This limits the amount of coupled power available for conventional RFLs and
restricts the output of these devices to moderate powers.

Recently, an RFL based on a multimode fiber was demonstrated by Baek and Roh
[16]. The output Stokes beam was near-singlemode (M°=1.67). However, the slope
efficiency and output power were limited to 7% and 800 mW respectively. Clearly
power scaling is needed to make this technology useful in comparison with RFLs which
use fibers with singlemode cores. This chapter reports original research which
demonstrated the power scaling of RFLs based on multimode fibers.

The first section of this chapter explores FBG technology, with a particular
emphasis on FBGs written to multimode fibers (MMFBGs). This section describes the
multimode properties of MMFBGs, properties which significantly affect the performance
of RFLs based on multimode fibers. The reflectivity of each mode of an MMFBG is
associated with a specific wavelength; each of these wavelengths has its own reflectivity
coefficient. The first section of this chapter theoretically and experimentally documents
the multimode nature of the MMFBGs used to construct the RFLs discussed in the rest of

the chapter.
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The next section of this chapter details original research demonstrating that RFLs
based on a multimode graded-index fiber can produce 7 W of output Stokes power and
can operate with slope efficiencies approaching 60%. This is a significant advance
relative to the power and efficiency demonstrated by Baek and Roh [16]. However, high
output Stokes power comes at the price of degraded beam quality. Higher powers
resulted in spectral broadening and gain saturation, which introduced additional
wavelength components in the Stokes output. Due to the multimode nature of MMFBGs,
these additional 1% order Stokes wavelengths corresponded to higher-order transverse
Stokes modes which degraded the beam quality of the Stokes beam.

The research described in this chapter also showed that an RFL based on a
graded-index multimode fiber is an effective mechanism for SRS fiber beam
combination. This enabled two CW pump beams to be combined to generate a single
output Stokes beam. Beam combination was possible due to the low Stokes threshold
inherent in an RFL. The performance of the RFL beam combiner was characterized in
terms of the spectral content, the beam quality and the power of the output Stokes beam.
7.2. Fiber Bragg Gratings
7.2.1. Introduction

While early RFLs employed dichroic mirrors at each end of the cavity, modern
RFLs employ FBGs at each end of the fiber cavity. This makes it possible to fabricate
highly reflective elements with linewidths of several nanometers directly onto the
singlemode core of an RFL [80]. FBGs have also been created in multimode fibers. One
of the main properties of MMFBGs is that different fiber modes are reflected at different

wavelengths. Physical changes in the fiber (such as bending) can alter the transverse
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modal structure of propagating signal. This allows MMFBGs to be used for sensing
applications.

The modal response of the MMFBG also affects the performance of RFLs based
on multimode graded-index fibers. Increasing the output power of the RFL leads to
spectral broadening and wavelength splitting. An MMFBG translates these new
wavelengths into additional transverse modes in the Stokes beam, degrading the beam
quality of the Stokes output and partially offsetting the SRS beam cleanup effect.

This section begins by describing the multimode nature of an MMFBG. After
briefly outlining the processes used to fabricate FBGs, this section will describe two
methods of characterizing of FBGs. These methods are used to characterize the
MMFBGs incorporated into the RFLs described in Section 7.3 and Section 7.4.

7.2.2. Background

The first FBG was created by Hill ef al. in 1978 [81]. A germanium doped silica
fiber with a 2.5 um core was illuminated by an argon ion laser operating at 488 nm. The
forward propagating beam and the backward propagating Fresnel reflection combined to
form an interference pattern inside the fiber. In the alternating high and low intensity
regions of the interference pattern, the index of refraction was altered due to
photorefraction. The photosensitivity of a fiber stems from Ge related defects and can be
altered by increasing the concentration of dopants in the fiber [82].

In 1989, Meltz et al. developed a method to control the spectral responsivity of
the grating [83]. In their experiment, a dye laser operating at 486-500 nm was frequency-
doubled, split into two equal intensity halves and then recombined to form an interference

pattern. The basic geometry of this setup for creating gratings is shown in Figure 41.
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The transmission and reflection characteristics of the grating can be tailored by adjusting
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Figure 41. Diagram of an early setup for writing FBGs.

A more commonly used technique for writing FBGs employs a phase mask
instead of using a beamsplitter [8§2]. A common setup for writing FBGs with a phase
mask is shown in Figure 42. The phase mask consists of a series of grooves ina UV
transmitting mask plate. A cylindrical lens focuses the UV light through the phase mask
and onto the fiber, increasing the power density in one dimension without affecting the
length of the grating. When the UV light is incident on the phase mask at normal
incidence, three diffraction orders are produced: the 0" order and the +1% orders. Two
mirrors bring together the +1* and the -1% orders, creating a sinusoidal interference
pattern on the fiber. The presence of the 0" order would degrade the interference pattern;
a block is inserted to prevent this. Adjusting the mirrors allows the properties of the
grating to be modified.

Using a phase mask provides several advantages. First, a phase mask has no
moving parts. This lack of moving parts makes the phase mask technique a highly
repeatable process suitable for the mass production of FBGs. Furthermore, the lack of
moving parts the makes setup extremely stable and allows long inscription times. Lastly,
a phase mask setup is insensitive to the translation of the UV beam along the fiber length,

allowing long-length FBGs to be written using a scanning technique.
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Figure 42. Diagram of a setup for writing FBGs using a phase mask [82].

In 1993, Lemaire et al. successfully introduced the technique of hydrogen loading
fibers [84]. Hydrogen loading diffuses H, molecules into the fiber at low temperature.
Diffused hydrogen reacts with oxygen to form hydroxyl (OH), which then interacts with
Ge to create GeH. Hydrogen loading allows large index changes to be created in almost
any fused silica fiber.

7.2.3. Characterization of FBGs

Two primary configurations are used to determine the spectral response of an
FBG: measuring the transmissivity and measuring the reflectivity. Measuring the
reflectivity spectrum of the FBG is perhaps the most commonly used method of
characterization. A schematic of this technique is shown in Figure 43. In this setup, a
source is directed to the FBG through a 2x2 fiber coupler; the source can either be a
broadband source or a tunable laser. By incorporating index-matching fluid, light is only
reflected off of the FBG. The power coupled back into the OSA is a direct measurement

of the power reflected by the FBG as function of wavelength.
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Figure 43. Setup for directly measuring the reflectivity spectrum of an FBG.
Using this method, the reflectivity of the grating is related to the Fresnel reflection

of the fiber according to [85]
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The power reflected by the FBG as a function of wavelength is denoted by P;(Z). When
the FBG is disconnected from the setup, the newly exposed fiber end allows the Fresnel
reflection as a function of wavelength to be measured. This measurement, denoted by
P,(2), serves as a reference which can be used to determine the reflectivity spectrum of
the grating. Eq. (90) simply states that the ratio between the power reflected by the FBG
and the power in the Fresnel reflection is equal to the ratio of the reflectivity of the FBG
to the reflectivity of the Fresnel surface.

Measurements of the transmissivity spectrum of an FBG can be made using the
relatively straightforward setup shown in Figure 44. The FBG can be illuminated by
either a broadband source or a tunable laser. When using a broadband source, the
transmission spectrum is characterized using an OSA. When using a tunable laser as the
source, a power meter is used to measure the power transmitted by the FBG as a function
of wavelength [85]. The FBG can be connected to the source/OSA/power meter using

fiber connectors or by splicing the FBG directly to the input/output fibers.
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Figure 44. Setup for measuring the transmission spectrum of an FBG.

7.2.4. Fiber Bragg Gratings Written to Multimode Fibers
7.2.4.1. Theoretical Description of MMFBGs

MMFBGs are inherently multimode devices. Conceptually, this can be
understood by considering the modes of a multimode step-index fiber in terms of ray
optics. Each mode of the fiber can be considered to be a ray propagating through the
fiber at a unique angle, 6,. Bragg’s law states that reflection occurs when the period of
the grating is related to this angle by

2Asin 8, = jA 91)

where /A is the period of the grating, 4 is wavelength and j is an integer. Since the grating
period is fixed, each wavelength is reflected a unique angle. As different modes can be
considered to be traveling at different angles, they will be reflected at different
wavelengths.

The multimode properties of an MMFBG can also be explained in terms of the
propagation constants of the various modes of the fiber. The phase-matching condition

of an MMFBG is given by

By=B, == (92)
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where f; represents the propagation constant of the forward propagating mode and £,
represents the propagation constant of the backward propagating mode. In the case when
a mode is reflected back onto itself, i.e., when -f,= f, the phase-matching condition

simplifies to
== (93)

Rather than considering the phase-matching condition for each of these modes
individually, the concept of a principal mode can be applied [85]. A principal mode is a
collection of modes which share approximately the same propagation constant. The
principal modes of the fiber are labeled by the principal mode number, N,. The 1%
principal mode, N,=0, is the collection of modes with the highest propagation constant.
The 2™ principal mode, N,=1, denotes the modes with the o highest propagation
constant, etc. Table 9 lists several principal modes of a notional graded-index fiber with
their associated effective index of refraction and the LP;,, modes which they are

associated with. The propagation constant of a given LP;,, fiber mode is given by [44]

4 4A v
ﬁlm —W{1—7(2m+l—l)j| (94)

By recalling the definition of V given by Eq. (45) and by recalling the relationship
between NA and A given by Eq. (69), the propagation constant as a function of

wavelength can be approximated by [85]

T, (95)

mmz%-®4m+n

mman,

NA&}I/Z

where n; is the index of the fiber core and a is the radius of the fiber core. The principal

mode number is defined as N,=2m+/-2. When Eq. (95) is substituted into Eq. (92) or Eq.
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(93), it becomes clear that different principal modes are reflected at different
wavelengths. For example, the LPj; mode is reflected on to itself at the wavelength A;.
The LP;; mode is reflected onto itself at the wavelength 1,;. However, the reflection of

the LPy; mode onto the LP;; mode (and vice versa) occurs at the average wavelength of

/101 + 202

SR I8s)

Table 9. Table listing the calculated index of refraction of the first 8 principal
modes of a notional 50 pm graded-index fiber.

Nefy modes Hefy modes
1.4991 LPy; 1.4955 LPy3, LP;), LPy
1.4982 LP; 1.4946 LP3,LP35 LPs;

1.4973 | LPy, LP;;
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7.2.4.2 Previous Experimental Demonstrations

Several authors have studied the modal response of MMFBGs [85,86,87,88].
These studies confirm that the reflectivity spectrum of an MMFBG is highly dependent
on the modal content of the signal incident on the grating. Mizunami et al. examined
how a signal consisting of lower-order transverse modes of the fiber was reflected by an
MMFBG and contrasted this to the reflectivity of signal consisting of higher-order
transverse modes of the fiber [88]. Figure 45 shows the reflectivity spectra of the
MMFBG given lower-order mode excitation and given higher-order mode excitation.

Yu et al. studied MMFBGs illuminated with a singlemode source and showed the
reflectivity response was highly dependant on the launching conditions of the singlemode
source into the grating [85]. They launched light from a tunable laser into an MMFBG
via a singlemode fiber and noted that altering the launching conditions of the singlemode

source altered the response spectrum of the MMFBG.
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Figure 46 shows the spectrum measured by Yu ef al. for the case of optimal
coupling of the singlemode fiber into the MMFBG. This figure clearly shows that each
wavelength has a different reflectivity coefficient. Furthermore, each wavelength
corresponds to a different principal mode of the fiber. Given optimized launching
conditions, the peak reflectivity was observed at approximately 1525 nm. The rightmost
peak corresponded to the lowest-order principal transverse mode of the fiber, while the
leftmost peak corresponded to the highest-order transverse principal modes of the fiber

where were reflected by the grating.
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Figure 45. Transmissivity spectrum for a MMFBG given lower-order mode excitation
(left) and given higher-order mode excitation (right) [88].

