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Abstract

The work presented in this Ph.D. thesis focuses on the fabrication of fused
combiners for high-power fiber lasers and amplifiers. The main focus of
the Ph.D. project was to further develop the fused pump combiners for air-
clad photonic crystal fibers (PCFk), and implement a signal feed-through in
these combiners. Such a pump/signal combiner enables the fabrication of
all spliced fiber amplifier systems based on the [PCEks technology. Amplifier
systems interfaced only by standard multi-mode (MM]) and single-mode (SMI)
fibers are easy to use, since all-spliced systems can be made and bulk optics
are avoided. Pump/signal combiners were realized in two versions; one with
a 12 pym mode field diameter (MFD) signal feed-through and one with a
15 pm MFDI feed-through.

A signal combiner for combining the [SM output from multiple fiber lasers
into a single [MM] fiber was also realized. The component was based on a
tapered fiber bundle approach and was tested up to 2.5 kW of combined
output power.

Two components for the field of astrophotonics have also been developed.
The first was a fused fiber bundle, designed to be placed in the focal plane of
a telescope. By measuring the spectral content out of the individual fibers
in the bundle, more detailed observations of large astronomical objects can
be achieved. The second component was a further development of the
to converters or photonic lanterns. These components were developed
for the field of astrophotonics, where the transformation of MM starlight
into an ensemble of fibers enables filtering with advanced fiber Bragg
gratings (FBGE).






Resumé (Danish abstract)

Denne Ph.D. athandling omhandler fremstilling af fiber koblere til hgj-effekts
fiber lasere og forsteerkere. Hovedfokus i afhandlingen ligger pa en videre-
udvikling af pumpe koblere til air-clad fotoniske krystal fibre (PCF), og im-
plementeringen af en signal gennemfgrsel i disse koblere. En pumpe/signal
kobler muligggr fremstilling af fiber baserede splidsede fiber forsteerker-
systemer baseret pa PCF teknologien. Forstaerker systemer hvis interface
udelukkende bestar af standard multi-mode og single-mode fibre, er nemme
at anvende fordi fuldt splidsede systemer kan konstrueres uden brug af linse
optik. Pumpe/signal koblere blev i projektet fremstillet i to versioner; en
med en 12 pm mode field diameter (MFDJ) signal gennemfgrsel og en med en
15 pm [MFDI gennemfgrsel.

En signal kobler, der kombinerer lyset fra flere single-mode (SMI) fiber
lasere over i en enkelt multi-mode (MM]) fiber blev ogsa fremstillet. Kompo-
nenten er baseret pa en taperet fiber bundt fremgangsmade og blev testet
op til 2.5 kW kombineret udgangs effekt.

To komponenter til astrofotonik blev ogsa fremstillet. Den forste var
et fiber bundt, designet til at blive placeret i fokal planet af et teleskop.
Ved at male det spektrale indhold i de enkelte fibre, opnas en mere detal-
jeret observation af store astronomiske objekter. Den anden komponent var
videreudvikling af en [MM] til kobler. Disse komponenter blev udviklet til
brug indenfor astrofotonik, hvor koblingen af [MM] stjernelys til en samling af
fibre muligggr filtrering med avancerede Bragg gitre.
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Chapter 1

Introduction

The first low-loss optical fibers were demonstrated in the 1970’s by re-
searchers at Corning Glass Works [1} 2]. These were solid thin glass fibers,
with a high refractive index core and a low index cladding. Guiding of light
in the core of these waveguides is possible by the principle of total internal
reflection (TIR]). Today, these fibers are widely used within optical commu-
nication, and transporting an ever increasing amount of data traffic around
the world [3].

Optical fibers are also used to realize fiber lasers and amplifiers. For this
application, the core of the fiber is doped with an active element such as
erbium or ytterbium. Fiber lasers have a number of advantages over solid
state lasers or gas lasers. A fiber is easily cooled, it has a high efficiency, it
allows for easy beam delivery, and a high beam quality can be achieved with
single-mode (SM) fibers. The fiber can either be core pumped or cladding
pumped [4 5]. The cladding pumped configuration is used for reaching high
power levels and requires the fiber to be of a double-cladding design. This
means a small core in the center of the fiber, surrounded by a bigger
multi-mode (MM]) waveguide for confining the pump light. The advantage of
the double-clad design is that a large pump area and high numerical aperture
(NA]) enable pumping with low-cost multi-mode diodes [6]. In standard fibers
the pump waveguide can be achieved with a low index fluorinated polymer
cladding. The supported of the pump region is defined by the refractive
index difference between silica and the polymer cladding. Typically this
translates to a maximum supported [NA]l of ~0.48. In high-power systems
there is a risk of degradation of the polymer. This degradation is caused by
the elevated temperature of the fiber, and can ultimately lead to failure of
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the laser[7H9]. If a lower [NA] can be tolerated the pump cladding can also
be achieved by a low index ring of fluorinated silica. A maximum [NA] of 0.3
can be achieved with this approach. A triple clad fiber can also be realized
with a fluorinated silica cladding that is surrounded by a low index polymer
cladding. The silica cladding guides the low NA light thereby reducing the
amount of light reaching the polymer.

Optical fibers can also have a microstructured cross section. These fibers
are called microstructured optical fibers (MOFk) or photonic crystal fibers
(PCEk), and they would typically contain air-holes that run along the fiber
length. The work on these fibers was pioneered by Russel and co-workers,
who demonstrated guidance in a solid core [PCEF in 1996 [10, 11I]. Guiding
in a [PCF] with a solid core and a surrounding cladding with air-holes, that
effectively lower the refractive index of the cladding, can be explained as
modified [TIR] [12]. With the unique cladding design of the [PCF] large [SMl
core fibers can be fabricated [13]. The PCF design can also be used to
fabricate double-clad fibers, with a [MM pump core defined by a ring of
air-holes [14, 15]. With this so called air-cladding, the silica bridge width
between the air-holes define the [NA] [16]. Typically, these fibers are designed
to support an [NA] of ~0.6. The increase in [NAl compared to polymer clad
fibers allows for reducing the pump core size, which increases the pump
absorption per unit length. This allows for shortening the length of the
active fiber. Another advantage of the air-clad is that the pump light is not
in contact with the polymer coating, thereby minimizing the risk of fiber
degradation at high pump powers [I7-HI9].

Fused, all-fiber, pump combiners and pump/signal combiners for double-
clad fibers are key components for building monolithic fiber lasers and am-
plifier systems. The pump combiner is designed to combine the output from
one or more fiber coupled MM pump diodes into the pump core of a double-
clad fiber. The pump/signal combiners are designed to do the same, but
in addition to combining the pump diodes, they also combine the output
from a [SM fiber into the signal core of the double-clad fiber. Monolithic
combiners for polymer clad double-clad active fibers have been described in
a number of publications [20H35], and are today commercially available com-
ponents [36, [37]. Fused, all-fiber, combiners that are custom designed for
the air-clad technology are more rare. These components and their use for
realizing high-power fiber lasers and amplifiers are the topic of this thesis.

The work in this thesis builds on the pioneering work by Martin D. Maack
(Formerly Martin D. Nielsen) for designing and fabricating [MM pump com-



biners for [PCFk. In [38-41] pump combiners for [PCFs are demonstrated,
thereby eliminating the last missing link for the construction of monolithic
fiber lasers based on air-clad technology. While these air-clad combiners
did feature a 0.6 [NAl delivery fiber they where without a signal feed-through
required to build monolithic fiber amplifiers. In this Ph.D. project these
feed-through combiners for [PCFk were developed. The fabricated combiners
were tested in laser and amplifier configurations, and also used for super-
continuum generation in a highly nonlinear [PCEk. The results of these tests
are also described in this thesis.

Another component described in this thesis is a signal combiner, that
combines the output from 7 fiber lasers into a single [MM] fiber. The
component enables further scaling up the output power out of a single optical
fiber, while avoiding the nonlinear effects that limit the power of fiber
lasers. A description of a high-power test with a combined output power of
2.5 kW is included in this thesis.

Finally, the thesis holds a description of some additional components that
are developed for the field of astrophotonics. One of these components is the
to converter or photonic lantern. This work expands on the proof of
concept component developed by Leon-Saval et. al [42]. Low-loss versions of
the component are described and also components with [MM] delivery fibers.
Finally, fused bundles of [MMI fibers or hexabundles are described. These are
also for use within astrophotonics.

The outline of the thesis is as follows:

Chapter [2 gives an introduction to optical fibers. Both the standard optical
fiber and the [PCH are described. The basic properties of the fibers are
described, and an introduction to the modeling tool used to simulate the
fiber modes is given. The chapter ends with a description of fiber splicing
and tapering, which are both relevant for the fabrication of fused combiners.

Chapter |3] describes the very basics of fiber lasers and amplifiers. The chap-
ter also gives an introduction to fused fiber based combiners, and an overview
of different combiner concepts. The MM pump diodes that are used to pump
the fibers are also briefly described. The chapter ends with a description of
some of the limiting factors for reaching high power levels with fiber lasers.

Chapter [4] describes the [MM pump combiners developed for the [PCF techno-
logy, and the application of these combiners for fabricating all-fiber, mono-
lithic continuous wave (CW)) fiber lasers. The chapter ends with a description
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of supercontinuum generation using a monolithic air-clad fiber laser.

Chapter [5| describes the signal combiners, for combining the output from
multiple SM fiber lasers into a single MM fiber. A high power test of the
combiner is also included in the chapter.

Chapter |§| describes the pump/signal combiners developed for the [PCH tech-
nology. The chapter begins with a description of a mode field diame-
ter (MFDI) preserving taper element, which is the enabling part in the com-
biner. Then the fabrication of the combiner and the optical properties of the
component are described. A full pulse amplification system is also described
where the combiner is used for pump and signal coupling into the active
fiber. The chapter ends with a description of supercontinuum generation
using the fabricated pulsed fiber laser.

Chapter [7] describes the two components developed for the field of astropho-
tonics. First the fused fiber bundle or hexabundle is described and then the
MM to converter or photonic lantern.

Chapter |8 holds the conclusion of this thesis.



Chapter 2

Optical fibers

This chapter gives an introduction to the basic properties of the step-index
fiber and the photonic crystal fiber (PCF). Maxwell’s equations will be pre-
sented, and an introduction to the modeling tool used to calculate modes in
optical fibers will be given. The basic properties of fiber splicing and taper-
ing of both single-mode (SM)) and multi-mode (MM]) fibers are also described.

2.1 Step-index fibers

The step-index fiber is the most common type of optical fiber, and is com-
monly referred to as a standard fiber. The fiber consists of a cylindrical
core surrounded by a cladding with a lower refractive index than the core.
Figure [2.1)(a) shows an illustration of the step-index fiber, and (b) shows the
refractive index profile. A simple way of explaining the guiding mechanism
of the fiber, is that the high refractive index core of the fiber guides light due
to total internal reflection (ITIR)). This principle is illustrated in Fig. [2.1]c).
A light ray in the core of the fiber with an angle of incidence below the
critical angle 6. is guided in the core. The critical angle can be found from
Snell’s law as follows [43]

)

n1sin ¢; = N sin ¢y |y, —gp0 = ¢ = sin (2.1)

ni
From Eq. the acceptance angle 8, can be calculated. Light rays incident
on the fiber in a smaller angle than the acceptance angle are guided in the
core of the fiber. This acceptance angle is normally expressed in terms of
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Figure 2.1: (a) Cross section and (b) refractive index profile of the step-index
fiber. (c) Illustration of total internal reflection in a step index fiber.

the numerical aperture (NA]) of the fiber. The [NAlis defined as follows [43]
NA =sinf, = nisinf, = \/n3 —n3. (2.2)

2.1.1 Fiber optical modes

A fiber optical mode is a spatial distribution of energy that propagates un-
changed through the waveguide. The ray description of the guiding mecha-
nism, is only valid if the fiber core radius is much larger than the wavelength
and the refractive index difference between core and cladding is large, i.e.
for highly [MMI fibers.
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The parameter that determines the number of guided modes in a step-
index fiber is the V-parameter.