Introducing a lateral offset between the center of the singlemode fiber and the
center of the MMFBG coupled the signal into the higher-order transverse modes of the
fiber. As a result, the reflectivity spectrum of the MMFBG was altered. The reflectivity
spectrum resulting from the offset launching conditions is shown in Figure 47. The
higher-order transverse modes of this fiber were resonant with the MMFBG at shorter
wavelengths than were the lower-order transverse modes of the fiber. For the offset

launching conditions, the principal mode corresponding to a reflected wavelength of 1515
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nm had the greatest reflectivity. No significant power was reflected in the principal mode
corresponding to 1525 nm. The principal mode associated with 1520 nm had a
reflectivity of about 10% for both the optimized launching condition and the offset
launching condition. By contrast, the peak at ~1522 nm had a reflectivity of 30% for the
optimized launching condition and a reflectivity of between 5% and 10% for the offset

launching condition. This clearly shows that different modes of the fiber are reflected by

the MMFBG at different wavelengths.
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Figure 46. Transmission spectrum of an MMFBG when the singlemode input fiber was
centered on the MMFBG [85].

The multimode character of MMFBGs has also been demonstrated in experiments
which used MMFBGs to construct wavelength tunable lasers. Introducing microbends to
the fiber changes the mode structure of the propagating field and hence the observed
reflectivity spectrum of the grating. Su and Lu capitalized on this to create a fiber laser
with variable wavelength output [89]. A 3-tooth deformer introduced microbends into a

segment of multimode fiber immediately preceding the MMFBG. Different modes of the
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cavity were resonant with the grating at different wavelengths. This allowed the laser
output to be tuned to one of 31 discrete wavelengths. Yu ef al. used a similar technique
by incorporating an MMFBG into a laser cavity. By adjusting the alignment of the pump
laser relative to the MMFBG, Yu ef al. altered the transverse mode content of the light

incident on the MMFBG which allowed the resonant output wavelength to be selected

[90].
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Figure 47. Transmission spectrum of an MMFBG when the singlemode input was
laterally offset from the MMFBG [85].

It should also be noted that the reflectivity spectrum of an MMFBG can have a
polarization dependence. This provides another avenue for the creation of wavelength
selectable fiber lasers [91,92]. By incorporating a polarizer into the laser cavity, the loss
experienced by various modes was altered to prevent (or allow) lasing to occur at
different wavelengths. It was also shown that properly adjusting the polarization allowed

multiple wavelengths to be produced simultaneously.
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These experiments confirm that MMFBGs do not reflect light in the same way as
would a narrowband FBG written to a singlemode fiber. Furthermore, the MMFBG does
not reflect light as would some sort of broadband dichroic mirror. Instead, MMFBGs
reflect different transverse modes of the fiber at different wavelengths and with different
reflectivities.

While MMFBGs have often been used as a mechanism for wavelength selection,
they also have demonstrated applicability to RFLs. It was shown by Baek and Roh that
MMFBGs can be used as part of an RFL based on a multimode fiber [16]. At the low
powers demonstrated in their experiments, the multimode nature of gratings and its effect
on the beam quality of the Stokes beam did not become apparent. The work described in
this dissertation shows that at high Stokes powers the multimode nature of the MMFBG
affects the beam quality of the Stokes output of an RFL based on a multimode fiber. The
following section describes the reflectivity spectra of the MMFBGs used to construct the
RFLs described in this document.

7.2.5. Experimental Setup and Results

Three different sets of measurements were used to characterize the MMFBGs
used in this dissertation effort. The manufacturer of the gratings (Avensys) characterized
the spectral response of the MMFBGs to a singlemode source. In this characterization,
the setup of which is diagrammed in Figure 44, a piece of singlemode fiber was attached
to each end of the MMFBG. One piece of singlemode fiber connected the MMFBG to
the fiber source while the other piece of singlemode fiber connected the MMFBG to the
OSA. The reflectivity spectrum reported by Avensys, shown in Figure 48, exhibits a

broad reflectivity peak centered at 1116.5 nm, with a FWHM of 1.52 nm and a ~99%
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reflectivity. The adjacent left peak corresponds to a higher order principal mode. The
reflectivity of this higher-order principal mode was ~10 dB or 90% according to
Avensys.

The reflectivity response of this same grating was characterized using the setup
depicted in Figure 43. A short piece of singlemode fiber was inserted between the
broadband source and the 2x2 connector. The spectral response of the grating, depicted
in Figure 49, shows that the first principal mode of the fiber was reflected at 1116.5 nm;
additional principal modes were reflected at wavelengths separated by several tenths of a
nanometer.

The transmissivity response of the MMFBG to a multimode source was also
measured using the setup depicted in Figure 44. In this case, the output of the broadband
source was coupled into a short piece of 50 um graded-index fiber. The response
spectrum of the grating is shown in Figure 50. The results are similar to those obtained
by Mizunami et al. [88].

The essential difference between the reflectivity spectrum shown in Figure 49 and
the transmissivity spectrum shown in Figure 50 is the modal composition of the input
source. The spectral response shown in Figure 49 was generated when the broadband
source was coupled into a short piece of singlemode fiber. The spectral response shown
in Figure 50 was generated when the broadband source was coupled into a short piece of
multimode fiber. The same broadband source was used for both characterizations.

Several other MMFBGs were used in the RFL experiments described in Section

7.3 and Section 7.4 of this document. The reflectivity response of each of these gratings

125



was characterized using the setup depicted in Figure 43. In each case, a singlemode piece

of fiber connected the broadband source to the 2x2 coupler.
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Figure 48. The transmission spectrum of an MMFBG as measured by Avensys. Note the
logarithmic scale on the y axis.

The reflectivity response of additional gratings is shown in Figure 51 through
Figure 54. Avensys reported the singlemode reflectivity of these MMFBGs to be
R=90%, R=80%, R=60%, and R=30% respectively. The rest of the document refers to

these gratings by the singlemode reflectivity reported by the manufacturer.
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This section reviewed the properties of MMFBGs from a theoretical standpoint;
these multimode properties were also demonstrated experimentally. The experimental
evidence presented here includes studies by previous authors who documented the
multimode properties of MMFBGs. More importantly, the work in this section
experimentally characterized the MMFBGs used to construct the RFLs described in
Section 7.3 and Section 7.4. This analysis showed that the MMFBG with a singlemode
reflectivity of R=99% exhibited a highly multimode reflectivity response to an input

signal. It was clearly demonstrated that an MMFBG reflects each principal mode of the

fiber at a different wavelength.

Reflectivity (dB)

_14

-16 \ ‘ ‘
1110 1112 1114 1116 1118 1120
Wavelength (nm)

Figure 49. Lower-order mode reflectivity of a grating reported by the manufacturer to
have a singlemode reflectivity of R=99%; the source was coupled to a singlemode fiber.
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Figure 50. Transmissivity spectrum of an MMFBG reported by Avensys to have a
singlemode reflectivity of R=99%. The source was coupled to a multimode fiber.
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Figure 51. Lower-order mode reflectivity of an MMFBG reported by the manufacturer to
have a singlemode reflectivity of R=90%.
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Figure 52. Lower-order mode reflectivity of an MMFBG reported by the manufacturer to
have a singlemode reflectivity of R=80%.
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Figure 53. Lower-order mode reflectivity of an MMFBG reported by the manufacturer to
have a singlemode reflectivity of R=60%.
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Figure 54. Lower-order mode reflectivity of an MMFBG reported by the manufacturer to
have a singlemode reflectivity of R=30%.

As shown in the next two sections of this chapter, the multimode response of the
MMFBG can offset the beam cleanup effect and degrade the beam quality of the Stokes
output of an RFL based on a multimode fiber. Unfortunately, the broadband source used
in the experiments described in this section only allowed low resolution measurements of
these MMFBGs. The high resolution measurements of an MMFBG made by Yu ef al.
used a tunable laser instead of a broadband source [85]. While the low resolution
measurements described in this section allowed a qualitative analysis of the MMFBGs
and an explanation of their effects on the beam quality of the Stokes output of an RFL,
these low resolution measurements cannot be used for a more comprehensive quantitative
analysis. The high resolution measurements of Yu et al. were possible by using a high

resolution tunable laser, a source which was not available to characterize the MMFBGs
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used to construct the RFLs described in this document. It is also possible that using a
sufficiently bright broadband source or a proper choice of the spectrum analyzer might
also allow the MMBGs to be properly characterized.

7.3. Raman Fiber Lasers

7.3.1. Introduction

RFLs offer several advantages over their more traditional laser counterparts. As a
fiber laser, the RFL is a lightweight, robust and compact device suitable for many
aerospace applications. Moreover, the RFL offers much greater wavelength flexibility
than more traditional fiber lasers. The wavelength flexibility of the RFL primarily stems
from the SRS process, which downshifts the frequency of the input pump beam by the
vibrational frequency of the gain medium. The wavelength of this resulting Stokes beam
can be tailored by carefully choosing the input pump wavelength. Similarly, the resulting
Stokes wavelength can also be tailored by carefully selecting or creating a gain medium
with an appropriate Stokes shift. Current research in RFLs investigates RFLs based on
novel materials, including chalcogenide glasses [93], and photonic crystal fibers [94].
Additional wavelength flexibility has also been demonstrated through prism tuning and
by using multiple nested FBG cavities.

RFLs have typically been based on singlemode fibers. However, it is difficult to
efficiently couple light into an RFL based on a singlemode fiber. Using a singlemode
fiber makes traditional RFLs relatively inefficient devices which produce relatively low
powers. One avenue for power scaling RFLs is to base them on multimode fibers with

the expectation that larger fibers will allow higher pump coupling efficiencies.
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Baek and Roh demonstrated an RFL based on a multimode graded-index fiber
which had limited efficiency and output power, but near-singlemode beam quality [16].
This section describes an RFL based on a multimode graded-index fiber which produced
7 W of output Stokes power. This RFL had an optical-to-optical conversion efficiency of
almost 50%. This is much greater than the conversion efficiency previously
demonstrated for RFLs based on singlemode fibers [107,108].

This chapter shows that higher power and efficiency come at a price; it turns out
that the beam quality of the output Stokes beam decreased as the Stokes power increased.
Higher Stokes powers resulted in spectral broadening and peak splitting, which due to the
MMFBG used in the RFL, degraded the beam quality of the Stokes output.

7.3.2. Early Raman Fiber Lasers

A Raman oscillator based on a liquid-core fiber was reported by Ippen in 1970
[95]. The fiber had a liquid carbon disulfide (CS,) core surrounded by a 12 pm glass
waveguide. The pump was a pulsed argon ion laser (514.5 nm). A prism separated the
Stokes beam from the residual pump beam. 700 mW of Stokes power with a slope
efficiency of 40% was reported. The Stokes threshold was 3.2 W.

Stolen et al. constructed the first all glass RFL two years later [96]. Their design,
depicted in Figure 55, consisted of a glass fiber with a 4 um core pumped by a pulsed
Nd:YAG laser at 532 nm. Oscillation in a 1.9 m long fiber occurred at 500 W of pump
power. As in Ippen’s experiment, a prism was used to separate the Stokes beam from the
pump beam.

A CW RFL was reported by Hill ef al. in 1976 [97]. In this demonstration, three

different fiber configurations were tested: 20 m and 60 m long fibers with a core
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diameter of 2.4 um and a 100 m long fiber with a core diameter of 4 um. Each
configuration was pumped by an argon-ion laser at 488 nm. The Stokes threshold for

each of these setups was approximately 2.5 W.
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Figure 55. Schematic of the first all-glass RFL [96].

7.3.3. Peak Splitting in Raman Fiber Lasers

Peak splitting has been observed in RFLs based on singlemode fibers [98,99,100].
Babin et al. explained peak splitting by noting that the output Stokes power of an RFL
can be maximized by optimizing the transmissivity of the output coupler FBG [98].
When the reflectivity spectrum of the FBG was symmetric around the center Stokes
wavelength and the reflectivity was sufficiently high, the output Stokes power was
maximized at two different wavelengths and peak splitting occurred. This can be
understood by considering the center wavelength region to be gain saturated.

Babin et al. further noted that for RFL configurations which used gratings with
low reflectivity, the gain was not saturated and optimum transmission occurred at only a
single wavelength—no peak splitting was observed. Babin ef al. also showed that by
temperature tuning the FBG, the spectrum of the grating could be shifted [99]. These
temperature-induced shifts of the grating spectrum created asymmetry of the output

Stokes spectrum with one peak being more intense than the other peak. Altering the
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temperature shifted the region of gain saturation and thus adjusted the splitting of the
Stokes peaks.

In an RFL which uses an MMFBG, peak splitting introduces additional transverse
modes into the Stokes output, degrading the beam quality of the Stokes beam. Peak
splitting was more pronounced in RFLs with high reflectivity MMFBG output couplers.
This is consistent with observations that RFL configurations which used low reflectivity
output coupler MMFBGs had better beam quality than RFL configurations which used
high reflectivity output couplers. These observations are detailed in Section 7.4 and
Section 7.5.

Babin ef al. also reported that the width of the Stokes spectrum was a linear
function of the output Stokes power of the RFL, a phenomenon known as spectral
broadening [100]. In an RFL based on an MMFBG, power scaling introduced additional
wavelengths through spectral broadening. These additional wavelengths added additional
transverse modes to the Stokes output and degraded the beam quality of the Stokes beam.
7.3.4. Wavelength Flexibility using Raman Fiber Lasers

There are many ways to tailor the output wavelength of an RFL. The Stokes
wavelength can be adjusted by altering the pump wavelength. The Stokes wavelength
can also be adjusted by selecting a Raman gain medium which has a Stokes shift with a
different magnitude. For example, fused silica has a Stokes shift of 440 cm™, while
phosphosilicate fiber offers a Stokes shift of 1330 cm™. Given a 1064 nm pump laser,
these two Stokes shifts correspond to a Stokes output of 1116 nm and 1239 nm

respectively. Several other wavelength selection methods have also been demonstrated
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for Raman lasers: the use of prism tuning, the use of non-linear crystals and the use of
multiple cavity cascades.

Prism tuning of RFLs was demonstrated in 1977 using the CW RFL diagramed in
Figure 56 [101]. Wavelength tuning in this configuration was primarily a result of the
broad Raman gain spectrum of fused silica which created Stokes photons at a wide range
of wavelengths. This range of Stokes wavelengths was spatially separated by the two
internal cavity prisms. Only the single narrowband Stokes wavelength incident on mirror
2 was resonant with the cavity. This wavelength was tuned by simply adjusting the
prisms. The pump and the Stokes wavelengths were separated using a diffraction grating.
Jain et al. created an RFL which was tunable over a 5 nm range using a 100 m long 3.3
um step-index silica fiber [101]. This tunable laser had a threshold of 1 W and a slope

efficiency of 9%.
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Figure 56. Schematic of the wavelength tunable RFL created by Jain ef al. [101].
More recently, Ilev et al. reported using a prism-tuned configuration to produce a
O-switched RFL with a wavelength which ranged from 0.54 um to 1.01 um [102]. The
pump power level of this setup was extremely high (near the damage threshold of the

fiber). This extremely high pump power created a Stokes cascade containing 21 Stokes
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orders. It should be noted that while this experiment used a multimode fiber, the beam
quality of the output was not examined.

The output wavelength of a Raman laser can also be tailored by combining
multiple types of non-linear optical processes. Amman introduced such a laser in 1979
[103]. The gain medium of this laser was LilO3, a crystal which possesses a significant
second-order as well as a significant third-order nonlinear susceptibility; both SRS and
second-harmonic generation (SHQG) are possible in this crystal. Amman capitalized on
this and created a pulsed Raman laser which operated at one of five specific wavelengths
ranging from 565-655 nm.

One wavelength resulted from frequency-doubling the pump photons. Two
additional wavelengths were created by frequency-doubling the first and the second
Stokes orders. Two more wavelengths were obtained through sum-frequency generation
(SFG) which combined either a first-order Stokes photon or a second-order Stokes
photon with an SHG photon. Phase-matching determined which of these five processes
dominated; the phase-matching condition was satisfied by angle-tuning the LilOj; crystal.
Recent work has shown that the output wavelengths can be further tailored by choosing
one crystal for the Raman gain medium while using a different crystal as the SHG/SFG
medium [104]. The crystal could also be phase matched using both angle- and
temperature-tuning. While this technique is not readily applicable to fiber lasers, this
example is useful because it illustrates the general flexibility of Raman lasers.

Another method of tailoring the output wavelength of an RFL, a device known as
a cascaded RFL, was reported in 1994 [105]. A cascaded RFL utilizes a nested set of

fiber cavities to produce laser output corresponding to a higher order Stokes shift. A
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diagram of this setup is shown in Figure 57. In this configuration, the innermost pair of
FBGs creates a cavity which generates laser output at the 1* order Stokes wavelength.
The 2™ inner-most set of gratings are an oscillator cavity which is pumped by the 1%
order Stokes output from the 1* inner-most pair of gratings. The resulting 2™ order
Stokes output can be converted to the 3" order Stokes wavelength via the next outer-most
set of gratings, and so on.

In 1994, a cascaded CW RFL was pumped with a 1060 nm Nd:YAG laser to
produce 300 mW of 3™ order Stokes output at 1239 nm [105]. Sim et al. reported the
creation of a two-stage RFL with a maximum Stokes output of 13.2 W at 1539 nm [106].

In this case, a 450 m length of singlemode P-doped fiber was used. The slope efficiency

was 37.4%.
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Figure 57. Diagram of a cascaded RFL.

7.3.5. Raman Fiber Lasers and Double Clad Fibers
The RFLs discussed in the previous section generally employed fibers with
singlemode cores, typically necessitating the use of a singlemode pump. RFLs are low

power devices partly due to the difficulty inherent in efficiently coupling significant
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pump power into a singlemode fiber core. This difficulty can be partially mitigated by
incorporating a DCFL into the pumping scheme. The general architecture of a DCFL was
outlined in Chapter 1. Commercially available RFLs are commonly pumped by DCFLs
[105]. However, this pumping scheme often limits the efficiency of RFLs. For example,
Karpov et al. reported an RFL with a slope efficiency of 48% relative to the DCFL [107].
Relative to the laser diode array used to pump the DCFL however, the RFL only had a
slope efficiency of 34%; the total optical-to-optical conversion efficiency (diode light to
RFL light) was only 23%.

Codemard et al. developed an RFL based on a DCF with a singlemode core,
which was pumped by a MOPA based on a Er-Yb co-doped fiber amplifier (EYDFA) at
1552 nm [108]. On the front end of the RFL was an input coupler consisting of an FBG
with a reflectivity of R=80% at the Stokes wavelength. The output coupler was the
Fresnel reflection off of the back end of the DCF. The core of the DCF was 9 pm and the
inner cladding was 21.6 um, with an N4 of 0.14 and 0.22 respectively. The inner
cladding and the core were composed of germanosilicate fiber. This singlemode fiber
ensured that the output was truly singlemode.

Codemard ef al. reported a total output power of 10.2 W, with a slope efficiency
0f 47.6% in the forward direction and 84% when losses from the backward direction
were considered. While the RFL had a slope efficiency of 84% and an optical conversion
efficiency of ~50% (relative to the coupled pump power), the slope efficiency of the
EYDFA was only 21%. The overall optical-to-optical efficiency of this RFL was on the
order of 10%, which was less than half of the overall optical-to-optical efficiency of the

RFL reported by Karpov ef al. [107]. It is clear from these two examples that using an
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RFL with a singlemode core results in RFLs with low overall optical-to-optical
efficiency.
7.3.6. RFL based on a Multimode Fiber

In 2004, Baek and Roh reported the creation of a RFL based on a multimode
graded-index fiber which produced near-singlemode Stokes output [16]. The fiber cavity
was composed of a 40 m long multimode graded-index fiber with a 50 um core. At each
end of the cavity was an MMFBG with a reported singlemode reflectivity of R=99%.
Each MMFBG was written directly to the fiber cavity. With this configuration, 800 mW
of Stokes power with M°=1.66 was produced. The slope efficiency was reported to be
about 7%, with an optical-to-optical efficiency of around 6%. While this RFL produced
near-singlemode output, its efficiency and output power were obviously limited.
7.4. Power Scaling Raman Fiber Lasers based on Graded-Index Fibers
7.4.1. Introduction

The work described in this section demonstrated that an RFL based on a
multimode fiber can produce up to 7 W of output power with a slope efficiency of 60%
and an optical-to-optical conversion efficiency (coupled pump power to output Stokes
power) of 51%. This RFL produced significantly higher powers and greater efficiencies
than the initial RFL demonstration of Baek and Roh. This increased performance came
at a price, however. Higher output powers generally corresponded to lower beam quality
of the Stokes beam. Furthermore, this work demonstrated that using a high reflectivity
MMFBG as the RFL output coupler degraded the beam quality of the output Stokes

beam.
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7.4.2. Experimental Setup

The setup of the RFL is shown in Figure 58. The gain fiber was a 300 m long
germanosilicate silica graded-index fiber with a 50 pm core (NA=0.2) and a 125 pum
cladding. An MMFBG was fusion spliced to each end of the RFL cavity fiber using an
Ericsson FSU 995 FA fusion splicer. A list of the splicing parameters used in these

splices, known as the splice recipe, is provided in Appendix A.

300 m
edge filter
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input coupler coupler
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Figure 58. Experimental setup of an RFL based on a multimode graded-index fiber.

The RFL was pumped with a CW Nd:YAG laser (15 W @ 1064 nm), which was
launched into the RFL using a microscope objective. The output from the RFL was
collimated using a separate microscope objective. The beam quality of the pump beam
was approximately M*=3.7 as it exited the fiber (i.e., below the RFL threshold). A long
wave pass edge filter at 1064 nm separated the Stokes beam from the residual pump
beam.

The performance of four RFL configurations was tested. Each configuration was
defined by the MMFBG used as the output coupler; the RFL configurations were
identical in other respects. The characterization of these MMFGBs was presented in
Section 7.2.