2
V = Tﬂa\/ngo — ngl, (2.3)

where A is the free space optical wavelength, a is the radius of the waveguide
core, and n., and n. are the refractive index of the core and cladding,
respectively. For a V-parameter below 2.405 the fiber only supports a single
optical mode. For a V-parameter above this value the fiber supports more
modes [43]. An approximate expression for the total number of modes M
supported by a step-index fiber, is calculated from the V-parameter [44] [45)]

2
M~ VZ (2.4)

In the equation M is the total number of modes in only one polarization
orientation. By multiplying with a factor of two, the total number of modes
in both polarization states can be found.

The fundamental mode of the optical fiber can be approximated by a
Gaussian distribution. With this approximation, an analytical expression

4.0
35|
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15]
10]
05 [ P TP TPU TP NP T 1
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V-parameter

MFD / Core diameter

Figure 2.2: Normalized MFD as a function of V-parameter for the fundamental
mode in a step-index fiber.
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for the spot size or can be found normalized to the core diameter d of
the fiber [46]

MFD/d = 0.65+ 1.619V /2 4 2.879V . (2.5)

The is defined as the diameter where the optical power in the mode
has decreased by a factor of 1/e? (13.5%) compared to its maximum value.
Figure shows a plot of the as a function of V-parameter. For a [SMl
fiber with a V-parameter close to a value of two the mode will be mostly
confined to the core of the fiber. When the V-parameter approaches a value
of one, the mode will expand out of the core and extend far into the cladding
of the fiber.

2.1.2 Double-clad fibers

A standard step-index fiber would normally be surrounded by a high-index
polymer coating. This polymer both protects the fiber, but also strips out
any light that is not guided in the core of the fiber. These fibers are called
single-clad fibers. If the fiber has a second low-index cladding the fiber is
a double-clad fiber. Figure 2.3(a) shows an illustration of the double-clad
step-index fiber, and (b) shows the refractive index profile. The second
cladding can be made of a low index fluorinated polymer. The maximum
[NAl supported by such a cladding is typically ~0.48. The second cladding
can also be realized by a low index ring of fluorinated silica. The maximum
[NAl supported in this case is typically below 0.3 [9].

2. cladding

. l 1. cladding
n
Core ’

(a) (b)

“

Figure 2.3: (a) Cross section and (b) refractive index profile of the standard
double-clad step-index fiber.
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2.2 Photonic crystal fibers

A solid core [PCH consists of an arrangement of air-holes running along the
length of the fiber. These air-holes are arranged in a background material,
which is typically silica. The core of the fiber is formed by one or more
missing air-holes in the center of the fiber [10, 1I]. Figure [2.4(a) shows an
illustration of a [PCE. The air-hole pitch is given by A and the diameter of
the holes is d. In this fiber the core is formed by a single missing air-hole.
The holes in the solid core [PCH effectively lower the refractive index of the
fiber cladding, thereby creating a refractive index step between core and
cladding. A simple way of explaining the guiding mechanism is by modified
MR [12]. Figure b) shows a scanning electron microscope (SEMI) image
of the end facet of a solid core [PCEL The fiber in the image is fabricated by
NKT Photonics [47].

Due to the wavelength dependence of the effective refractive index of the
air-hole cladding, fibers with a d/A smaller than ~0.42 are single-mode at
all optical wavelengths. In practice, this is still true if d/A < 0.45. Since
the first higher order core mode is weakly guided and therefore subject to
high bend and propagation losses. For a d/A > 0.45 the fiber can still be
single-mode but it will have a cut-off wavelength below which the fiber is

multi-mode [IT), 48-50].

Air holes

Figure 2.4: (a) Illustration and (b) image of solid core [PCEL
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2.2.1 Air-clad photonic crystal fibers

Double-clad fibers can be fabricated with the [PCF technology by creating
a ring of closely spaced air-holes [14], 15]. Figure shows images of two
different air-clad [PCFk. The fiber in (a) also has a [PCF signal core defined by
the small holes inside the air-clad. The core in this case is made by removing
19 holes in the center of the fiber. The fiber in (b) has a standard step-index
core. Both fibers are made to be polarization maintaining (PM]) by placing
boron doped stress rods on either side of the core.

The silica bridge width between the air-clad holes define the [NA] of the
air-clad [16]. Figureshows a plot of the air-clad [NAlas a function of bridge
width (A) over wavelength (A). The inset in the figure shows the definition
of the bridge width. Due to the large refractive index difference between
silica and air, a much higher [NA] can be achieved with an air-clad than with
a fluorinated polymer cladding. Air-clad fibers with[NAlapproaching 0.9 have
been demonstrated [16]. In order to reach such a high [NAl very thin silica
bridges are required and cleaving of these very high [NAl fibers is therefore
challenging. In order to maintain a good cleavability, the air-clad [PCFk are
typically designed to support an of ~0.6 [1§].

(a) (b)

Figure 2.5: (a) image of air-clad fiber with a [PMI[PCH single-mode core.
(b) Microscope cross sectional image of air-clad fiber with a [PMl step-index
core.
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2.3 Modeling of optical fibers

The explanation of the guidance properties in optical fibers due to internal
reflections is a very simplified explanation. A complete description of the
propagation of light through the fiber is described by Maxwell’s equations.
Maxwell’s equations in a linear, isotropic, source free, dielectric medium can
be written as [43]

0B
E=—— 2.
V X 5 (2.6)
oD
H=—— 2.
V X 5 (2.7)
V-D=0
V-B=0

In the equations E is the electric field, H is the magnetic field, and D and B
are the electric and magnetic flux densities, respectively. For nonmagnetic
materials the relation between the field and the flux densities is described
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by the equations

D = ¢y, E (2.10)
B = uoH, (2.11)

where pg is the free space magnetic permeability, € is the free space dielectric
permittivity, and e, is a tensor describing the relative dielectric constant.

In order to have a single equation to describe the propagation of light,
the magnetic field is split into a spatial and a time-varying part

H(r,t) = H(r)e™", (2.12)

where w is the angular frequency of the light. Combining the above equa-
tions, a wave equation describing the magnetic field in a dielectric material

can be found
1 w?
V X *V X H(I‘) = 072

€r

H(r), (2.13)

where ¢ = \/J)W is the speed of light in vacuum. Solutions to equation (2.13])

are the optical modes of the fiber.

Figure 2.7: Simulated transverse mode profile of the LPg; like core mode
at A = 1 ym. The diameter of the holes is d = 3.45 pum and the pitch is
A = 7.15 pm. The image shows the dominant x-component of the electric
field.
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A number of simulation tools to solve the wave equation exist. In this
thesis the MIT Photonic Bands software, that uses the plane-wave expan-
sion method to solve the wave equation is used [51]. Figure shows an
example of an optical mode found with the software. The image shows the
fundamental LPy; mode at a wavelength of 1 um in a solid core [PCEL. The
diameter of the holes is 3.45 um, the pitch is A = 7.15 ym and the refractive
index of fused silica at a wavelength of 1 pm is 1.45.

2.4 Fusion splicing of optical fibers

Fusion splicing of optical fibers is the process of welding two optical fibers
together, thereby creating a permanent, high-strength and ideally low-loss
joint between the two fibers [52]. Coupling of light from one optical fiber
to another can also be achieved by free-space coupling, mechanical splicing
or with optical fiber connectors. Fusion splicing is the preferred connector-
ization method if a stable low-loss joint with high mechanical strength and
long-term reliability is preferred. The fusion splice creates a joint with s
stable optical transmission that does not change with temperature or over
time. Also, the amount of back-reflected light from the joint is low, the
joints can withstand high temperatures and high power densities, and dust
can not enter the optical beam path. For these reasons, fusion splicing is
the superior approach for joining fibers for high-power applications.

A fused joint between two optical fibers is achieved by heating the two
fiber tips to the softening point and melting them together. For silica fibers
the softening temperature is ~2000°C [53]. The heat source used for fusion
splicing can be an electric arc [54], a resistively heated metal or graphite
filament [55], a flame [56], or a CO4 laser [57]. Electric arc discharge heating
is most commonly used in commercially available fusion splicers. A voltage is
applied across two or three electrodes separated by an air gap. The resulting
current flow heats the fibers. Flame heating can be achieved with a hydrogen
flame. Laser heating can be achieved with a COq laser, where the fibers are
heated due to the strong absorption in silica at the 10.6 pm wavelength of the
laser. Resistively heated metal or graphite filaments have the advantage that
the temperature of the filament is controllable and can be tuned in a wide
temperature range. This is a great advantage for splicing PCEFs. These fibers
need to be spliced at a low temperature, compared to a standard fiber with
a similar diameter. This is to ensure that the air-holes do not collapse in the
splice, which would result in a high splice loss. The glass processing stations
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from Vytran (New Jersey, USA) use the resistive heating of a filament as
the heat source [58, [59]. Therefore, these machines are suitable for splicing

[PCES.

2.5 Tapering of optical fibers

Tapering of an optical fiber basically means to make the fiber thinner. This
is done by heating the fiber to the softening point and stretching it. The
heat sources that can be used for tapering of silica fibers are the same as can
be used for splicing. For tapering [PCFk the temperature of the fiber needs to
be controlled in order to prevent a collapse of the air-holes. Therefore, the
glass processing stations from Vytran are also suitable for tapering of [PCFEk.

2.5.1 Tapering of single-mode fibers

Tapering of a single-mode fiber has to be slowly varying. If the tapering is
to abrupt optical power from the fundamental mode will couple to higher
order modes ([OMk) of the fiber. This will usually result in a lossy taper.
As long as the change in the fibers core radius (Ar) over the beat length
(Lp) between the fundamental mode and the first [IOM is small, the taper
is slowly varying [60H63]. This is formulated as follows, where r is the fibers
core radius

AT ¢, (2.14)
-

The local change in fiber core radius over the beat length can be written

as Ar = LB%, where % is the local slope of the taper. The beat length
between the core mode and a [HOMI can be expressed as
2
Lg=——, 2.15
B1— P2 (2.15)

where 51 and 5 are the propagation constants of the core and [HOM] respec-
tively. By inserting the expression for the local taper slope in Eq. a
criteria can be found that has to be fulfilled in order for the taper to have a
low loss. This is called the adiabatic criteria.

= (51— Bo) (2.16)
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In the adiabatic criteria, B9 refers to the propagation constants of the first
[HOMI This mode will have a propagation constant closest to the core mode,
and give the largest value of for the beat length. This means that the
strictest criteria is set by using this mode in the calculation.

For a linear taper profile, the taper slope (dr/dz) will be the same over
the entire taper. The maximum beat length (Lp mqz) and the total taper
ratio (T'R) will therefore define the length of the taper (L) in order to be
adiabatic. The taper ratio is here defined as TR = %, where 71 and 79 is the
fiber core radius in the untapered and tapered end, respectively. Eq.
can be reduced to (See appendix

L > (TR —1)Lg maa- (2.17)

For an adiabatic taper, light that is launched into the fundamental mode of
an optical fiber will stay in this mode. Figure shows the calculated [MED
of the fundamental mode of a tapered step-index fiber in (a) and a [PCF in
(b). Both calculations are at a wavelength of 1064 nm, and are made with
the MIT Photonics Band software. The step-index fiber has a constant [NAl
of 0.14 and becomes [MM] at a core diameter above 5.7 pum. The [PCH has a
relative core diameter of D/A=0.45, which is constant over the taper. The
of the step-index fiber follows the core diameter, until the V-parameter
approaches one. Here the mode expands rapidly. This agrees well with the
analytical expression for the of the step-index fiber shown in Fig.