The launching conditions of the pump laser were optimized by adjusting the angle

and position of the input fiber of the RFL. This adjustment was done in two steps. The
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first step aligned the fiber to maximize the transmitted pump power. The second step
aligned the fiber so as to maximize the output Stokes power. The beam quality (M°) was
determined by characterizing the diameter of the output beam as it traveled though a lens
with a 300 mm focal length and comparing the results to the profile of a Gaussian beam.
7.4.3. Results and Discussion

The output Stokes power as a function of the coupled pump power was measured
for each of the RFL configurations. These measurements are shown in Figure 59. The
efficiency, the threshold and the beam quality of the Stokes beam produced by each
configuration is listed in Table 10. The highest Stokes power was produced by the RFL
configuration which used the output coupler MMFBGs with a singlemode reflectivity of
R=99%; RFL configurations which used output couplers with lower singlemode
reflectivity produced lower output Stokes powers. The slope efficiency of these
configurations also followed this trend, with the exception of the RFL configuration
which used an output coupler MMFBG with a singlemode reflectivity of R=90%. This
table also shows that RFL configurations which used output coupler MMFBGs with high
singlemode reflectivity produced Stokes beams with poorer beam quality than RFL
configurations which used output coupler MMFBGs with low singlemode reflectivity. It
should also be noted that none of these RFL configurations was a brightness converter of
the pump beam.

The work of this section also compared the effectiveness of the single-pass
pumping geometry of an RFL with the effectiveness of a double-pass pumping geometry.
An RFL configuration which used an output coupler with a singlemode reflectivity of

R=80% served as the baseline. After the RFL was aligned in the single-pass pumping
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geometry, the reflective edge filter was aligned so that the retro-reflection of the residual

pump beam was coupled back into the RFL.
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Figure 59. Output Stokes power as a function of coupled pump power for various RFL
configurations.

Table 10. Comparison of the performance of various RFL configurations.

Singlemode Output Pump 99% 90% 80% 60%
Coupler Reflectivity

Maximum Power (W) 10 5.540.1 | 5.1£0.1 | 2.940.1 | 1.2+0.1
Slope Efficiency NA 59% 66% 53% 22%
Optical-to-Optical NA | 40% | 37% | 21% | 8.5%
Efficiency

Threshold (W) NA 0.7 2.3 ~4.5 ~4.5
Beam Quality (M) 3.8 3.6 3.1 2.5 1.9
Brightness NA | -40% | -30% | -40% | -50%
Enhancement

A comparison of the performance of the double-pass pumping geometry with the
performance of the single-pass pumping geometry is presented in Figure 60. The slope

efficiency of the single-pass pumping geometry and the double-pass pumping geometry
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were 52% and 73% respectively. The Stokes thresholds were 5.5 W and 2.0 W
respectively. It should be noted that the input pump alignment of the single-pass

pumping geometry was the same as the input pump alignment of the double-pass

pumping geometry. This allowed a valid comparison of the two pumping configurations.
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Figure 60. The performance of an RFL configuration using a double-pass pumping
geometry and the performance of an RFL configuration using a single-pass pumping
geometry. The MMFBG output coupler had a singlemode reflectivity of R=80% for both

pumping geometries.

At this point, it is worth noting the RFL configuration which produced the

greatest output Stokes power. Using an output coupler with a singlemode reflectivity of

R=99%, this configuration converted 14 W of coupled pump power into 7 W of output

Stokes power. The performance of this configuration is shown in Figure 61. This
configuration had a slope efficiency of 67% and a Stokes threshold of 3.5 W. This

particular configuration was different from other RFL configurations discussed in this
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section in that it was pumped using a different pump laser configuration, i.e., the
Nd:YAG had M°=6.6. This performance information is included simply to show that an

RFL based on a multimode graded-index fiber can produce at least 7 W of Stokes power.
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Figure 61. Stokes power versus the coupled pump power for the RFL configuration that
produced the greatest Stokes power of all the configurations examined in the course of
this research.

Unfortunately, higher power Stokes beams generally had worse beam quality than
lower power Stokes beams. Two experiments explored the relationship between the
beam quality and the Stokes power of the output of an RFL based on a multimode fiber.
The first experiment examined the beam quality of the Stokes beam as a function of the
Stokes power produced by the RFL. The RFL configuration tested in this experiment

used an output coupler MMFBG with a singlemode reflectivity of R=99%. In this

experiment, the beam quality of the Stokes output was measured at a number of output

144



Stokes powers. The Stokes power was increased by increasing the pump power coupled
into the RFL; the pump power was controlled by adjusting the current of the pump laser.

The results of this experiment, shown in Figure 62, demonstrated that the beam
quality of the Stokes beam was generally degraded as the power in the output Stokes
beam increased. In analyzing this data, it is possible to attribute the decreased beam
quality of the Stokes beam to decreases in the beam quality of the pump beam induced by
altering the current of the pump laser. However, the same relationship of increased
Stokes power and decreased beam quality was observed in the performance of the RFL
beam combiner discussed in Section 7.5. Since the pump power in the RFL beam
combiner was varied by rotating wave plates, the degradation of beam quality cannot be
attributed to changes in the beam quality of the input pump beam.

A second experiment investigated the effect of the MMFBG on the beam quality
of the output of an RFL based on a multimode graded-index fiber by examining the
spectrum of the Stokes output. Since different Stokes modes of the fiber are reflected by
an MMFBG at different wavelengths, the effect of the MMFBG on the output manifested
itself in the spectrum of the Stokes output. The Stokes spectrum of the output of the RFL
configuration which used an output coupler with a singlemode reflectivity of R=99% was
characterized at different coupled pump powers using an OSA.

The results are depicted in Figure 63 through Figure 67 which show the output
spectra as a function of total output Stokes power. At 30 mW of Stokes power, which
was just above the Stokes threshold, only a single, relatively narrow Stokes peak was
present. As the Stokes power increased to 500 mW, the width of the spectral peak

broadened. As the Stokes power continued to rise, an additional lower wavelength

145



asymmetric shoulder appeared; by 1500 mW of Stokes power, this shoulder evolved into

a completely separate peak. This peak was still present at 1900 mW of Stokes power.
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Figure 62. The beam quality of the Stokes output of an RFL as a function of the output
Stokes power of the RFL.

This series of spectral images showed that a lower-wavelength peak manifested
itself at higher Stokes powers. This lower-wavelength peak corresponded to one of the
principal modes listed in Table 9 and contained multiple transverse Stokes modes of the
fiber. These additional transverse Stokes modes decreased the beam quality of the Stokes
beam and offset the SRS beam cleanup effect. While it should be noted that there was
some variability in the output spectra, the results shown in Figure 63 through Figure 67
were typical of the observed spectra.

In summary, there are two definitive, repeatable trends associated with the beam

quality of an RFL based a multimode graded-index fiber. First, the beam quality of the
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Figure 63. Stokes spectra produced by an RFL configuration which used an output
coupler with a singlemode reflectivity of R=99%; the Stokes power was 30 mW.

Power (nW)

1 | (S WS NUTR WYVR WpeA o RTINS SUISIN, SO SR
436(!{ ----------------------------------- .- ------------------------
0 | S 1 L L or STTOIPRTORS [OOSR , .............
e T TTot PRSI S SRS , ........................
kil .,:,.n\‘l..uiu..., )_.Iid,l---f--‘-\if‘l‘ Ié m.u;..._.h M
1114.0 1155 1117.0
Wavelength (nm)

Figure 64. Stokes spectra produced by an RFL configuration which used an output
coupler with a singlemode reflectivity of R=99%; the Stokes power was 500 mW.
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Figure 65. Sample Stokes spectra produced by an RFL configuration using an output
coupler with a singlemode reflectivity of R=99%; the Stokes power was 1050 mW.
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Figure 66. Stokes spectra produced by an RFL configuration which used an output

coupler with a singlemode reflectivity of R=99%; the Stokes power was 1450 mW.
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Figure 67. Stokes spectra produced by an RFL configuration which used an output
coupler with a singlemode reflectivity of R=99%; the Stokes power was 1900 mW.

Stokes output decreased as the Stokes power increased. Second, degraded beam quality
corresponded to RFL configurations which used high reflectivity MMFBGs as the output
coupler. Unfortunately, a complete analysis of these two trends is not possible without
high resolution measurements of the MMFBGs used to build the RFLs. Such high
resolution measurements require a tunable laser which was not available in the MMFBG
characterizations performed in Section 7.2. However, a qualitative explanation of these
two trends can made by making an analogy to observations of peak splitting and spectral
broadening in RFLs based on singlemode fibers [98,99,100].

Babin et al. showed that increased output Stokes power corresponded to spectral
broadening of the Stokes output [100]. In the RFLs studied in this document, spectral

broadening introduced additional wavelength components to the MMFBG. The
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MMFBGs transformed these additional wavelengths into additional transverse Stokes
modes of the fiber which degraded the beam quality of the Stokes beam.

Babin et al. also showed that RFL configurations that employed output coupler
gratings with high reflectivity experienced gain saturation which lead to peak splitting
[98,99]. Babin ef al. showed that peak splitting was absent from the Stokes output of
RFL configurations which used output coupler gratings with low reflectivity [98]. Peak
splitting reinforced the shorter wavelength components of the Stokes beam at the expense
of some of the longer wavelength components of the Stokes beam. Due to the MMFBG
these shorter wavelength components of the beam were transformed into higher-order
Stokes modes. Thus, RFL configurations which used output coupler MMFBGs with high
reflectivity produced Stokes beams with worse beam quality than RFL configurations
which used output coupler MMFBGs with low reflectivity.

7.4.4. Section Summary

This set of experiments showed that an RFL based on a multimode fiber can be a
moderate power device (7 W) which operated with an optical-to-optical conversion
efficiency of greater than 50% (relative to the coupled pump beam). If the 70% coupling
efficiency of the pump into the RFL is considered, this efficiency is only 35%. This was
nevertheless a significant improvement over the 10% efficiency reported by Codemard et
al. or the 23% efficiency reported by Karpov et al. Clearly, RFLs based on multimode
graded-index fibers are efficient and therefore a viable avenue for power scaling RFLs.

Higher Stokes powers however, resulted in degraded beam quality of the Stokes

beam. It was also shown that RFL configurations which used output coupler MMFBGs
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with high singlemode reflectivity produced Stokes beams with worse beam quality than
RFL configurations which used an coupler MMFBG with low singlemode reflectivity.
7.5. Beam Combination Using Raman Fiber Lasers

7.5.1. Introduction

As discussed in Chapter 6, there is a great deal of interest in finding methods of
combining semiconductor lasers, fiber lasers and solid state lasers to produce efficient
high-average-power systems with bright output in a combined single beam. SRS as a
beam combination and power scaling method remains largely undeveloped, owing in part
to the difficulty of achieving a low Stokes threshold. Recent experiments by Flusche et
al. involving SRS fiber beam combination have used high peak powers from temporally
coherent pulsed pump laser beams in a multimode fiber to reach the Stokes threshold
[20]. Chapter 6 of this document examined the possibility of using a Stokes seed to
lower the effective SRS threshold. Another way to achieve a low Stokes threshold is to
employ an RFL as an SRS fiber beam combiner.

This section describes the first ever demonstration of the SRS beam combination
of two temporally incoherent CW pump sources using an RFL based on a multimode
graded-index fiber. Employing an oscillator as the beam combiner avoids the high SRS
thresholds of previous experiments and thus allows the combination of CW pump
sources. Several different configurations of the RFL were examined in these
experiments. One RFL configuration produced a Stokes beam which was 296% brighter
than the input pump beams used to generate it. A different RFL configuration produced a

5.8 W Stokes beam with an optical conversion efficiency of 55%. The RFL beam
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combiners described in this section had slope efficiencies which approached or even
exceeded unity at the powers tested.
7.5.2. Experimental Setup

The setup of this experiment is shown in Figure 68. The multimode fiber used in
the RFL was based on a 2500 m long graded-index Ge-doped fused silica fiber with 50
um core (0.20 NA) and a 125 pm cladding. Two separate unpolarized Nd:YAG pump
lasers (1064 nm) were polarized in orthogonal directions using two PBSs. Each polarized
pump beam (channel) then traversed a A/2 wave plate before being combined into a single
beam by passing each channel through a common PBS. Rotating the respective wave
plates changed the amount of pump power from each laser that was launched into the
RFL; rotating the wave plates did not alter the launching conditions of either pump beam.
The output from the RFL was collimated using a microscope objective. The residual
pump beam was separated from the Stokes beam using a long wave pass edge filter at
1064 nm.

5 different RFL configurations were tested. Each configuration used the same
input coupler MMFBG; only the output coupler MMFBG was varied. The input coupler
MMFBG had a single-mode reflectivity of R=99%. The singlemode reflectivity of the 5
output coupler MMFBGs used in this experiment were given by the manufacturer to be
respectively R=99%, R=90%, R=80%, R=60%, and R=30% (at 1117 nm). A 6" RFL
configuration was tested which used the Fresnel reflection off of the bare fiber end as an
output coupler with a reflectivity of R=4%. In each configuration, the input end of the

fiber was aligned to maximize the generated output Stokes power. The RFL was
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characterized in terms of the power, the beam quality and the spectral content of the
Stokes beam.
7.5.3. Results and Discussion

The power in the Stokes beam was measured as a function of the pump power
coupled into the RFL. Initially the RFL was pumped with only a single pump channel.
Once the first pump channel reached its maximum coupled power of about 5 W,
additional pump power was added via the second channel. The Stokes power generated

by each RFL configuration is shown in Figure 69.
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Figure 68. Experimental setup of an RFL beam combiner.
The RFL beam combiner configuration which used an MMFBG output coupler
with a singlemode reflectivity of R=90% and the RFL beam combiner configuration
which used an output coupler with a reflectivity of R=4% produced the greatest and the

least amount of Stokes power respectively. The RFL configuration which used an
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MMFBG output coupler with a singlemode reflectivity of R=90% had an optical

conversion efficiency of 56%, a Stokes threshold of ~4 W and a slope efficiency of 87%.
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Figure 69. Coupled pump power versus output Stokes power of various configurations of
an RFL beam combiner.

The RFL configuration which used an output coupler with a reflectivity of R=4%
had an optical conversion efficiency of 41%, a Stokes threshold of ~7 W and a slope
efficiency of 126% (at the powers measured). At higher pump powers, the slope
efficiencies are expected to moderate and roll over due to pump depletion. The
maximum Stokes power, the efficiency, the Stokes threshold, the beam quality (at the
maximum Stokes power) and the brightness enhancement of each RFL configuration is
listed in Table 11.

In general, RFL beam combiner configurations which used output coupler

MMFBGs with high singlemode reflectivity produced more Stokes power than RFL
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beam combiner configurations which used output coupler MMFBGs with low
singlemode reflectivity. However, RFL beam combiner configurations which used
output coupler MMFBGs with low singlemode reflectivity generated Stokes beams with
better beam quality than RFL beam combiner configurations which used output coupler
MMFBGs with high singlemode reflectivity. The only exception for these two trends
was the RFL beam combiner configuration which used the output coupler MMFBG with
a singlemode reflectivity of R=90%. In general, the Stokes threshold of the RFL beam
combiner configurations increased as the singlemode reflectivity of the output coupler
MMFBG increased; the only exception was RFL beam combiner configuration which
used an output coupler MMFBG with a singlemode reflectivity of R=90%.

Table 11. Comparison of the performance characteristics of various RFL
beam combiner configurations.

Singlemode | Stokes Slope |Conversion| Stokes |Pump| Stokes | Brightness
Reflectivity| Power |Efficiency| Efficiency |Threshold| M’ M’ [Enhancement
99% 55W 69% 51% 2.8 W 3.5 133%
90% 5.8W 87% 56% 3.7W 4.0 112%
80% 49 W 66% 46% 33 W 53 3.1 153%
60% 53 W 76% 48% 4.0 W ' 2.4 270%
30% 4.8 W 77% 44% 4.7W 23 267%
4% 44 W 126% 41% 73 W 2.1 296%

Beam quality measurements of the Stokes beams generated by the various RFL
beam combiner configurations at different Stokes powers are shown in Figure 70. Beam
quality in the form of M? was calculated by characterizing the diameter of the beam at
about 20 different locations as it traversed the focus of a lens with a 300 mm focal length.
The beam diameter at each location was determined using the average of 50 images taken
with an Alpha NIR InGaAs camera. Neutral density filters were used to prevent

saturation of the camera. A least-squared fit was used to determine the value of M,
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Figure 70. Beam quality of the Stokes output of various configurations of the RFL beam
combiner.

As can be seen in Figure 70, there is a definite correlation between the beam
quality of the Stokes beam produced by a given RFL beam combiner configuration and
the singlemode reflectivity of the output coupler MMFBG used in that configuration.
RFL beam combiner configurations which used an output coupler MMFBG with a low
singlemode reflectivity produced Stokes output with better beam quality than RFL beam
combiner configurations which used an output coupler MMFBG with a high singlemode
reflectivity. As explained in Section 7.4.3, RFL beam combiner configurations which
used an output coupler MMFBG with a high reflectivity experienced peak splitting which
degraded the beam quality of the output Stokes beam.

There was also a correlation between the output Stokes power and the beam

quality of the Stokes beam. For a given RFL configuration, higher output powers
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corresponded to lower beam quality of the Stokes beam. One exception was the RFL
configuration which used an MMFBG output coupler with a singlemode reflectivity of
R=99%. This is similar to the power versus beam quality observations that were reported
for the RFL configurations discussed in Section 7.4.

An examination of the spectra of the output Stokes beam produced by the RFL
beam combiner is also revealing. At 2 W of pump power, the Stokes beam produced by
an RFL beam combiner configuration which used an output coupler MMFBG with a
singlemode reflectivity of R=90% contained only a single peak centered at 1117.2 nm, as
can be seen in Figure 71. This relatively broad peak contained a wide range of
wavelengths (FWHM=0.9 nm); the MMFBG transformed these wavelengths into
additional transverse modes in the Stokes beam. As a result, this RFL beam combiner
configuration had a Stokes beam with relatively poor beam quality (M*=3.5).

At 5.8 W of Stokes power, the spectrum of the 1** Stokes order contained multiple
peaks with the highest peak centered on 1115.5 nm; this spectrum is shown in Figure 72.
The MMFBG translated these shorter wavelengths into higher-order transverse Stokes
modes. This reduced the beam quality of the output Stokes beam (M°=3.9) and offset the
SRS beam cleanup effect.

The reflectivity of the output coupler MMFBG also affected the number of Stokes
orders in the Stokes beam produced by an RFL beam combiner configuration. For
example, at 2 W of Stokes power, the RFL beam combiner configuration which used an
output coupler with a reflectivity of R=4% produced the Stokes spectrum shown in
Figure 73 which contained only a single Stokes order. By contrast, at 2 W of Stokes

power, the RFL beam combiner configuration which used an output coupler MMFBG
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with a singlemode reflectivity of R=90% produced a Stokes beam which contained the
two Stokes orders shown Figure 74. The 2™ Stokes order was generated by this
configuration because of high intracavity intensity associated with using a high
reflectivity MMFBG as an output coupler. The 2" Stokes order was not resonant with

the cavity. It was generated in a single-pass of the 2500 m fiber.
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Figure 71. Spectrum produced by the RFL beam combiner configuration which used an
output coupler MMFBG with a singlemode reflectivity of R=90% at 2.0 W of Stokes
power.

The spectral output of all the tested RFL beam combiner configurations at their
maximum output Stokes power is shown in Figure 75. The RFL beam confiner
configuration which used the output coupler with a reflectivity of R=4% produced a

Stokes beam with a spectrum which was peaked at about 1117 nm. This RFL beam

combiner configuration produced the Stokes beam with the best beam quality.
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By contrast, the main peak in the spectrum of the Stokes beam produced by the

RFL beam combiner configuration which used an MMFBG output coupler with a
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Figure 72. Spectrum produced by the RFL beam combiner configuration which used an
output coupler MMFBG with a singlemode reflectivity of R=90%; the output Stokes
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Figure 73. Spectrum produced by the RFL beam combiner configuration which used an
output coupler with reflectivity of R=4%; the output Stokes power was 2 W.
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singlemode reflectivity of R=30% was slightly downshifted in wavelength and was
centered at 1116.8 nm. This spectrum also contained a small, additional lower-
wavelength peak centered at 1115.6 nm. The Stokes beam generated by the RFL beam
combiner configuration which used an MMFBG output coupler with a singlemode
reflectivity of R=30% had slightly worse beam quality than the Stokes beam generated by
the RFL beam combiner configuration which used the output coupler with a reflectivity

of R=4%.
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Figure 74. Spectrum produced by the RFL beam combiner configuration which used an
MMFBG output coupler with a singlemode reflectivity of R=90%; the output Stokes
power was 2 W.

The RFL beam combiner configuration which used an MMFBG output coupler
with a singlemode reflectivity of R=90% produced the spectrum with the lowest
wavelength components. The MMFBG translated these shorter wavelength components

into higher-order transverse modes in the Stokes beam. The more lower-wavelength

peaks contained in the Stokes spectrum, the worse the beam quality of the Stokes beam.

160



The 4.4 W of Stokes power (M°=2.1) produced by the R=4% output coupler
configuration was 296% brighter than the 10.8 W of the two overlapping pump beams
(M?=5.8) used to generate it. On the other hand, the 5.8 W of Stokes power (M*=3.5)
produced by the RFL beam combiner configuration which used an output coupler
MMFBG with a singlemode reflectivity of R=90% was only 140% brighter than the
coupled pump beams used to generate it. Clearly an RFL beam combiner can serve as a

brightness converter.

0.8 ) //

0.6 wl

0.4

) _J }aué i 1 A;fj \JY

0
1113 1114 1115 1116 1117 1118

Wavelength (nm)

Normalized Peak Intensity

—99%—90%  80% — 60% — 30% — 4%

Figure 75. Spectra produced by the various configurations of the RFL beam combiner.

7.5.4. Section Summary
In summary, this section has demonstrated that an RFL based on a multimode
graded-index fiber can be used as a practical method for SRS fiber beam combination.

Multiple RFL beam combiner configurations were examined. One of these
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configurations produced a 4.4 W Stokes beam which was 296% brighter than the pump
beams used to generate it. A different RFL beam combiner configuration produced a 5.8
W Stokes beam which was 140% brighter than the pump beams used to generate it; the
optical conversion efficiency of this configuration was 56%. Some of the RFL beam
combiner configurations examined in this section had slope efficiencies which
approached or even exceeded unity at the powers tested.

This section also demonstrated that at low Stokes powers, RFL beam combiner
configurations which used an output coupler MMFBG with a low reflectivity could
generate a near-singlemode Stokes beam. As the Stokes power and/or the singlemode
reflectivity of the MMFBG output coupler increased, the beam quality of the Stokes
beam decreased. While this work demonstrated the feasibility of combining 1064 nm
pump beams to generate a single Stokes beam, the technique can be fully generalized to
other wavelengths of interest which can be transmitted through an optical fiber.