8.0 e 12
7.5 11}
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50 2 2 2 \ 5 2 2 2 2 s
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(a) (b)

Figure 2.8: (a) of a tapered step-index fiber. (b) of a tapered [PCF}
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The of the tapered [PCH is proportional to the air hole pitch of the
fiber [64]. The reason for this is that the effective index of the cladding is
not constant, but increases as the fiber is tapered. Also, the fiber remains
single-mode throughout the taper, since the D/A ratio is unchanged.

2.5.2 Tapering of multi-mode fibers

For fiber tapers usually lots of modes are excited in the fiber and not just
one. Therefore the adiabatic criteria in Eq. can not be used. Instead
the change in the MM fibers core radius (Ar) over a half ray period (z,) has
to be small [60]. The half ray period is defined in Fig. The result is an
adiabatic criteria that is similar to the one for single-mode fiber tapers, but
with the beat length replaced by the half ray period
dr r

p < . (2.18)
For a given [NAla ray that passes through the axis of the optical fiber (merid-
ional ray) will have the longest half ray period. For such a ray the half ray
period is given by

2r

- tané,

(2.19)

Zp

Inserting the expression for z, into the adiabatic criteria, the equation be-
comes

d
GTZ < tan, /2. (2.20)

Figure 2.9: Tapering of a [MM fiber.
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The factor dr/dz can also be described as the local angle (2) as seen in
Fig. An adiabatic taper is therefore ensured if the ray angle is at least
twice as big as the taper angle at any point along the taper (202 < 6,).

For a linear taper profile, a minimum taper length for the [MM] fiber can
be derived, that ensures fulfillment of the adiabatic criteria. Just as for the
fiber taper. The minimum taper length is (See appendix

> D= Dz

2.21
tan g, ( )

The minimum taper length of a linearly tapered fiber will depend on the
[NAl of the light launched into the fiber. For 0.22 [NAllaunched light, and with
a refractive index of the core of n., = 1.45, the ray angle for a meridional ray
is 0, = sin™! g—f = 8.7°. With this launch [NA], and for a [MM] fiber tapered
with a linear profile from a diameter of D; =400 pum down to Dy =150 pm,
the minimum taper length will therefore be L, = 1.6 mm.

For tapering double-clad fibers the adiabatic criteria has to be fulfilled
for both the signal and the pump core. For large mode area ([CMA]) signal
cores, the adiabatic criteria for the signal core will usually be the most strict,
and therefore be the one defining the minimum taper length.

For passive optical devices the brightness theorem states that the bright-
ness or radiance is conserved [65]. The brightness Lp is defined as power
flowing per area per solid angle (W/m?/sr)

)
AQ
where & is the flux through a given area A, and 2 is the solid angle. Bright-
ness originally refers to the brightness perceived by the human eye of a
radiating object [66]. The term has however become standard in connection
with lasers and will therefore be used in this thesis.

From the brightness theorem it follows that an adiabatically tapered [MM
fiber is brightness conserving. For a [MM fiber A = 772, where 7 is the fiber
core radius. The solid angle is = 47 sin? g, where 6 is the divergence half-
angle. The flux is equal to the power P carried by the fiber. The brightness

of the light in a [MMI fiber (Lasps) can therefore be written as
P

mr27 sin? @

L= (2.22)

Ly = (2.23)

For an adiabatic and lossless taper the conservation of brightness means that
a relation between the N A and the core diameter D at the input and output
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end of a taper can be derived
Dm Sin(em) = Dout sin(@out) = DanAzn = DoutNAouta (224)

where D is the core diameter of the [MM fiber and NA is the numerical
aperture of the light. The equation shows that for an adiabatic brightness
conserving fiber taper the core diameter multiplied by the [NA] of the
light is constant.

2.6 Summary of chapter

In this chapter an introduction to the basic properties of the step-index fiber
and the [PCH are given. Maxwell’s equations are briefly described, together
with an introduction to the MIT Photonic bands modeling tool. Fiber splic-
ing and tapering of both single-mode and [MM] fibers are also described.



Chapter 3

High power fiber lasers and
amplifiers

One of the major application areas for high power fiber lasers is within ma-
terial processing. Marking, cutting and welding of metals, ceramics and
plastics, are just some of the applications where lasers have advantages over
traditional methods. The advantages of using a laser are that the material
processing is contact free. This means that there is no wear of the equip-
ment, as there is with traditional milling machines. No chemicals are used,
making the processing environmentally clean, and computer control of the
laser beam makes the system easy to reconfigure. Traditionally, CO2 and
solid-state lasers have dominated this market, but fiber lasers are excellent
candidates for replacing these. This is due to their low running cost, high
beam quality, high efficiency, easy fiber based beam delivery and small foot-
print [67H69].

This chapter gives an introduction to high power fiber lasers and ampli-
fiers. The basic concept of the double-clad active fiber and the advantages
of the air-clad are described. An introduction to the fused combiner that
can be used for coupling pump and signal light into the double-clad fiber is
given. The pump diodes used for optically pumping the double-clad active
fibers are also briefly described. The chapter ends with a description of the
factors that limit the output power of the fiber laser and how these limiting
factors can be overcome by combining of multiple fiber lasers.
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Figure 3.1: Illustration of double-clad fiber laser.

3.1 Double-clad active fibers

High power fiber lasers and amplifiers are basically brightness converters.
Converting low brightness light from a multi-mode (MM]) pump diode into a
single-mode (SMI) output [5 [6]. The conversion is done by doping the core
of a double-clad fiber with a rare earth dopant and pumping this with
light. Pump light will then be absorbed by the rare earth atoms, and light
will be re-emitted at lower photon energies. Since the emission will happen
through stimulated emission, the re-emitted light will be guided in the [SM
core of the fiber.

3.1.1 Double-clad fiber lasers

The basic concept of the double-clad fiber laser is illustrated in figure
Low brightness pump light from a diode laser is coupled into the pump core
of the double-clad fiber. This ensures that pump light is guided through
the fiber, such that it can be absorbed by the rare earth ions in the signal
core. Absorption of a pump photon brings a rare earth ion into an excited
state. The absorbed energy is then re-emitted as signal photons through
stimulated emission, ensuring that the emitted light is confined to the signal
core of the fiber. A laser resonator is made by inscribing fiber Bragg gratings
in the core of the fiber, these reflect a certain wavelength which will become
the dominant laser wavelength.

3.1.2 Double-clad fiber amplifiers

The basic concept of the double-clad fiber amplifier is illustrated in figure
The principle is similar to the double-clad fiber laser, except that no gratings
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Figure 3.2: Illustration of double-clad fiber amplifier.

are needed. In stead a low power seed signal is coupled into the signal core
of the fiber. Pump photons are absorbed by the rare earth ions, and the
absorbed energy is re-emitted as signal photons through stimulated emission,
thus amplifying the seed signal.

3.1.3 Air-clad fibers

As described in chapter [2| high numerical aperture (NA]) double-clad fibers
can either be fabricated with a low index fluorinated polymer surrounding
the fiber or with an air-cladding. The advantage of having an air-clad in an
active fiber is that a higher [NAl can be obtained compared to polymer based
double-clad fibers. This allows for reducing the pump core size, which in turn
increases the pump absorption per unit length. This allows for shortening
the length of the active fiber. Another advantage of the air-clad is that the
pump light is not in contact with the polymer coating, thereby minimizing
the risk of fiber degradation at high pump powers [7H9, 17, 18].

3.2 Fused combiners for double-clad fibers

Pump and signal light can be coupled into the double-clad fiber using bulk
optics. In order to make alignment free and robust systems, fused and all-
fiber combiners are required. These combiners are designed to combine the
output from one or more [MM] pump diodes into the pump core of a double-
clad fiber. They can also include a signal feed-through, where the output
from a [BM fiber is coupled into the signal core of the double-clad fiber.
Monolithic combiners for polymer clad fibers are described in a number of
publications [20H35], and are today commercially available components [306,
37]. The highest pump absorption is achieved if the area of the pump core is
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reduced. For this reason, most of the combiner approaches include a tapered
section that increases the intensity of the pump.

Some of the approaches for realizing combiners for polymer clad fibers
are illustrated in Fig. The figures illustrate the following approaches.

(a) Side coupling. A MM pump fiber is fused directly onto the double-clad

() ()

Figure 3.3: Approaches for realizing combiners for polymer clad fibers. (a)
Side coupling, (b) distributed side coupling, (c) tapered fiber bundle, (d) fused
fiber bundle with tapered bridging fiber, (e) M fibers fused to signal fiber,
and (f) MM fibers fused to signal fiber via collapsed capillary tube.
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fiber. Light will then leak from the pump fiber and into the pump core
of the polymer clad fiber [20H22].

(b) Distributed side coupling. Similar to the side coupling described above,
except that the [MMI fiber is fused to a long length of active fiber. This
allows for pumping the active fiber from both sides [23], [24].

(c) Tapered fiber bundle. A number of pump fibers are fused together,
tapered down and spliced to the active fiber. Such a bundle could
include a signal fiber in the center [25H29].

(d) Fused fiber bundle with tapered bridging fiber. A fused fiber bundle is
spliced to a bridging fiber. This bridging fiber is tapered and spliced
to the active double-clad fiber [30)].

(e) fibers fused to signal fiber. A number of tapered [MM fibers are
fused onto a[SM fiber and spliced to a double-clad fiber [311, [32].

(f) fibers fused to signal fiber via collapsed capillary tube. A number
of [MMI fibers are spliced to a silica capillary tube. This tube is then
tapered, collapsed and fused to the fiber. The signal fiber with
fused capillary tube is then spliced to a double-clad fiber [33H35].

Fused, all-fiber, combiners that are custom designed for the air-clad tech-
nology are more rare. A tapered fiber bundle approach was patented in
2004 [70]. Figure[3.4(a) shows an illustration of the approach. A number of
fibers are fuse together, tapered down and spliced to the air-clad photonic
crystal fiber (PCEF). A signal fiber can be included in the center. To the best
of the authors knowledge, at the time of writing, no experimental data has
been published further exploring this approach.

A side-coupling approach for air-clad [PCEs has also been demon-
strated [71], [72]. The holes of the air-clad are collapsed and a [MM] fiber is
fused to the side of the fiber in the collapsed region. See Fig.[3.4{b). A good
coupling efficiency was achieved, but the concept was only demonstrated for
low power.

The approach with the most potential is illustrated in Fig. H(c) A
number of fibers are fused together into a solid fiber bundle, that is spliced
to a bridging fiber or taper element. This taper element has an air-cladding
big enough to hold all the pump fibers. This bridging fiber is then tapered
down and spliced to the air-clad [PCE. The bridging fiber can also have a
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Figure 3.4: Approaches for realizing combiners for air-clad fibers. (a) Tapered
fiber bundle, (b) side coupling, (c¢) fused fiber bundle with tapered bridging
fiber and (d) fused fiber bundle with etched bridging fiber.

signal core that transfers signal light from a signal fiber into the signal core
of the output fiber [38-41, [73, [74]. These pump and pump/signal combiners
are described in further detail in chapter 4 and chapter [6] respectively.