7.6. Chapter Summary

This chapter discussed RFLs based on multimode graded-index fibers and their
application to power scaling. First, it was demonstrated that RFLs based on multimode
graded-index fibers can produce 7 W of Stokes power with efficiencies that are much
greater than has been demonstrated for RFLs based on singlemode fibers. Second, this
chapter showed that an RFL can be used as a highly efficient method of SRS fiber beam
combination whereby multiple pump beams can be used to generate a single Stokes
beam. Using multiple pump beams provides an innovative method of power scaling
RFLs, provided a means can be found to launch greater numbers of pump beams into a

multimode fiber.
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Finally, it was shown that power scaling RFLs based on multimode fibers comes
at a cost. Higher Stokes powers corresponded to decreased beam quality of the output
Stokes beam. Furthermore, it was shown that RFL configurations which used output
coupler MMFBGs with high singlemode reflectivity had worse beam quality than RFL

configurations which used output coupler MMFBGs with low reflectivity.
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8. Raman Fiber Lasers using Dichroic Mirrors
8.1. Motivation

Chapter 7 showed that an RFL based on a graded-index multimode fiber can
produce over 7 W of Stokes power, with optical efficiencies greater than 50% and even
greater slope efficiencies. Further power scaling of RFLs based on multimode fibers is
possible through several routes. The possibility of using brighter pump lasers is
discussed in Chapter 9. Chapter 9 also discusses the possibility of using novel kinds of
MMFBGs which reinforce the SRS beam cleanup process rather than undermining it. It
is also possible to replace MMFBGs with dichroic mirrors. This technique may prove
useful in creating RFLs based on very large fibers because writing FBGs to large fibers
presents significant challenges. For example, Avensys (the manufacturer of the
MMFBGs used in this dissertation) reported that it is difficult to maintain a uniform
transverse profile when writing MMFBGs to a fiber with a 50 pm core [109].
Presumably, writing uniform MMFBGs to larger fibers will present an even greater
challenge.

Furthermore, as discussed in Chapter 5, the reflectivity of an FBG written to a
multimode fiber has a modal dependence. As shown by Eq. (95), this modal dependence
is a function of the radius of the fiber core. An FBG written to a larger fiber will have a
smaller wavelength separation between reflected modes than an FBG written to a smaller
fiber. Using an MMFBG with a small wavelength separation between reflected modes
will result in a highly multimode Stokes beam even when the spectral output of the RFL
is relatively narrow. RFLs based on very large multimode fibers would produce Stokes

beams with lower beam quality than RFLs based on smaller multimode fibers. This
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chapter examines the possibility of creating RFL configurations based on large gain
fibers which do not require FBGs which are written directly to these large fibers.

One alternative configuration is to employ dichroic mirrors instead of MMFBGs,
a technique that is reminiscent of the early designs of RFLs. This type of setup was
abandoned in favor of all-fiber geometries in the early 1990s. However, in light of the
potential limitations of writing FBGs to large multimode fibers, this chapter examines
RFLs based on multimode graded-index fibers which use at least one dichroic mirror in
place of an MMFBG.

This chapter discusses the performance of an RFL configuration which uses a
dichroic mirror as the input coupler and an MMFBG as the output coupler and compares
its performance to that of an RFL configuration that uses two MMFBGs. While the
mirror-MMFBG RFL configuration and the two-MMFBG RFL configuration produced
similar output Stokes powers, the two-MMFBG RFL configuration produced a Stokes
beam with slightly better beam quality. The performance of an RFL configuration that
used two dichroic mirrors is also discussed.

8.2. Experimental Setup

The baseline configuration of this experiment was an RFL configuration based on
a 300 m long germanosilicate graded-index fiber with a 50 um core (NA=0.2). A single
MMFBG was spliced to each end of the gain fiber. Avensys reported the singlemode
reflectivity of both gratings to be R=99% at the Stokes wavelength of 1117 nm. The
output Stokes power was maximized by carefully aligning the fiber at the input end of the
RFL. The performance of this setup was quantified in terms of the output Stokes power,

the beam quality and the output spectrum of the output Stokes beam. These
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measurements served as a standard against which to compare the performance of the
other two RFL configurations.

The setup of the mirror-MMFBG configuration of the RFL is shown in Figure 76.
This configuration used the same output coupler MMFBG as the configuration which
employed two MMFBGs. However, the input coupler MMFBG was replaced with a
dichroic mirror. This dichroic mirror was actually a notch filter with a reflectivity of
R=99% at the Stokes wavelength (1117 nm) and a transmissivity of 7>95% at the pump
wavelength (1064 nm). The position of the input fiber and the angle of the dichroic
mirror were aligned to maximize the total output Stokes power. The performance of the
mirror-MMFBG configuration of the RFL was characterized in terms of the power, the
beam quality and the spectral characteristics of the generated Stokes beam. No effort was
made to optimize the performance of the hybrid RFL configuration by using different

MMFBG output couplers or by using dichroic mirrors with different reflectivity.
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Figure 76. Diagram of the mirror-MMFBG configuration of an RFL based on multimode
graded-index fiber.

The performance of an RFL configuration employing two dichroic mirrors was
also characterized. In this setup, the output coupler MMFBG was replaced with a
dichroic mirror which had a reflectivity of R=70% at 1117 nm. This dichroic mirror was

used as the output coupler because its reflectivity of R=70% roughly matched the

166



reflectivity response of the output coupler MMFBGs to several higher-order transverse
Stokes modes. On the other hand, the R=99% dichroic mirror was chosen as the input
coupler to maximize the performance of the RFL. The position and orientation of the
output end of the RFL fiber as well as the orientation of the output coupler mirror were
adjusted to maximize the output Stokes power.
8.3. Results and Discussion

The output Stokes power as a function of the coupled pump power is shown in
Figure 77 for both the baseline configuration of the RFL and the mirror-MMFBG
configuration of the RFL. In terms of the generated Stokes power and the Stokes
threshold, the two RFL configurations were very similar. The slope efficiency and the
beam quality of the Stokes beams produced by the two configurations are shown in Table
12. The baseline configuration produced a Stokes beam with slightly better beam quality
than the Stokes beam produced by the mirror-MMFBG configuration of the RFL.

The spectrum of the Stokes output produced by the baseline configuration of the
RFL, shown in Figure 78, consisted of a single peak centered at 1116 nm. The spectrum
of the Stokes output produced by the mirror-MMFBG configuration of the RFL, shown in
Figure 79, contained three distinct peaks which were separated by 0.3 nm. The total
range of these three subpeaks corresponded to the 1 nm bandwidth of the MMFBG output
coupler (as measured by the manufacturer).

This three-peaked spectrum was a significant contrast to the near-single-peak
spectrum produced by the baseline configuration of the RFL. These multiple peaks
resulted from a Fabry-Perot cavity in the dichroic mirror. The MMFBG output coupler

transformed these peaks into additional higher-order transverse principal modes in the
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Stokes output and degraded the beam quality of the output Stokes beam. This explains
why the beam quality of the Stokes beam created by the mirror-MMFBG configuration of
the RFL was slightly worse than the beam quality of the Stokes beam created by the

baseline configuration of the RFL.
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Figure 77. Stokes power produced by the baseline configuration of the RFL and the
Stokes power produced by the mirror-MMFBG configuration of the RFL.

Table 12. Performance characteristics of RFL configurations employing MMFGBs
and dichroic mirrors.

MMFBG-MMFBG Mirror-MMFBG
(baseline)
Max Power 1.1 W 1.2 W
Slope Efficiency 19% 17%
Beam Quality (M) 2.7+0.3 3.1+0.3

The two-mirror RFL configuration produced slightly more output power (1.5 W)
than the other two RFL configurations. While the spectral output of both the baseline
configuration of the RFL and the mirror-MMFBG configuration of the RFL were
relatively stable, the spectral output produced by the two-mirror configuration of the RFL

was highly variable. Figure 80 provides an example of a typical spectral scan. Multiple
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spectral scans were made, each of which contained multiple spectral peaks. This
indicated that at any given time the two-mirror RFL configuration produced Stokes
output which contained several different wavelength peaks. The number of peaks and
their center wavelengths changed each time the spectrum was measured. This suggested
that the spectral output produced by the two-mirror RFL configuration varied rapidly on a

time scale of seconds.
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Figure 78. Spectrum produced by the baseline configuration of the RFL.

To understand the structure underlying the variations in the spectrum, nine
separate spectral scans were taken sequentially; each scan lasted several minutes. The
results of each of these scans were averaged together. This averaged spectrum, shown in
Figure 81, contained a series of wavelength peaks. These wavelength peaks were

separated by multiples of 0.3 nm. Incidentally, this 0.3 nm peak spacing was also present
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in spectra produced by the mirror-MMFBG configuration of the RFL (shown in Figure
79). This peak spacing roughly corresponded to the free spectral range of a Fabry-Perot
cavity of 1.4 mm; the thickness of the dichroic mirrors was measured to be ~1.3 mm. It
should be noted that the mirror-mirror RFL configuration contained two different Fabry-
Perot cavities (one for each mirror). Furthermore, it should be noted that only one side of
each dichroic mirror was reflection coated. However, the rapidly varying Stokes

spectrum was produced no matter which side of the dichroic mirror faced the fiber cavity.
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Figure 79. Spectrum produced by the mirror-MMFBG configuration of the RFL.
Unfortunately, it was not possible to force the RFL to generate Stokes output at
only a single wavelength. Wavelength selection was attempted by adding different
dispersive prisms to the RFL cavity in the hopes that only one wavelength would then be

allowed to oscillate. Although several different prisms were tried, no significant changes
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in the output spectra were observed; the dispersion of the prisms was simply not high

enough.
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Figure 80. Typical output spectrum of an RFL configuration which used two dichroic
mirrors.

8.4. Chapter Summary

There was no appreciable difference between the output power of an RFL
configuration which used two MMFBGs and the output power of an RFL which used a
mirror-MMFBG configuration. However, the beam quality and the spectrum of the
Stokes beam generated by the mirror-MMFBG configuration of the RFL was slightly
worse than the beam quality and the spectrum of the Stokes beam generated by the
baseline configuration of the RFL. The dichroic mirror introduced a Fabry-Perot cavity
into the RFL which caused oscillation at multiple wavelengths. The number of spectral

peaks could be reduced by using thicker dichroic mirrors or by applying a reflective
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coating directly to the ends of the fiber. Using a wedge-shaped dichroic mirror would

also remove the Fabry-Perot cavity.
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Figure 81. Averaged output spectra of an RFL configuration which used two dichroic
Mmirrors.

A mirror-MMFBG configuration could be used to construct an RFL based on a
fiber which is so large that a Bragg grating cannot be effectively written to it. A dichroic
mirror could be used as the input coupler of the RFL. A Bragg grating written to a
smaller multimode fiber could be fusion spliced onto the back end of an RFL and used as
an output coupler. (Reversing the orientation of the MMFBG and mirror would prevent
efficient coupling of the pump into the multimode fiber.) Care would need to be taken to
minimize the losses inherent in propagation from the larger fiber to the smaller fiber

containing the MMFBG. The experiments described in this chapter suggest that it should
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be possible to create an RFL based on a fiber with a core size significantly greater than

50 um even if it is difficult to write a Bragg grating to such a large fiber.
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9. Conclusions
9.1. Summary

This dissertation explored the power scaling of Raman fiber devices based on
multimode fibers, specifically RFAs and RFLs. A numerical model was developed
which explained why SRS beam cleanup only occurs in graded-index fibers, but does not
occur in step-index fibers. Numerical modeling also predicted that the beam quality of
the Stokes output of an RFA depended on the beam quality of the input seed beam as
well as the beam quality of the input pump beam. Experimental investigations of the
RFA showed that the beam quality of the Stokes output was comparable to the beam
quality of the Stokes input. Experimental investigations showed that the spectral
properties of the output of the BSRS geometry of the RFA were superior to the spectral
properties of the output of the FSRS geometry of the RFA.