Recently, a new promising approach was demonstrated illustrated in
Fig. m(d) A number of MMifibers are fused together with a signal fiber into
a fiber bundle. This bundle is then spliced to a bridging fiber. This fiber is
an uncoated silica fiber with a step-index core. The outer diameter of the
bridging fiber is then reduced by a chemical wet etching process and spliced
to the air-clad fiber [75]. Pump light is guided by the glass air interface,
which means that the outer diameter of the bridging fiber in the tapered
end should match the inner diameter of the air-clad of the PCE The signal
is guided in a signal core which is unaffected by the etched taper process.
Therefore, this approach could potentially result in combiners with a low
signal loss.
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3.3 Fiber coupled laser diodes

The output power of fiber coupled single-emitter laser diodes has increased
steadily over the years. Today, more than 100 W out of a 100 pm core [MM]
fiber can be achieved [76-78]. Traditionally, micro-channel cooled bar stacks
have been used for high power applications, but due to the high efficiency,
long lifetime, reliability, and cost ($/W) the single-emitter laser diodes are
today gaining more and more interest. Today, combining of multiple single-
emitter laser diodes is a common approach for fabricating industrial high-
power fiber lasers [79H82].

3.4 Power limitations of fiber lasers and amplifiers

The main factors that limit the single-mode output power of fiber lasers
and amplifiers are stimulated Raman scattering (SRS)), stimulated Brillouin
scattering (SBY), facet damage and self focusing [83].

is the scattering of signal photons by the molecules in the optical
fiber. Molecules are excited to higher vibrational states, resulting in scat-
tered photons with lower frequency, since some of their energy is lost. The
threshold for when becomes significant is

(3.1)

where A.pp = m(MFD/2)? is the effective area of the optical mode, L.fy is
the effective length of the fiber and ggr is the Raman gain coefficient. For
silica gg is on the order of 107 m/W [84]. The effective length is

1
Lepr = 9t —1), (3-2)

where L is the fiber length and ¢ is the gain coefficient.

occurs when a high intensity signal generates an acoustic wave in
the fiber. This wave modulates the refractive index of the fiber and creates
a grating that reflects the signal backwards. The threshold for when
becomes significant is

17A€ff

9B(AvV)Lesy’ (3:3)

Psps ~
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where gp(Av) is the Brillouin gain coefficient, which depends on the spectral
linewidth of the laser signal. For a spectrally broad signal, will limit the
output power rather than

Facet damage is a breakdown of the glass matrix, which occurs when the
power density at the fiber facet becomes higher than a critical value. A high
intensity electric field can result in the acceleration of free electrons. This
transfers energy to the glass matrix causing melting or fracturing [85]. For
bulk silica the damage threshold is ~30 W /um?, this value is lower in optical
fibers due to dopants and impurities. At the fiber facet the damage threshold
is even lower. The damage threshold for the facet is ~10 W/um? [67, [86].
In order to avoid facet damage pure silica end-caps are normally attached
to the output end of the fiber. In these end-caps the beam can expand,
thus decreasing the power density at the facet to a value below the damage
threshold.

Self focusing is a process where the signal beam in the optical fiber is
focused inside the fiber. This results in a breakdown of the glass matrix,
when the damage threshold is reached. The focusing occurs as a result of
the high intensity in the center of the beam. This increases the refractive
index of the center of the fiber due to the Kerr effect, and creates a lens
that focuses the beam. Theoretical studies show that the threshold for self
focusing is independent of core size and is reached at around 4.3 MW [87, [88].

3.5 High-power beam combining

The output power of single or few-mode fiber lasers has increased steadily
over the years, such that it today extends well into the kW regime [82] 89+
93]. Coherent or incoherent beam combining of fiber lasers enables further
scaling of the output power. Coherent beam combining of single-frequency
lasers requires control of the phase of each source. This is necessary to en-
sure constructive interference of the combined beam. Incoherent combining
on the other hand does not require phase control. This results in a simpler
system but also in a less spectrally pure combined beam [94]. Free space
setups for incoherent spectral beam combining have shown great potential
and combined powers of up to 2 kW have been reached with near diffrac-
tion limited beams [95, 96]. With an all-fiber fully fused beam combiner
approach, bulk optical components are not necessary, thereby allowing for
robust and stable laser systems. Recently, tapered fiber bundles of EM] fibers
have shown potential for realizing all-fiber components for incoherent beam
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combining [97]. Another promising approach is by etching of the input
fibers and then fusing them together in a low index tube [98]. With this
approach a 4 kW combined laser output has been demonstrated [81]. In
chapter [5| a combiner fabricated with a tapered fiber bundle approach is
described in further detail.

3.6 Summary of chapter

In this chapter an introduction to the basic properties of fiber lasers and
amplifiers is given. The fused combiners are introduced together with the
pump diodes. The limiting factors for high power fiber lasers are described
and the concept of beam combining is introduced.






Chapter 4

Pump combiners for air-clad
fiber lasers

This chapter describes a monolithic, all fiber, tapered pump combiner for
air-clad fibers. Such fused fiber based combiners for coupling pump light
into active fibers are essential components for making robust high power
fiber lasers [27]. The combiners are fabricated using the fused fiber bundle
with tapered bridging fiber approach illustrated in Fig. [3.4fc) [38-41].

The chapter begins with a description of the fabrication of the pump
combiners. Combiners with 7, 19, 37 and 61 pump ports are described. A
1x1 pump combiner is also briefly described.

The chapter also describes two applications of the pump combiners. The
first is a high-power fiber laser and the second is to use such a laser for
supercontinuum generation in a nonlinear photonic crystal fiber (PCH).

4.1 Pump combiner fabrication

Figure shows an illustration of a fused pump combiner for the air-clad
technology. The illustration shows a 7 port combiner, but the principle
can be extended to include more pump fibers. The multi-mode (MM) pump
fibers are fused together, to form a fused fiber bundle. This bundle is spliced
to a bridging fiber or taper element, that has an air-clad to hold the pump
light. The inner diameter of the air-clad should match the combined outer
diameter of the cores of the [MM] fibers, i.e. all the fiber cores should be
within the air-clad of the taper element. The bridging fiber is tapered and
spliced to an air-clad delivery fiber. The air-clad of the taper element in
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Pump fibers Fiber bundle  Taper element Delivery fiber

Figure 4.1: Illustration of fused 7x1 pump combiner.

the tapered end should match that of the delivery fiber. This ensures that
the taper element couples the pump light from the pump fibers of the fiber
bundle into the pump-guide of the delivery fiber.

A tapered section is included in the combiner in order to reduce the
pump guide area. This reduction increases pump absorption in the active
fiber, which means that shorter active fibers can be used. Shorter fibers
results in higher thresholds for undesirable nonlinear effects. For an adi-
abatic brightness conserving fiber taper the product of core diameter
and numerical aperture (NA) of the light is constant (see Eq.[2.24). This
means that the maximum taper ratio that can be achieved is decided by the
[NAl of the pump diodes and the [NAl of the delivery and active fiber. With
0.22 NA] pump diodes and with the air-clad of the delivery and active fiber
supporting an [NAl of 0.6, the maximum taper ratio (T'R) is

TR =

D; NA
o w97 (4.1)
Dout NAzn

For a higher taper ratio the output [NA] will exceed the accepted [NAl of the
delivery and active fibers, resulting in a loss of pump light.

Figure a) shows a cross sectional image of an air-clad taper fiber.
The fiber is tapered from a core diameter of 400 pm down to 150 pm, using
a filament based GPX glass processing station from Vytran [58| [59]. The
filament power is controlled in order to prevent a collapse of the air-clad
holes. An image of the taper is shown in Fig. (b) Figure c—d) show
the measured [NAl in the untapered and tapered end of the fiber. The [NAl
in the untapered end is 0.22, matching that of the pump diode used in
the measurement. In the tapered end the [NA] of the light is 0.6. This [NAl
increase agrees well with Eq. and indicates that the taper is brightness
conserving.
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Figure 4.2: (a) Microscope cross sectional image of an air-clad taper fiber.
(b) 5 mm long air-clad pump taper. The fiber is tapered from a core diameter

of 400 pm to 150 ym. (c-d) Measured [NAl of the light in the untapered end (b)
and in the tapered end (c).
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(b)

Figure 4.3: Fused bundles of 105 um core MM fibers From left to right the
images show 19, 37 and 61 fiber bundles.

As described in chapter [3], single emitter laser diodes are attractive for
making high power fiber lasers. The output is typically delivered in a 105 pm
core fiber and in an [NAl of 0.15 or 0.22 [99, 100]. For this reason the pump
fibers of the fabricated combiners are 0.22 NAlfibers with a core and cladding
diameter of 105 pym and 125 pm, respectively. With these pump fibers 7,
19, 37 and 61 port combiners have been realized [I8], 19, 38]. Images of the
fiber bundles used in these combiners are shown in Fig.

4.2 Air-clad fiber laser

With the above described combiner approach a monolithic 350 W laser has
been fabricated. Figure (a) shows an illustration of the laser setup. The
laser consists of a master oscillator and a power amplifier. The master
oscillator is defined by two fiber Bragg gratings (FBGk), written in the pho-
tosensitive step-index core of the ytterbium-doped air-clad fiber. The first
[FBGl is a high reflector (HR]) with a reflectivity of >98% and a bandwidth
of 800 pm. The second is an output coupler ([OC) with a reflectivity of
~30% and a bandwidth of 600 pm. The is written 7 m into the active
fiber, and the total length of active fiber is 25 m. The fiber laser is designed
for pumping at a wavelength of 915 nm. Since both [FBGk are written in the
signal core of the active fiber, this means that the high [NAl pump light is not
reflected by the gratings. In the power amplifier section the signal is there-
fore further amplified. The laser output is delivered in a passive step-index
single-mode fiber, that is spliced to the active fiber. The mode field diam-
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Figure 4.4: (a) Schematic illustration of the 350 W monolithic [MOPA] fiber
laser configuration. The fiber laser is pumped with an air-clad combiner spliced
to the active fiber. The combiner can either be a 1x1 or 61x1 combiner. The
laser output is delivered through a passive step-index single-mode fiber.

eter (MED) of both the active fiber and the signal delivery fiber is 15 pm.
The inner diameter of the air-clad is 250 pm, and the pump absorption at
a wavelength of 915 nm is 0.5 dB/m.

An output power of 350 W is reached with either a 61x1 pump combiner
or a 1x1 combiner. The 61x1 combiner is fabricated as described in the
previous section. It has an air-clad delivery fiber of 245 pym and supports
61 single emitter diodes with an [NA] of 0.15 and an output power of 10 W
delivered in 105 pm core fibers. The average pump power loss for a single



34 Pump combiners for air-clad fiber lasers

pump port is typically <0.2 dB. The 1x1 combiner is a simple air-clad taper,
that couples the output from an 800 W fiber coupled pump module operating
at 915 nm into the active fiber. The pump power is delivered in a 400 um
MM fiber and in an [NAlof 0.22. The pump laser has several diode laser stacks
that are multiplexed and coupled into the delivery fiber using bulk optics.
The laser is fabricated by Laserline [I0I]. The 1x1 combiner is fabricated
similarly to the 61x1 combiner, except that the fused bundle is replaced
by the 400 pm core delivery fiber of the pump laser. The pump power
loss in this combiner is <0.2 dB. Figure (b) shows the optical to optical
efficiency of the air-clad fiber laser, when pumped by the Laserline pump
module. A maximum signal power of just above 350 W is achieved with a
slope efficiency of 60%. The M? value of the signal is measured to be <1.1.
This indicates a strictly single-mode (M) output from the laser.

4.3 Gain switched air-clad fiber laser for super-
continuum generation

Supercontinuum generation is extreme spectral broadening of a laser pulse.
This can be achieved in a highly nonlinear [PCEl Supercontinuum generation
has been explored by a number of groups in the past decade, and super-
continuum generated light spanning the entire transmission window of silica
based fibers has been demonstrated [T02H104].

Typically, pulsed laser sources are used for pumping the nonlinear [PCE
This is due to the high peak power that can be achieved with these sources.
A high peak power results in a broad spectrum. An alternative approach
is to use a high-power continuous wave (CW]) fiber laser. With such a laser
both a higher average power and a higher spectral power density of the
supercontinuum generated light can be achieved. A drawback of the system
is that the reduced peak power, results in less spectral broadening in the
nonlinear [PCEL

A method to greatly improve the spectral broadening of the generated
supercontinuum, is by a fast on/off modulation of the fiber laser [105], [106].
This is done by a fast on/off modulation of the fiber lasers pump diodes.
When the pump diodes of the fiber laser are turned on the laser sends out
a few powerful laser pulses before it goes These spikes are known as
relaxation oscillations. With a fast on/off modulation of the pump diodes
in the 100 kHz range, the first and most powerful spike can be isolated. A
pulse train of high peak power pulses is then generated, with a repetition
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rate equal to the modulation frequency applied to the pump diodes. This
method of turning a laser into a pulsed source is referred to as gain-
switching [107, [10§].

With a gain switched fiber laser spliced to a highly nonlinear [PCH a
completely monolithic supercontinuum source can be created. The result
is a more simple supercontinuum system, compared to the more common
approach with a low power Q-switched laser, that is amplified in a number
of amplifier stages.

4.3.1 Gain switched air-clad fiber laser

The air-clad fiber laser that is used for gain switching is described in sec-
tion of this chapter. In order to be able to do a fast on/off modulation
of single-emitter laser diodes the 61x1 combiner is used in stead of the 1x1
combiner. 10 fiber-coupled 915 nm laser diodes with a maximum rated out-
put power of 10 W are used to pump the fiber laser. A high-power laser
diode driver controlled by a pulse generator is used to drive the laser diodes.
The pulse generator controls the repetition rate and duty-cycle of the cur-
rent that drives the laser diodes. With 10 diodes pumping the fiber laser, a
maximum [CW] average output power of 64 W can be achieved.

Figure a) shows the behavior of the fiber laser after instantaneous
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Figure 4.5: Oscilloscope traces of the transient behavior of the fiber laser.
(a) shows the relaxation oscillation regime, and (b) shows the gain-switching
regime. The blue line shows the control pulse, which is the output from the
pulse generator. The green line shows the pump current, which is the output
of the high power laser diode driver. The red line shows the optical output of
the fiber laser measured with a fast photodiode.
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turn-on of the pump. The figure shows three oscilloscope traces. The output
from the pulse generator (blue line), the output of the high power laser diode
driver (green line), and the optical output of the fiber laser measured with
a fast photodiode (red line). The spikes or pulses that are seen before the
laser goes into operation are the relaxation oscillations.

With a shorter width of the pump pulses only the first spike will appear,
and the fiber laser will be running in gain-switched operation. Figure (b)
shows this single pulse operation regime. A maximum peak power of 700 W
can be achieved, with a pulse duration of 200 ns, a repetition rate of 210 kHz,
an average power of 29 W and a pulse energy of 150 puJ.

4.3.2 Supercontinuum generation with air-clad fiber laser

In order to generate a supercontinuum, the delivery fiber of the laser is
spliced to 100 m of nonlinear [PCH (SC-5.0-1040 from NKT Photonics A/S).
This splice is made by the use of an intermediate fiber, that reduces the
from 15 pm to 4 ym in order to match the of the nonlinear PCE The
total splice loss between the delivery fiber and the nonlinear [PCF is 0.7 dB.

Supercontinuum generation in a nonlinear [PCF pumped with pico or
nanosecond pulses is initiated by modulation instabilities. This creates soli-
tons in the anomalous dispersion region and dispersive waves in the normal
dispersion region below the pump wavelength. The solitons redshift due to
Raman scattering and trap the dispersive waves through four-wave mixing
causing them to blueshift. The long wavelength edge of the spectrum is
defined by silica absorption at infrared wavelengths, and the short wave-
length edge is defined by group velocity matching to the long wavelength
edge [103}, 109, [110].

Figure [.6] shows the supercontinuum generated spectra, with the laser
in [CWl and in gain-switched operation. Both spectra are obtained with an
average laser output power of 29 W. For the gain-switched operation, the
peak power of the pulses is 700 W and the pulse duration is 200 ns. The
supercontinuum spectra is much narrower with the laser in [CW] operation.
This is due to the much lower peak power compared to gain-switched op-
eration, which means that the modulation instability is less efficient. The
high-energy solitons that can redshift to the loss edge are simply not formed.
For the laser in operation the spectrum spans from 950 nm to 1650 nm,
when the edges are defined as the -10 dBm/nm power level. The total av-
erage output power is 17 W. For the laser in gain-switched operation, the
spectrum spans from 500 nm to 2250 nm, when the -10 dBm/nm power limit
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Figure 4.6: Supercontinuum generation in the nonlinear [PCF pumped by the
air-clad fiber laser. The spectrum is shown with the laser in [CW] operation and
in gain-switched operation. Both spectra are obtained with an average laser
output power of 29 W. In gain-switched operation the peak power of the pulses
is 700 W and the pulse duration is 200 ns.

is used. At infrared wavelengths the edge of the spectrum is determined by
absorption in the silica based fiber. The total average output power is 12 W,
which is lower than for the case. This is due to the broader spectrum,
which means that some light is lost at the infrared-loss edge of the nonlinear

[PCE}

The demonstrated supercontinuum spectrum with the fiber laser in gain-
switched operation is broader than what has been reported with 100 W and
even 400 W [CW] fiber lasers [I11] 112]. Furthermore, the setup used to
generate the supercontinuum is much simpler than the typical ps-pumped
supercontinuum sources.
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4.4 Summary of chapter

In this chapter monolithic, all-fiber, tapered pump combiners for air-clad
fibers are described. The combiners are fabricated using the fused fiber
bundle with tapered bridging fiber approach. A 350 W fiber laser is de-
scribed, which is made possible by the use of a 61x1 or 1x1 pump combiner.
The chapter ends with a description of supercontinuum generation with the
air-clad fiber laser. Broad spectra are demonstrated, with the fiber laser in
gain-switched operation. In this operation the total average output power
is 17 W, and a spectrum that spans from 500 nm to 2250 nm, when the
-10 dBm/nm power limit is used.



Chapter 5

Signal combiners for beam
combining of fiber lasers

This chapter describes an all-fiber 7x1 signal combiner for incoherent laser
beam combining. This is a potential key component for reaching several
kW of stable laser output power. The combiner couples the output from 7
single-mode (SM)) fiber lasers into a single multi-mode (MM)) fiber. The input
signal fibers have a core diameter of 17 um and the output MM fiber has
a core diameter of 100 pum. In a tapered section light gradually leaks out
of the fibers and is captured by a surrounding fluorine-doped cladding.
The combiner is tested up to 2.5 kW of combined output power.

5.1 Signal combiner fabrication

The combiners are fabricated using filament based GPX glass processing
stations from Vytran [58]. These stations are used for fusing of bundles,
tapering and splicing. Figure [5.1]shows an illustration of the combiner. The
signal fibers are step-index single-clad fibers with a core diameter of 17 um
and an outer diameter of 125 um. A bundle of 7 of these fibers is inserted
into a fluorine-doped glass capillary tube. This fiber filled capillary tube
is fused and tapered down into a solid glass element. The tapered element
will act as a [MM waveguide with a core that consists of the fused fibers
and a cladding formed by the low-index capillary tube. Figure [5.1|b)-(c)
shows images of the fused and tapered bundle cross-section along the length
of the taper. The tapered fiber bundle is spliced to a [MMl fiber with a
core diameter of 100 pum, an outer diameter of 660 ym and a numerical
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Taper section  Delivery fiber End cap

Signal fibers
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Figure 5.1: (a) Schematic illustration of the signal combiner. (b)-(c) Images
of the taper cross-section along the length of the taper. The diameter of the
7 fibers is 255 um and 95 pm, respectively. (d) Image of the multi-mode fiber
facet. In the image the fiber is etched to better match the outer diameter of
the fused bundle. The diameter of the core is 100 pum. (e) Image of the tapered
fiber bundle (right) spliced to the etched [MMI fiber.
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aperture (NA) of 0.22. In order to increase the mechanical strength of the
splice, the outer diameter of the [MM fiber is reduced by a chemical wet
etching process. Figure d) shows a cross-sectional image of the etched
MM fiber. Figure e) shows an image of the splice.

5.2 High-power connector

To avoid back-reflections into the signal combiner, the fiber is fitted with
a high-power connector from Optoskand [I13]. This connector consists of
an aluminum holder, in which the [MM] fiber is fixed. It also holds a 20 mm
long fused silica end-cap which is spliced to the fiber. The exit surface
of the end-cap is anti-reflection coated, which reduces the overall losses in
the connector. The connector is designed for withstanding very high levels
of back-reflection from the work piece, as might be the case in material
processing. It is specified to handle 5 kW of average power and has a loss
of less than 3%. Figure a) shows an illustration of the connector.

To achieve a high performance with low losses it is crucial to make a
strong optical bond between the fiber and the end-cap. Figure b) shows
the defect-free optical bond between a 100 pm-core fiber (outer diameter
660 pum) and a fused silica end-cap seen through the 20 mm long end-cap.
Both the core of the fiber and the endcap are pure silica. This means

(a) (b)

Figure 5.2: (a) Open QB pig-tail connector from Optoskand. (b) Optical
bond between 100 pm-core fiber and fused silica end-cap seen through the
end-cap. White light is guided in the core of the [MMi fiber.
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that there is no refractive index step in the optical bond minimizing losses
and back-reflections.

5.3 Optical testing of the signal combiner

The combiner is first characterized at low power. The transmission loss of
the combiner, the optical far-field and the M? value when combining 7 signals
are measured. All measurements are made with a fiber laser delivering an
output power of ~1 W at a wavelength of 1060 nm. For measuring the
transmission loss, the fiber laser is in turn spliced to each of the signal ports
of the combiner. The loss for each of the ports is measured and shown in
Table All of the ports have approximately the same low loss with an
average value of 4.6%.

By launching light into all of the 7 input ports of the combiner the
combined optical far-field out of the MM] fiber can be measured. This mea-
surement is also made at low power with a combined output power of ~1 W
and at a wavelength of 1060 nm. The measured [NA] filling corresponds to
95% of the light having an [NA]l lower than 0.06. Using a Spiricon laser beam
profiler the beam quality is investigated and the value for M? was found to
be 6.8.

Port number | Signal loss [%]
1 3.8
2 4.6
3 5.4
4 4.9
) 4.5
6 4.9
7 4.4
Average 4.6

Table 5.1: Measured signal loss in the combiner for each of the 7 input ports.
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5.4 High-power fiber lasers

For high power testing of the combiner, three kW continuous wave ([CW)) fiber
lasers manufactured by Rofin-Sinar Laser GmbH are used [114]. The lasers
have a passive output fiber with a core diameter of 20 ym and give a single-
mode output with a beam parameter product (BPP) of <0.4 mm x mrad.
The wavelength of operation is 1070 nm or 1080 nm. The kW class fiber
lasers are based on an all-fiber oscillator. The optical to optical efficiency
is about 80% depending on the pump wavelength. An electrical to optical
efficiency of up to 38% can be achieved.