The study of RFLs was primarily experimental. The results presented in this
dissertation showed a nearly nine-fold increase in the demonstrated power of an RFL
based on a multimode fiber relative to what was demonstrated by Baek and Roh [16] . It
was also shown that an RFL based on a multimode graded-index fiber can have
significantly better overall optical-to-optical (initial pump to final Stokes) efficiency than
RFLs based on a fiber with a singlemode core [107,108]. It was further demonstrated
that power scaling RFLs based on multimode graded-index fibers comes at the cost of
lower beam quality of the output Stokes beam. This is primarily due to the multimode
nature of the MMFBG used as the output coupler of the RFL because the MMFBG
translated spectral broadening and peak splitting into additional modes in the Stokes

output.
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Finally, this dissertation effort developed two different methods of combining two
CW pump beams to create a single Stokes beam, a process known as SRS beam
combination. While both an RFA and an RFL were shown to be useful for SRS fiber
beam combination, the latter was shown to be superior in terms of efficiency and power.
The SRS beam combiner presented in this document demonstrated that SRS fiber beam
combination via an RFL is a practical technology.

Section 9.2 of this chapter summarizes the research presented in this document.
Section 9.3 lists the technical achievements described in this document, while Section 9.4
discusses several possible avenues for future research. These avenues for future research
include direct diode pumping with high brightness fiber coupled diode lasers, using novel
MMFBGs which reinforce the beam cleanup process and building Raman fiber devices
based on different fiber materials. Cascaded RFLs based on graded-index multimode
fibers are also presented as another promising area of future research.

9.2. Significant Contributions
9.2.1. SRS Beam Cleanup

Chapter 4 presented a model of SRS beam cleanup in multimode fibers. The
overlap integrals of a multimode fiber, which represent the relative contribution of a
given pump mode configuration to the gain of a given Stokes mode, were calculated.
These overlap integrals showed that in a graded-index fiber, the LPy; Stokes mode tended
to experience greater gain than any other transverse Stokes modes of the fiber. In the
absence of an external seed, the uniform seeding conditions associated with spontaneous

Raman scattering in a long fiber combined with the high gain of the LP); Stokes mode to

175



produce a Stokes beam which was dominated by the LPy; mode. This was shown to be
true for a variety of pump launching conditions.

The overlap integrals of a step-index fiber were computed and used to calculate
the gain of the transverse Stokes modes of a step-index fiber given a variety of pump
launching conditions. It was shown that in a step-index fiber, the LP;; mode does not
experience preferential gain relative to the higher-order transverse Stokes modes of the
fiber. This explains why beam cleanup only occurs in a graded-index fiber and not in a
step-index fiber.

This is a significant improvement in the beam cleanup theory presented by
Chiang, which evaluated the overlap integrals of a step-index fiber and used these results
to describe the behavior of graded-index fibers [21]. It should also be noted that
Chiang’s model was restricted to examining the overlap of the intensity patterns of the
modes rather than the overlap of the mode fields themselves. Finally, Chiang’s model
only considered the gain of the Stokes modes of a fiber for a single, carefully chosen
launching condition of the pump beam.

9.2.2. Raman Fiber Amplifiers based on Graded-Index Fibers

As discussed in Chapter 4, previous experimental studies of SRS beam cleanup in
graded-index fibers have only considered the generation of an unseeded Stokes beam in
the absence of an external seed [17,20,21]. These studies reported very dramatic
improvement in the beam quality of the output Stokes beam relative to the beam quality
of the input pump beam used to generate it. Rice speculated that an RFA would provide

similarly dramatic improvements in the beam quality of a seed beam as it was amplified;
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Rice predicted that the amplified seed would be diffraction-limited even if the input seed
was highly multimode [22].

Unlike the case of unseeded SRS, in the case of an RFA, the input seed power is
not uniformly distributed amongst the Stokes modes of the fiber. This distinguishes
unseeded SRS beam cleanup from the beam quality of the output Stokes beam produced
by an RFA. The model presented in Chapter 4 examined the beam quality of the output
of the FSRS geometry of an RFA by considering the interaction of the power in the pump
and seed modes of the fiber. This interaction was governed by a set of coupled
differential equations, the solution of which described the evolution of the pump and
Stokes beams. A series of random input pump and input seed configurations were
considered. The beam quality of the input mode distributions and the resulting output
mode distributions were calculated in terms of M’ to reveal that the beam quality of the
input pump and the input seed beams determined the beam quality of the output Stokes
beam.

This model predicted that given a pump beam with good beam quality, the beam
quality of the amplified seed will be improved relative to the beam quality of the input
Stokes beam. Furthermore, this model predicted that given a poor quality pump beam,
the beam quality of the Stokes output will be similar to the beam quality of the input
seed, a prediction which was validated by the experimental investigations of the RFAs
described in Chapter 5.

Morgan demonstrated an RFA based on a multimode fiber. He noted that the
beam quality of the amplified seed was similar to the beam quality of the input seed;

studies of unseeded SRS have shown the beam quality of the Stokes beam to be much
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greater than the beam quality of the pump beam [110]. However, Morgan’s research
only examined an RFA which used a BSRS geometry. Furthermore, the relationship
between the beam quality of the seed and the amplified seed was not extensively studied.

The original research described in this document examined the performance of an
RFA based on a multimode graded-index fiber using both the FSRS geometry and the
BSRS geometry. The beam quality of the amplified seed was experimentally
demonstrated to be similar to the beam quality of the input seed. This observation is
consistent with the model described in Chapter 4.

The experiments included in this dissertation also examined the beam quality of
the output of the RFA as a function of the input seed power. An unseeded Stokes beam
was observed to have good beam quality. However, when even small amounts of power
from a multimode seed beam were launched into the RFA, the beam quality of the
amplified Stokes beam was immediately degraded relative to the beam quality of the
Stokes beam which was generated in the absence of a seed.

This experiment validated another aspect of the model presented in Chapter 4.
According to this model, in the absence of an external seed, spontaneous Raman
scattering uniformly seeded the transverse Stokes modes of a long fiber. Since the LPy;
Stokes mode in a graded-index fiber had the greatest gain of all Stokes modes, the model
predicted that it would become the dominant component of the Stokes output. In the case
of the RFA, the seed power was no longer uniformly distributed amongst the transverse
Stokes modes of the fiber. When higher-order transverse modes of the fiber were seeded
with a relatively high percentage of the input seed power, mode competition did not favor

the lower-order transverse Stokes modes even though they had better overlap with the
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pump beam. This explains the difference between the beam quality of the Stokes output
of an RFA and the beam quality of the Stokes beam produced by unseeded SRS.

This work also examined the differences between the FSRS geometry of the RFA
and the BSRS geometry of the RFA in terms of the spectral output of the amplifier. It
was shown that in the FSRS geometry, an RFA produced multiple wavelengths
corresponding to a cascade of Stokes orders. At the pump powers tested (3.5 W), the
Stokes output of the BSRS geometry of the RFA was primarily confined to the 1% Stokes
order.

The difference between the output spectra produced by the FSRS geometry and
the output spectra produced by the BSRS geometry can be explained in terms of FWM
which provided a seed for higher Stokes orders. The phase-matching condition for FWM
cannot be satisfied in the BSRS geometry and so the onset of the Stokes cascade was
delayed. It should be noted that at sufficiently high power levels, the higher Stokes
orders will eventually reach the single-pass SRS threshold and a Stokes cascade will
eventually form, even in the BSRS geometry. However, the amount of power in the
higher Stokes orders will be less for the BSRS geometry than for the FSRS geometry.
For this reason, when high spectral purity is important, the BSRS geometry of the RFA
may prove to be the preferred configuration.

9.2.3. Development of RFLs based on Multimode Fibers

An RFL based on a multimode graded-index fiber was developed by Baek and
Roh, but the Stokes power and slope efficiency of this device were limited to 800 mW
and 7% respectively [16]. The work described in this document demonstrated that an

RFL based on a multimode graded-index fiber can produce up to 7 W of Stokes power.
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An optical-to-optical (initial pump to final Stokes) efficiency of almost 35% was
demonstrated. This efficiency was significantly greater than the optical-to-optical
efficiency which has been reported for RFLs based on singlemode fibers.

The higher Stokes power came at a price however, because higher output Stokes
powers were shown to correspond to lower beam quality of the Stokes output. It was
shown that RFL configurations which employed output coupler MMFBGs with low
reflectivity produced Stokes beams with better beam quality than RFLs configurations
which used output coupler MMFBGs with high reflectivity. These observations were
explained in terms of gain saturation in RFL configurations employing high reflectivity
MMFBGs. It has been shown in RFLs based on singlemode fibers that gain saturation
leads to peak splitting in the Stokes output. It was also shown that power scaling in RFLs
based on singlemode fibers spectrally broadened the output Stokes spectra. Due to the
multimode nature of the MMFBGs, the additional wavelengths introduced through peak
splitting and spectral broadening corresponded to additional transverse modes in the
Stokes output which reduced the beam quality of the output Stokes beam.

9.2.4. SRS Beam Combination in Graded-Index Fibers

This work also investigated SRS fiber beam combination, which has been largely
undeveloped due to the difficulty of reaching the SRS threshold. Flusche et al.
demonstrated SRS fiber beam combination using four pulsed pump beams from a single
laser to reach the Stokes threshold [20]. This dissertation described two other methods of
SRS fiber beam combination which combined two separate CW pump beams to generate
a single Stokes beam. The first method, described in Chapter 6, used an RFA based on a

50 um graded-index fiber. This device had an optical-to-optical efficiency of about 10%.
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Chapter 7 described a second method of SRS fiber beam combination which
utilized an RFL to combine two separate CW pump lasers to produce a single Stokes
beam with output powers of 5.5 W and an optical-to-optical (coupled pump to final
Stokes) efficiency of 51%. The results of Chapter 7 show that an RFL can be utilized as
a practical method of SRS fiber beam combination.

This document showed that an RFL based on a multimode graded-index fiber can
operate with high efficiency and output power, either as an SRS beam combiner or as a
stand-alone oscillator. There is, however, a trade-off between Stokes power and beam
quality. This limitation was shown to be primarily a function of the MMFBGs used to
construct the RFL; approaches for improving the suitability of MMFBGs are discussed in
Section 9.4.2.

9.2.5. RFLs based on Graded-Index Fibers using Dichroic Mirrors

Chapter 8 examined the possibility of creating RFL configurations based on
multimode fibers which used dichroic mirrors instead of using MMFBGs. It was shown
that the output power and efficiency of an RFL which used two dichroic mirrors was
similar to the output power of an RFL which used two MMFBGs. Unfortunately, each of
the dichroic mirrors formed a Fabry-Perot cavity which degraded the spectral quality of
the output Stokes beam.