5.5 High-power beam combining

The three kW fiber lasers are spliced onto three randomly chosen ports of
the signal combiner. These ports have the numbers 4, 6 and 7, and turned
out to be the center port and two of the side ports spaced by one fiber.
The splice between the delivery fiber of the fiber laser and the input fiber
of the combiner is done with a Fujikura large diameter fiber splicer. The
splice loss is ~4%. The power out of the three fiber lasers is simultaneously
increased, such that the power into each of the input ports is approximately
the same. The combined output power as a function of total input power is
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Figure 5.3: Combined output power as a function of total input power (solid
line). Transmission loss of the signal light in the combiner (dashed line).
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shown as the solid line in Fig. In the figure, the transmission loss of the
signal light is shown as the dashed line. A linear behavior of the combiner
is observed with no roll off at high powers and with an average signal loss
of 5.3%. The highest achieved output power is 2.54 kW. At this power level
the combiner dissipates 129 W of the signal, but only a minor increase in
device temperature to 38°C is observed. This means that most of the light
is successfully stripped off optically rather than being absorbed.

The beam quality is investigated with a Primes Focus monitor [IT15]. This
is done at a combined output power of 600 W. A beam parameter product
of 2.22 mm x mrad corresponding to an M? value of 6.5 is measured. These
measurements are in excellent agreement with the values measured at low
power. The power distribution in the near-field of the [MM] fiber is shown in
Fig. From the figure it is clear that the distribution is not uniform. A
large peak in the intensity is seen in the left side of the figure. By launching
light into all of the ports of the combiner instead of only three, a more
uniform distribution can be obtained. It is also believed that the distribution

Figure 5.4: Power distribution in the near-field of the [MMifiber at a combined
output power of 600 W.
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can be made more uniform by increasing the taper ratio of the fiber bundle.
A larger taper ratio will result in smaller high-index inclusions in the tapered
end of the fiber bundle. This means that the light will be less confined to
these inclusions and more smeared out over the entire [MM] core.

5.6 Summary of chapter

This chapter describes an all-fiber 7x1 signal combiner for incoherent laser
beam combining. The 7 input fibers are step-index single-clad fibers with
a core diameter of 17 ym. The output fiber is a [MM fiber with a core
diameter of 100 pm. A maximum combined CW output power of 2.5 kW
is demonstrated with an M? value of 6.5. The signal loss in the combiner is
~5%, which is effectively stripped away such that it does not damage any
of the fiber coatings. The combined near-field showed peaks with very high
intensity. It is believed that a more uniform near-field can be achieved by
increasing the taper ratio of the fiber bundle, and also by using all the 7
ports of the combiner instead of only three.






Chapter 6

Pump /signal combiners for
air-clad fiber amplifiers

This chapter describes a monolithic, all fiber, tapered 7+1x1 pump/signal
combiner for air-clad fibers. Such fused fiber based combiners for coupling
pump and signal light into active fibers are essential components for making
fiber lasers and amplifiers [27]. The combiners are fabricated similarly to the
combiners for photonic crystal fibers (PCFk) described in chapter They
have a fused fiber bundle that is spliced to a bridging fiber or taper element.
The bridging fiber is tapered and spliced to a passive delivery fiber. The
difference is that the combiners described in this chapter also have a signal
feed-through, so that they can be used for pulse amplification.

The chapter begins with a description of the concept that makes the sig-
nal feed-through possible. This is a dual-core microstructured fiber concept
that preserves the mode field diameter (MFD) in fiber tapers. A 6 pm
and a 15 pm polarization maintaining feed-through are described.

The fabrication of the combiner is then described. The combiner is
designed for Yb-doped active fibers, which means a signal wavelength of
1064 nm and a pump wavelength of either 915 nm or 976 nm. The combiner
is designed for pumping with 0.15 numerical aperture (NA]) pump diodes,
with the pump light delivered in 105 um core fibers. It has a 15 pym
single-mode (SM]) and polarization maintaining (PM]) signal feed-through.

The chapter also describes two applications of the combiner. The first is
pulse amplification and the second is using the amplifier for supercontinuum
generation in a nonlinear [PCEH For the pulse amplification, the combiner is
operated in a backward pumped configuration. Supercontinuum generation
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has been explored by a number of groups in the past decade, as described
in chapter [4. This chapter shows that the fabricated combiner is useful for
making a monolithic, all-spliced system for generating a broad high-power
supercontinuum.

6.1 Mode field diameter preserving fiber tapers

In order to have a signal feed-through in a tapered fiber there is a need to
control the of the signal light through the tapered section. This control
can be achieved with dual-core fibers. These fibers can be realized with a
pedestal design that consists of a step-index core with a highly doped region
in the center [116], 117]. In the untapered fiber, light is guided in a central
step-index core and in the tapered fiber it is guided in a second step-index
pedestal core. In the tapered region light is coupled adiabatically between
the two cores. An alternative approach is a concentric dual-core structure
with a step-index core and a microstructured cladding region. In the unta-
pered section of the fiber light is guided in a Ge-doped core. When the fiber
is tapered, the light couples adiabatically to the core defined by a triangular
[PCE structure of air-holes [I18]. The advantage of this approach is that a
large taper ratio can be achieved with only two cores, and where the light is
guided in a waveguide throughout the tapered section. This minimizes
the risk of light scattering to higher order modes ([{OMk). Furthermore, since
the in a large mode area [PCH is proportional to the air-hole pitch of the
fiber [64], the dual core [PCE approach offers a larger degree of tailoring the
in the down tapered region. A dual-core [PCH was first demonstrated
by Eggleton et al. [I19]. In this work a low [NA] Ge-doped center of a [PCE,
enabled the writing of Bragg and long period gratings in the fiber.

6.1.1 Air-hole based 6 ym MFD feed-through

The structure of the fabricated dual-core fiber is shown in Fig. [6.1(a). In
the center of the fiber the step-index core can be seen and around this
core the triangular structure of air-holes. Except for the doped center, the
material of the fiber is pure Silica. The step-index core is Ge-doped, has a
diameter of 5.4 pym and a [NAl of 0.14. This results in a fiber with a
of 6.1 um at a wavelength of 1064 nm and a [HOM] cut-off wavelength of
990 nm. The air-hole pitch is 18 pm, and the light in the core mode of the
untapered fiber is unaffected by the presence of the holes. This is due to a
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Figure 6.1: (a) Microscope cross sectional image of air-hole based 6 pm
feed-through taper fiber. (b) as a function of air-hole pitch for the 6 ym
feed-through taper fiber. The full line shows the simulated and
the dots show the measured [MED] at different positions along the taper. The
vertical dotted lines indicate the pitch of the taper fiber in the tapered and
untapered end where a 6 pm [MEFDIis maintained. The dashed line indicates the
[MFDI for a pure step-index fiber and the dash-dotted line indicates the for
a pure[PCEl The purple line shows the beat length between the core mode and
the first cladding mode.
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small overlap between the core mode and the air-hole structure, and because
the effective index of a large pitch microstructured cladding approaches the
index of Silica. The diameter of the holes relative to the pitch is 0.48. The
taper fiber is designed to maintain a 6 um for a taper ratio of 3.1.
Figure [6.1(b) shows a calculation of the in the fiber as a function of
air-hole pitch (solid blue line). The calculation is made using a full vectorial
mode solver based on the plane-wave expansion method [5I]. When the
fiber is tapered the initially decreases slightly and then increases. This
follows the normal behavior of a step-index core. As the guiding of the step-
index core becomes weaker, the air-holes approach the center of the fiber
and gradually take over the guiding of the light. This decreases the
once again. For reference Fig. M(b) shows the [MEDI as a function of pitch
in a pure step-index fiber without the presence of air-holes (dashed line),
and in a pure [PCF without the presence of the step-index core (dash dotted
line).

To ensure a low taper loss the adiabatic criterion defined in Eq. has
to be fulfilled. Since the tapering is made with a simple linear taper profile,
Eq. can be used to define the length of the taper (L) in order to be
adiabatic. The purple full line in Fig. [6.1(b) shows the beat length between
the core mode and the first [TOMl The beat length has a maximum value of
LB maz = 0.39 mm. With a taper ratio of 3.1 the minimum taper length to
ensure an adiabatic linear taper is

L> (TR —1)Lpme = 0.82 mm. (6.1)

The fiber is tapered using a filament based GPX glass processing station
from Vytran [58, 59]. This is done by careful control of the filament power
in order to prevent a collapse of the air-holes. A long taper length of 3 mm
is chosen in order to be sure that the taper is adiabatic and has low loss. In
Fig. M(b) the experimentally measured [MFEDI of the fiber is shown at differ-
ent positions along a taper (red dots). The measurements were made using
a 1064 nm light source and an infrared camera, and are in good agreement
with the simulations. In Fig. [6.2]two of the measured near-fields of the taper
fiber are shown. In Fig.[6.2|a) the near-field of the untapered fiber is shown,
where the fiber pitch is 18 um. A circular mode is observed and the is
measured to 6.1 pm. In Fig. [6.2b) the near-field of the fiber tapered to a
pitch of 5.2 pm is shown. A hexagonal mode, characteristic for the [PCF, is
observed and the is measured to 6.0 pym. Hence, a close to 6 pm
is maintained when tapering the fiber by a factor of 3.1.
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Figure 6.2: Experimentally obtained near-field images of 6 pum [MFDI feed-
through taper fiber. (a) shows the untapered fiber. (b) shows the fiber tapered
by a factor of 3.5.

An important parameter when making combiners is the loss in the taper.
In order to evaluate this loss, a Corning HI1060 fiber is spliced to both the
tapered and the untapered end of the taper fiber. The HI1060 fiber has
a of 6.2 um at a wavelength of 1060 nm, matching the in both
ends of the taper fiber. The combined loss in the two splices and the taper
are measured to be 0.55 dB at a wavelength of 1064 nm. The loss in the
two splices is estimated to ~0.1 dB for the HI1060 fiber to the untapered
fiber, and ~0.2 dB for the HI1060 fiber to the tapered fiber. The higher
splice loss to the tapered fiber is due to the need to preserve the air-holes
with a cold splice and due to the slight reduction in the overlap between
the modes caused by the hexagonal mode shape of the PCEL. The taper loss
is therefore ~0.25 dB, which indicates that an adiabatic transition between
the two cores in the tapering is achieved.

6.1.2 Air-hole based 15 pym MFD feed-through

For high-power double-clad fiber lasers and amplifiers, a [PM] signal feed-
through and a larger MFD| than 6 pym are generally required. A 15 ym [MED]
taper fiber is therefore investigated with a similar design as the 6 pm taper
fiber. On either side of the core an air-hole is replaced with a Boron doped
stress rod in order to ensure [PMl operation. Fig. (a) shows a microscope
image of the taper fiber. The step-index core diameter is 13.3 ym and the
cut-off wavelength is ~980 nm. The air-hole structure has a pitch of
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Figure 6.3: (a) Microscope cross sectional image of air-hole based 15 pm
MFD feed-through PM taper fiber. (b) MFD as a function of air-hole pitch for
the 15 pum MFD feed-through fiber. The full line shows the simulated MFD
and the dots show the measured MFD at different positions along the taper.
The vertical dotted lines indicate the pitch of the taper fiber in the tapered and
untapered end where a 15 pm MFD is maintained. The dashed line indicates
the MFD for a pure step-index fiber and the dash-dotted line indicates the
MFD for a pure PCF. The purple line shows the beat length between the core
mode and the first cladding mode.
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47 pm and an air-hole diameter divided by pitch of 0.45.

Simulations are made to examine the evolution of the through the
taper. For the simulations, a perfect structure without stress elements is
used. The results are shown in Fig. [6.3(b). The solid blue line indicates the
of the fiber, the dashed line shows the of a pure step-index core
fiber, and the dash dotted line shows the of a pure[PCEl The full purple
line in Fig. 6.3(b) shows the beat length between the core mode and the first
HOM. The beat length has a maximum value of Lp 4, = 2.69 mm. For
a taper ratio of 3.4, a close to 15 pm will be maintained through the
taper. From Eq. 2 the minimum taper length to ensure an adiabatic linear
taper is L = 6.46 mm. In order to ensure that the taper is adiabatic a longer
taper length of 15 mm is chosen. In the untapered fiber the MFDlis 14.9 pm
at a wavelength of 1064 nm. When the fiber is tapered down to a pitch of
13.5 pum, the air-hole structure facilitates guiding, resulting in a hexagonal
mode with a of 14.5 pm. Fig. |6.3(b) shows the measured of the
fiber at different positions along the taper (red dots). The measured is
in good agreement with the simulations.

In order to measure the loss in the taper a 15 pm [MEFDISM PM fiber is
spliced to the untapered end of the taper fiber and to the down tapered end.
The combined loss in the two splices and the taper is measured to be 0.70 dB
at a wavelength of 1064 nm. Assuming the same splice loss as for the 6 pm
fiber investigation, the loss in the taper is ~0.30 dB. This is comparable
to what was achieved for the 6 pm taper fiber, again indicating a smooth
adiabatic transition in the taper.

For making [PMl combiners it is important that light does not couple
between the two polarization states of the taper fiber. The polarization
cross talk is therefore measured with a polarized light source. It is found
that through the combined setup of two splices and the taper, the cross
talk between the two polarization states is below -18 dB. This fulfills the
requirements for typical combiners.

6.1.3 F-doped rod based 15 pym MFD feed-through

When combining the air-hole based preserving dual-core fiber concept
with an air-clad in one fiber, there will be two sets of holes to control when
the fiber is tapered. For this reason a dual-core fiber, where the air-holes are
replaced with F-doped rods is investigated. Fig.[6.4(a) shows a microscope
image of the taper fiber. In the center, the step-index core is seen and around
this core the triangular structure of F-doped inclusions. On either side of
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Figure 6.4: (a) Microscope cross sectional image of F-doped rod based 15 ym
MFD feed-through PM taper fiber. (b) as a function of taper element
pitch. The full blue line shows the simulated and the red dots show
the measured at different positions in the taper. The dotted grey lines
indicate the pitch of the taper element where a 15 ym [MFD]is maintained. The
dashed orange line indicates the [MFDI for a fiber with no F-doped rods and the
dash-dotted green line indicates the for a fiber with no step-index core.
The purple line shows the beat length between the core mode and the first
cladding mode.
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the core an F-doped rod is replaced with a boron doped stress applying rod
in order to facilitate [PM] operation. The background material of the fiber is
pure silica. The step-index core has a diameter of 13.3 pm and an [NA]of 0.06.
The F-doped rod pitch is 44.5 um, the diameter to pitch ratio is 0.6 and the
refractive index is 7% lower than silica. Figure (b) shows a calculation
of the in the fiber as a function of the structural scale quantified by
the F-doped rod pitch (solid blue line). The calculation is made using a full
vectorial mode solver based on the plane-wave expansion method [51]. In
the untapered fiber (pitch=44.5 pm) light in the step-index core mode is
unaffected by the presence of the F-doped rods. As is the case for the air-
hole based preserving dual-core fibers. When the fiber is tapered the
initially decreases and then increases. As the guiding of the step-index
core becomes weaker, the F-doped rods approach the center of the fiber and
light gradually couples to the core defined by these rods. This decreases the
once again. As a result the taper fiber can be tapered by a factor of
3 while preserving a of 15 pum. For reference, Fig. 6.4(b) shows the
as a function of pitch in a pure step-index fiber without the presence
of F-doped rods (dashed line), and in a pure [PCH without the presence of
the step-index core (dash dotted line).

The fiber is tapered with a simple linear taper profile and Eq. is once
again used to define the length of the taper (L) in order to be adiabatic.
The purple full line in Fig. |6.4{b) shows the beat length between the core
mode and the first HOM. The beat length has a maximum value of Lp ;s =
2.3 mm. With a taper ratio of 3 the minimum taper length to ensure an
adiabatic linear taper is

L> (TR —1)Lpmaz = 4.6 mm. (6.2)

A long taper length of 15 mm is chosen in order to be sure that the taper
is adiabatic and has low loss. In Fig. [6.4(b) the experimentally measured
of the fiber is shown at different positions along the taper (red dots).
The measurements are made using a 1064 nm light source and an infrared
camera, and are in good agreement with the simulations. Hence, a of
15 pm is maintained when tapering the fiber by a factor of 3.

6.2 Pump/signal combiner fabrication

Figure[6.5[shows an illustration of the combiner and images of the three main
parts of the component. A cross sectional image of the passive double-clad
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delivery fiber is shown in Fig. |6.5(b). The air-cladding of the fiber is seen
as the ring of closely spaced holes surrounding the fiber core. The fiber has
a and signal core with a 15 pm and a pump cladding diameter
of 133 um. A microscope cross sectional image of the fused fiber bundle is
shown in Fig. d). The signal fiber in the center is surrounded by the 7
pump fibers. The pump fibers are 0.22 fibers with a core and cladding
diameter of 105 pm and 125 pm, respectively. The signal fiber is a passive
step-index and [PM] fiber with a higher order mode cutoff wavelength of
~980 nm, a of 15 pum, and a cladding diameter of 160 pm. A cross
sectional image of the taper element is shown in Fig. [6.5(c). The function
of the taper element is to couple pump light from the pump fibers of the
fiber bundle into the pump-guide of the double-clad fiber, and via a taper
to reduce the pump guide area. This reduction increases pump absorption

Pump fibers

Delivery fiber Taper element Fiber bundle Signal fiber
(a)

(b) (c)

Figure 6.5: (a) Illustration of fused 7+1x1 pump/signal combiner. (b)-(d)
Microscope cross sectional images of (b) delivery fiber, (c) taper element and
(d) fiber bundle.
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Figure 6.6: Images of the two splices in the combiner. Left side shows the
splice between the passive delivery fiber and the tapered end of the taper
element. Right side shows the splice between the taper element and the fused
fiber bundle. The dashed line illustrates the tapering of the taper element.

in the active fiber. At the same time the taper element couples the signal
light from the core of the double-clad fiber into the signal fiber of the
fiber bundle (when operated in a backward pumped configuration).

The taper element has an air-cladding with an inner diameter of 400 yum
in the untapered end. When the taper element is spliced to the fiber bundle,
this means that all the pump fibers are within the air-clad of the taper
element. In the tapered end the diameter of the air-clad is 133 pum, which
matches the diameter of the delivery fiber. The relation between pump core
diameter and [NA] of the pump light in a tapered multi-mode (MM) fiber is
given in Eq. From this equation it is calculated that with the delivery
fiber supporting a maximum [NAl of 0.6, and with a taper element tapered
by a factor of 3, pump light with an [NA0.20 will be supported by the
combiner.

The center of the taper element is an F-rod based dual-core structure,
similar to the one described in section The minimum taper length of
the taper element required to ensure a low loss for both pump and signal
is defined by the low [NAl signal light and not by the high [NA] pump light.
Therefore, the same 15 mm long linear taper profile as described in sec-
tion is used. The taper fiber is tapered using a filament based GPX
glass processing station from Vytran [58]. This is done by control of the
filament power in order to prevent a collapse of the air-clad holes.

The fused fiber bundle and the splices are also made using the GPX glass
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processing station. The two splices of the combiner are shown in Fig. [6.6]
The splice between the delivery fiber and the tapered end of the taper el-
ement is shown in the left side of the image, and the splice between the
untapered end of the taper element and the fused bundle is shown on the
right. The dashed line indicates the tapering of the taper element. Low
temperature splices are made, in order to prevent a collapse of the air-clad
holes. A slight collapse is seen in the bundle splice. This can be tolerated
since the [NA] of the pump light is low in this end. The stress elements are
aligned in the same plane throughout the combiner in order to facilitate
operation of the component.

Characterization of the combiner is made for both pump ports and signal
port. Pump transmission loss through the component is measured with a
commercially available 915 nm 0.15 [NAlsingle-emitter laser diode. The diode
is in turn spliced to each of the 7 ports and the transmission loss is measured.
The average pump power loss is 0.13 dB, and the maximum pump power
loss for a single port is 0.16 dB. Signal transmission loss is measured with a
polarized light source at 1060 nm. The source is spliced to the signal fiber of
the fused fiber bundle and the PER of the output light and the loss through
the combiner is measured. The signal loss is 0.52 dB and the polarization
extinction ratio (PERJ) is 20 dB.

6.3 Pulse amplification with active air-clad fiber

The combiner is tested in a pulse amplification system, using a commercially
available Yb-doped double-clad [PCH with a step-index 16 pm [MEDIPMsignal
core and a 135 pum air-clad (DC-135/15-PM-Yb from NKT Photonics A/S).
Figure [6.7] shows an illustration of the setup. The active fiber is spliced to
a pulsed fiber laser source, that seeds the active fiber with 6.5 ps pulses at
a repetition rate of 80 MHz and an average power of 100 mW. The output
fiber from the seed laser is a PM980 fiber with a of 7 pm. The splice
from PM980 to active fiber is made by a thermally expanded core (TECI)
splice process. With this [TEC] splice a loss of ~0.5 dB for the signal is
achieved. The active fiber is 6.2 m long and is spliced to the passive double-
clad delivery fiber of the 74+1x1 combiner at the output end. The splice loss
for the signal between the combiner and active fiber is ~0.3 dB. The fiber
is pumped by four 10 W, 0.15 [MA] laser diodes emitting at a wavelength of
915 nm. Figure (a) shows the measured slope efficiency of the amplifier.
The conversion efficiency of launched pump power into signal power is 53%.
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Figure 6.7: Illustration of pulse amplification setup.

After amplification the pulse width increases to 10 ps. The peak power of
the pulses is shown in Fig. [6.8(a) on the right axis. A maximum average
power of 17 W and a peak power of 21.3 kW is achieved. The signal to
Raman noise level at this maximum power is 19 dB.

A signal out of the amplifier is obtained. This is due to the combiner
and signal fiber which are strictly BMl, with the latter having a higher order
mode cutoff at ~980 nm. The M? value of the signal is measured to be <1.1.
This value is measured from a low power level and up to 17 W.

In order to test the stability of the amplifier system, the setup is left
running for 550 hours at a constant diode current. Figure [6.8|b) shows the
results. Both the signal power (blue line) and the[PERI (red line) are recorded
during the test. The vertical dotted green lines indicate a temporary stop
in the test. The signal power drops from a starting power of 16.2 W down
to a power of 15.3 W after 550 hours of operation. This translates to a
decrease in signal power of 5.6%, and is related to photodarkening in the
active fiber [120, 121]. Spikes in the [PERI of the amplified signal are observed
when the amplifier is turned on. These are attributed to the relaxation of
the thermal power meter used in the measurement. If these spikes are not
taken into account, the [PER] is above 18 dB for the duration of the test.
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Figure 6.8: (a) Slope efficiency and peak power of the amplifier system. (b)
Result of the 550 hour test of the amplifier system, with the pump diodes
driven in constant current mode. The blue line shows the signal output power.
The red line shows the [PER] of the signal output. Vertical dotted green lines
indicate a temporary stop in the test.
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6.4 Supercontinuum generation with fiber ampli-
fier

The amplifier described in section [6.3] is used as a pump source for gener-
ating a supercontinuum in a commercially available nonlinear PCE. A new
length of active fiber is used in the amplifier in order to start with a pristine
Yb-doped fiber. Figure (a) shows the setup used to generate the super-
continuum. The [SM output fiber from the 74+1x1 combiner is spliced to 10 m
of nonlinear fiber. The splice loss is 0.7 dB. The output of the nonlinear fiber
is fitted with an achromatic collimator.