The possibility of creating an RFL configuration that used a combination of a
dichroic mirror and an MMFBG was also examined. In terms of the generated Stokes
power, this configuration performed similarly to the two-MMFBG RFL configuration.
The beam quality of the Stokes beam produced by the RFL configuration which used two

MMFBGs was slightly better than the beam quality of the Stokes beam produced by the
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mirror-MMFBG configuration of the RFL. Using a dichroic mirror in place of a single
MMFBG was shown to be potentially useful for creating RFLs based on very large
multimode fibers.
9.3. Technical Achievements
-Explained why SRS beam cleanup is confined to graded-index fibers
-Modeled unseeded SRS beam cleanup in graded-index fibers
-Showed that the lower-order transverse Stokes modes of a graded-index fiber
experience greater gain than the higher-order transverse Stokes modes
-Modeled the beam quality of the Stokes output of an RFA
-Showed the beam quality of the input pump beam of an RFA determined the
beam quality of the output Stokes beam
-Showed the beam quality of the input seed beam of an RFA determined the beam
quality of the output Stokes beam
-Experimentally validated predictions of the model of the beam quality of the
Stokes beam produced by an RFA
-Experimentally characterized an RFA based on multimode graded-index fiber
-Developed RFL based on graded-index fiber
-Demonstrated an efficient SRS beam combiner based on RFL
-Demonstrated an SRS beam combiner based on RFA
9.4. Future Work
9.4.1. Direct Diode Pumping of Raman Fiber Devices
The future development of RFLs based on graded-index fibers could include

direct diode pumping of the RFL. Efficient direct diode laser pumping of an RFL based
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on a 50 um graded-index fiber is simply not feasible at this time—the technology
necessary for efficiently coupling the diode pump laser output into a multimode fiber is
still being developed. In the work described in this dissertation, the maximum available
CW pump power coupled into a 50 um fiber was 14 W. However, the Lissotschenko
Mikrooptik (LIMO) corporation currently offers pump diodes with 25 W of output power
coupled into a 100 um fiber [111]. A diode laser with the output coupled into a 50 um
fiber is also available from LIMO, but the power is limited to 6 W. Further
improvements in this technology are likely. As greater fiber coupled pump powers
become available, the true power scaling potential of Raman fiber devices based on
multimode graded-index fibers can be examined fully.
9.4.2. Novel MMFBGs

One drawback to the monolithic design of RFLs based on multimode fibers is that
FBGs written to multimode fibers are inherently multimode devices because different
transverse modes of the fiber are reflected at different wavelengths with different
reflectivity. In Chapter 7, it was shown that high output Stokes powers and high
reflectivity output coupler MMFBGs can lead to peak splitting and spectral broadening.
Due to the multimode nature of the MMFBG, peak splitting and spectral broadening
introduced additional transverse modes into the Stokes output. In future studies it may be
possible to reduce this problem by using novel MMFBG designs.

Szkopek et al. designed an MMFBG architecture which consisted of a series of
concentric shells of alternating high and low index regions [112]. This design was
experimentally tested and shown to create a grating with reflectivity of 98% and a

bandwidth of <0.5 nm. This MMFBG was still multimode, but the reflectivity of the
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LPj; mode was reported to be significantly higher than the reflectivity of other transverse
modes of the fiber. This may prove to be a significant advantage in future work
involving RFLs based on multimode fibers.

Another possible MMFBG architecture is to use conventional MMFBGs which
have been designed with a large wavelength separation between reflected modes. An
MMFBG with an appropriately large wavelength spacing between modes (i.e., greater
than the linewidth of the Stokes output) could be applied to RFLs based on multimode
fibers. In such an MMFBG, the mode selection of the MMFBG would serve to reinforce
the beam cleanup process and provide a different avenue for achieving high output
Stokes power with good beam quality.

Another factor which may play a role in the beam quality of the Stokes output of
an RFL is the radial profile of the output coupler MMFBG. According to the
manufacturer (Avensys), it is difficult to maintain a uniform radial profile throughout an
FBG written to a multimode fiber [109]. A radial component of the MMFBG reflectivity
spectrum can alter the beam quality of the output Stokes beam. For example, multiplying
the profile of the LP,; mode by a profile of say, R’ (where R is the radius) changes the M’
value from 1.0>2.0; multiplying the profile by R’ changes the M’ value from 1.0->1.7.
On the other hand, a profile of 1-R” does not alter the M’ value significantly. In the case
of the LP;; mode, a mode profile of R changes the M” value from 3.0->3.8, a profile of
R’ changes the M value from 3.0>3.5. This suggests that future studies of RFLs based
on multimode fibers which use MMFBGs should consider the effect of the radial profile

of the MMFBG.
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9.4.3. Cascaded Raman Fiber Lasers based on Multimode Fibers

In Chapter 7, using a long fiber in an RFL cavity was shown to result in a highly
efficient RFL. However, the long generated significant power in higher Stokes orders, a
significant drawback for a laser designed to create high output power at the 1% Stokes
order wavelength. On the other hand, generating higher Stokes orders would be useful in
creating a cascaded RFL based on a multimode fiber. To date, cascaded RFLs have only
been demonstrated in using singlemode fibers.

A cascaded RFL based on a multimode fiber could be constructed simply by
splicing multiple pairs of MMFBGs onto a single, long length of graded-index fiber, as
shown in Figure 57. As seen in Figure 74, the Stokes output of one RFL which used a
2500 m long graded-index fiber contained two Stokes orders. In a cascaded RFL, the 2™
Stokes order would be resonant with a cavity consisting of a 2™ pair of MMFBGs.
Eventually the intensity of this Stokes order would be sufficient to create a 3" Stokes
order, which would be resonant with a possible 3™ cavity consisting of a 3™ pair of
gratings, etc.

The advantage of beam cleanup should result in sequential improvement in the
beam quality of each subsequent Stokes order. The 1* Stokes order would have better
beam quality than the pump beam; likewise the 2" Stokes order could have better beam
quality than that of the 1** Stokes order. Each subsequent cavity could result in
significant improvements in the beam quality of the output Stokes beam. This has been
demonstrated for single-pass, unseeded Stokes generation in a long fiber [21]. It is
possible that a cascaded RFL based on a multimode graded-index could produce a near-

diffraction-limited output Stokes beam.
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9.4.4. Applications to Graded-Index fibers made of Novel Materials

The original research presented in this document has been confined to Raman
fiber devices based on multimode graded-index Ge-doped fibers. However, one of the
main advantages of the SRS process is wavelength flexibility, meaning that different
Stokes wavelengths can be created by using a given pump source with a fiber based on a
different material. In short, fibers with unique Stokes shifts can be used to create novel
wavelengths.

Furthermore, some Raman gain media such as chalcogenide fibers, possess
Raman gain coefficients which are much greater than the gain coefficient of Ge-doped
fused silica. Currently however, the attenuation of these novel fibers is very high.
Chalcogenide fibers could be used to create RFLs with higher Stokes output and lower
thresholds, provided this attenuation issue can be overcome. This section reviews some
of the properties of these alternative multimode fibers including P-doped fibers and
chalcogenide fibers.
9.4.4.1. P-Doped Fibers

P-doped fibers have a much larger Stokes shift than Ge-doped silica fibers (1330
cm™' compared to 440 cm™). The larger Stokes shift of P-doped fibers means that eyesafe
wavelengths could be produced with only 2 Stokes shifts of an Nd:YAG pump laser
(1064nm -> 1588 nm). This is a stark contrast to the 6 Stokes shifts required to produce
a similar wavelength using a Ge-doped silica fiber pumped by an Nd:YAG laser
(1064nm—> 1583 nm). The Raman gain of P-doped silica fiber is similar to the Raman

gain of Ge-doped fiber: gg=0.80x10"" m/W and gz=0.88x10"" m/W respectively. It
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should be noted that the attenuation of P-doped fiber is somewhat higher than the
attenuation of Ge-doped fiber: 1.7 dB/km compared to 1.0 dB/km [113].

It should be possible to build RFLs and RFAs based on multimode P-doped fiber.
Currently, our laboratory possesses a 1 km spool of P-doped fiber. A vendor (Avensys)
was contacted about manufacturing MMFBGs for this fiber but no phase masks were
available. Given sufficient funding, a phase mask could be obtained and gratings could
be fabricated, allowing the creation of RFLs based on multimode graded-index P-doped
fiber. It should also be possible to create such an RFL using a set of dichroic mirrors as
discussed in Chapter 8, although in the absence of gratings, alignment will be a
significant challenge. Constructing an RFA based on a multimode graded-index P-doped
fiber should be a fairly straightforward process.
9.4.4.2. AsSe Fiber

Raman amplification has been demonstrated in AsSe fiber [114]. The gain of this
fiber was reported to be 300 times higher than that of Ge-doped silica fibers. The Stokes
shift of AsSe fiber is about 230 cm™. One drawback to these new fibers is that they have
very high attenuation levels (0.7 dB/m for AsSe fiber). This high attenuation could
offset the advantage of a higher Raman gain. According to Eq. (42), the threshold of an
RFL based on a 300 m length of 50 pm AsSe fiber would be on the order of hundreds of
watts. A 1 m long RFL would have a threshold on the order of tens of watts.
9.4.4.3. AsSe;Fiber

AsSe; fibers have also been studied by Asobe et al. [115]. The peak of the
Raman gain curve occurs at 344 cm™. The Raman gain is ~4.4x10™? m/W, which is 44

times higher than the Raman gain of conventional fused silica fibers. Asobe et al. created
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a 140/230 um DCF which had attenuation of 0.7 dB/m [115]. An RFL constructed out
of a 1 m long 50 pm AsSes fiber would, according to Eq. (42), have a threshold on the
order of dozens of watts.
9.4.4.4. Te Fiber

Plotnicenko et al. surveyed doped telluride fibers [116]. They measured the
spontaneous Raman cross section of a fiber given various doping conditions; these
measurements are summarized in Table 13. The Raman gain can be calculated from the
Raman cross section using Eq. (22). Oshishi and Jose also investigated Te fibers with
various doping concentrations and found gain values 30-40 times greater than that of
silica; the Stokes shifts ranged from 725-780 em’ [117].

Table 13. The maximum gain of telluride fiber with various dopants, normalized to
the gain of fused silica at 440 cm™, is given for various Stokes shift ranges [116].

Dopant 460 cm™ 650-750 cm™ | 900-920 cm’’
WOs; 50 90 65
GeO, 50 80 -

MoO;-WO; 38 75 96

It should also be noted that an RFL based on an As,Ses fiber with a core size of 6
pum (NA=0.19) has been reported. The cavity was 0.5 m long. The pump was a double
clad Tm®" silica fiber laser which produced 10 W of power at 2051 nm [93]. As FBGs
are not yet available for chalcogenide fibers, dichroic mirrors were used instead. The
RFL had an output power of 0.64 W and a slope efficiency of 66% at 2062 nm. When the
length of the fiber was extended to 4 m, the 2" a 2" Stokes order was observed at 2074
nm. The Stokes shift was 28 cm™. The Raman gain was reported to be about 2 orders of

magnitude greater than the gain of silica fibers; the attenuation was 0.6 dB/m.
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Appendix A. Fusion Splice Parameters for FSU 995
Recipe for Splicing 50/125 pm Ge-doped Fiber to Itself

This effectiveness of this recipe was determined using an Agilent 8163A
Lightwave multimeter to measure the total transmission of a broadband source. The
recipe was optimized by adjusting the fusion times, the fusion currents and overlap of the
recipe with an eye to maximizing the transmission of the resulting splice. Splices created
using the recipe had an average loss measured to be approximately 0.1 dB. The
parameters used in this recipe are given in Table 14.

Table 14. Parameters of a recipe for fusion splicing 50 pm fiber to pm fiber using

the FSU 995 fusion splicer.

Prefusion Time 0.3 seconds
Prefusion Current 11.5 mA
Gap 50 pm
Overlap 12.0 um
Fusion Time 1 0.3 seconds
Fusion Current 1 8.0 mA
Fusion Time 2 2.0 seconds
Fusion Current 2 11.5 mA
Fusion Time 3 1.0 seconds
Fusion Current 3 10.5 mA
Left MFD 9.8 um
Right MFD 9.8 um

Set Center 255

AOA Current 0.0 mA
Early Prefuse No
Alignment Accuracy | 0.25 um
Loss Shift 0dB

Auto Arc Center No
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