Figure (b) shows the build up of the supercontinuum generated spec-
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Figure 6.9: (a) Illustration of supercontinuum setup. (b) Supercontinuum
generated spectra.
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Figure 6.10: (a) Spectral power content of the supercontinuum generated
light. The infrared power is the power above a wavelength of 850 nm and the
visible power is the power below this wavelength. (b) Result of the 1200 hour
test of the supercontinuum system, with the pump diodes of the amplifier
module driven in constant current mode. The dotted purple lines indicate the
power drop in percent. 100% equals the starting power of 5.0 W.
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tra, as the power into the nonlinear fiber is increased. The green line is the
measured spectra for an average amplifier output power of 5.6 W and the
red line is for an average power of 11.1 W. The broadest spectrum spans
from 470 nm and up to 2250 nm, when the edges are defined where the
power drops below 0 dBm/nm. Figure [6.10|a) shows the total power in the
spectrum, the power in the infrared part of the spectrum at wavelengths
>850 nm and the power in the visible part of the spectrum (<850 nm). The
total visible power is measured by inserting a reflection filter in the colli-
mated beam which reflects wavelengths <850 nm. The IR power is found by
subtracting the visible power from the total power. At an amplifier output
power of 11.1 W, the total, infrared and visible power are 4.9 W, 3.3 W and
1.6 W, respectively.

The stability of the system is tested by letting it run for 1200 hours. The
amplifier is running at a constant diode current and with an initial amplifier
output power of 11.1 W. Figure (b) shows the results. A decrease in the
supercontinuum generated power of 5% is observed, which again is related
to photodarkening in the active fiber.

6.5 Summary of chapter [6]

In this chapter a method for preserving the MFD]in fiber tapers is described.
The concept is experimentally verified with a 6 ym feed-through and
a 15 pm MFEDI[PM] feed-through. The 15 pm feed-through is demonstrated
with both air-holes and F-doped rods as the second cladding. Low loss in
the tapers is demonstrated and also low polarization cross talk in the 15 pm
feed-through fibers.

Also, a monolithic pump/signal combiner with 15 pm [MFDI[PM SM sig-
nal feed-through designed for air-clad [PCFk that utilizes the [MFD] preserving
concept is described. The combiner has an average pump and signal trans-
mission loss of 0.13 dB and 0.52 dB, respectively. The [PER] of the signal
is >18 dB. The combiner is used in a backward pumped configuration and
features a system with a strictly signal output with an M? value <1.1.
A maximum average signal power of 17 W is reached when the system is
seeded by 10 ps pulses with a repetition rate of 80 MHz. The slope efficiency
of the system is 53%. A 550 hour test of the amplification system indicates
a drop in power of 5.6%. The[PERlis >18 dB during the entire test. With
the amplifier system, a supercontinuum is generated with a total power of
5 W that spans from 470 nm and up to 2250 nm.






Chapter 7

Combiners for astrophotonics

A large part of astronomical surveys is to measure the spectra of on-sky
objects, such as galaxies, stars, or gas clouds. For these measurements,
optical fibers can be used for guiding the light from the focal plane of the
telescope to the optical spectrograph. For collecting a large amount of light,
large core multi-mode (MM]) fibers are preferred [122, [123]. Traditionally,
the spectrograph has been mounted directly on the telescope, which means
that the spectrograph moves with the telescope. This sets limitations to the
size and weight of the spectrograph, and thereby also the spectral resolution.
Alternatively, a complicated beam path needs to be created with a number
of mirrors and lenses that guide the light to a spectrograph decoupled from
the telescope. Decoupled spectrographs are preferred for two reasons. The
size limitations are not as strict as telescope mounted spectrographs and
they can be placed in a separate temperature controlled room. The result
is a significant increase in the resolution of the spectrograph. With optical
fibers light is easily routed to a decoupled spectrograph.

Figure [7.1[a) shows an illustration of a lens coupled spectrograph. A
slit is placed in front of the object. The light is then collimated by a lens,
dispersed by a prism and focused onto the detector by another lens. With
a fiber link between the telescope and the spectrograph, simultaneous spec-
troscopic measurements of a number of objects can be made with only one
spectrograph. This is done by utilizing the fact that the telescope images
all objects within the field of view onto the focal plane. Therefore, a large
number of fibers can be used, where each fiber is placed in front of a dif-
ferent stellar object. The other end of the fibers are aligned in a row and
placed in front of the spectrograph. The core of the fibers make up for the
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Figure 7.1: Tllustrations of conventional (a) and fiber based (b) telescope,
used for measuring spectra of astronomical objects.

slit and a spectrum of each of the fibers is recorded on the detector. An
illustration of a fiber fed spectrograph is shown in Fig. [7.1{b). The ability
to observe multiple objects at the same time gives a huge advantage in terms
of maximizing the measurement capacity of the telescope.

This chapter describes two components developed for the field of as-
trophotonics. The first is a fused bundle of fibers or "hexabundle”, and
the second is a to single-mode (SMI) optical fiber splitter or ”photonic
lantern”.

The hexabundle is developed for measuring spectra of extended objects
such as galaxies or gas clouds. The fiber bundle is placed in the focal point
of a telescope and in the other end the individual fibers are aligned in a
row in front of the spectrograph. With these hexabundles a more detailed
observation can be made of large astronomical objects.
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The photonic lanterns are developed for transforming starlight into
an ensemble of fibers. This enables filtering of the light using advanced
fiber Bragg gratings (FBGk) in the fibers. The chapter describes 7, 19
and 61 port low-loss devices.

7.1 Hexabundles

For extended objects such as galaxies or gas clouds, the material composition
and internal motions, can vary across the object. Individual fibers can not
be positioned close together in the telescope focal plane, making these vari-
ations difficult to observe. The solution is to closely pack a number of
fibers together in a fiber bundle. These bundles of fibers for astronomy
application are called hexabundles [124-127].

Figure shows an illustration of two hexabundles placed in the tele-
scope focal plane. On the backside of the hexabundles, the individual fibers
fan out and are aligned in front of the spectrograph. In Fig. [7.3(a) an il-
lustration of the hexabundle is shown. A bundle of [MM] fibers are inserted
in a silica capillary tube and fused together using a GPX glass processing
station from Vytran. The fibers have a pure silica core and a fluorinated
silica cladding. A clean end-facet is important in order to have a good cou-
pling into the fibers of the hexabundle. This is achieved by polishing the
hexabundle.

11

Figure 7.2: Illustration of two hexabundles placed in the telescope focal plane.
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Fused fiber bundle Silica capillary tube  Multi-mode fibers

Figure 7.3: Illustration of a hexabundle (a) and of the hexabundle
concept (b).
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The hexabundle concept is illustrated in Fig. [7.3{(b). The top left image
shows the front side of a 61 port hexabundle, and the top right image shows
a spiral galaxy. When the galaxy is focused onto the hexabundle, different
parts of the galaxy are launched into different [MMI fibers of the hexabundle
(bottom image). By measuring the spectrum out of each MM fiber, the
spectral information of the different parts of the object are obtained.

7.1.1 7 port hexabundles

The hexabundles are fabricated with 0.22 numerical aperture (RA]) [MM fibers
with a core and cladding diameter of 105 pm and 125 pm, respectively. The
fused surface of the hexabundle will consist of fiber core, fiber cladding and
air-voids between the fibers. Light from the astronomical object that is
not focused on a fiber core is not guided to the spectrograph. Therefore,
there is a need to increase the collection area of the hexabundle. This can
be achieved by reducing the fiber cladding thickness by chemical wet
etching or by fully fusing the fibers together. For astronomy applications
it is important that the transmission loss of the hexabundles is low. The
objects that are studied are often very faint, so the loss of photons should be
minimized. It is also important that the NAllaunched into the hexabundle is
not scattered to a higher WAl The spectrograph is build to match the [NAl of
the telescope, and a scattering to higher [NA] would therefore result in a loss
of photons. Furthermore, it is important that the light that is coupled into
a core does not couple into a neighboring core, i.e. the cross talk between
cores should be low.

7.1.2 Cladding etch of 7 port hexabundles

A study is made of the performance of the hexabundles, when the cladding is
reduced by etching. In the study, 7 fibers are used. A series of 5 hexabundles
are prepared, with the fibers etched to different cladding thicknesses
from 1-8 pm. Table [7.I] shows the end-facets of the fabricated hexabundles.
The left column shows the cladding thickness of the fibers. The right
column shows the minimum distance between two cores, i.e. the thickness
of the F-doped layer between two cores.

In order to measure the transmission loss, cross talk and [NAl up-
conversion of the individual ports of the hexabundle, the devices are tested
in a reverse configuration. This is due to the close packaging of the fibers
in the hexabundle, which makes it difficult to verify if light is only launched
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Table 7.1: Microscope images of lightly fused hexabundles with the fibers
etched to different cladding thicknesses. The left column shows the cladding
thickness, and the right column shows the minimum core-to-core barrier thick-
ness.

Etch High magnification Low magnification c-C
[pm] [pm]
1 1.7
2 2.9
4 5.5
6 8.1
8 11.5
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into a single port. In turn a light source is spliced to each of the individual
MMl fibers. The transmission and the backscattered power in the neighboring
port is measured. This is illustrated in Fig(a). The injected power is Py,
the transmitted power is Pr and the reflected signal power in a neighboring
fiber is Px. Denoting the cross-talk fraction by X and the Fresnell reflection
by R the cross-talk term can be expressed by the following:

Pyx = 2Pya’RX. (7.1)

Px Pr
X =10-log <2R042Po> ,  a= BO—R) (7.2)

Figure (b) shows the transmission and cross talk as a function of
core-to-core barrier thickness. The measurement is made with a 0.12 [NA]
light source at a wavelength of 1.53 um. The figure shows that a thinner
cladding guides weaker. As the cladding thickness decreases, more and more
light leaks into neighboring ports. This results in transmission losses and
cross-talk.

[NAl up-conversion for each of the 5 devices is also investigated. Fig-
ure [7.5((a) shows the far-field out of the hexabundles, when the light source
is spliced to one of the outer input ports. For reference, the far-field of the
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Figure 7.4: (a) Illustration of cross-talk. P, is the inserted power, Pr is the
transmitted signal and Py is the reflected signal in the neighboring fiber. (b)
Transmission and cross talk as a function of core-to-core barrier thickness. at
a wavelength of 1.53 pm.
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Figure 7.5: (a) Plot of far-field power as a function of divergence angle at a
wavelength of 1.53 ym. (b) Integrated power as a function of the [NAl

light source is shown (black line). Figure (b) shows a plot of the inte-
grated power as a function of the divergence angle or [NAl Such a plot is
often referred to as ”Power in the bucket”, and shows the fraction of power
that is within a given [NAl The figures show that for a decreasing cladding
thickness an increasing amount of light is scattered to very high divergence
angles. If the 95% level is used for determining the [NA] the two devices with
the thinnest cladding thickness have significantly increased NAk. The [NA] of
the remaining devices is very close to the input.

The data suggests that the losses, cross talk and [NA] up-conversion are
coupled to each other. The reason is that the light that is lost out of the
waveguides, as the cladding decreases, reaches the rough, etched surface of
the fibers. This scattering resuls in both [NAl up-conversion and coupling to
neighboring fibers.

7.1.3 Degree of fusing of the 7 port hexabundles

A similar investigation is made for the degree of fusing. Table shows the
end-facet of three different hexabundles. From left to right, the degree of
fusing is light, medium and high. For lightly fused hexabundles the fibers
maintain their circular shape. As the degree of fusing is increased the fibers
become more and more deformed. It turns out that the deformation of the
fibers, although it is done very slowly, causes a slight [NA] up-conversion. For
astronomy applications, the lightly fused bundles are therefore preferred.
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Table 7.2: Microscope images of lightly fused hexabundles with the fibers
etched to different cladding thicknesses.

Light Medium High

7.1.4 61 port hexabundle

With more fibers in the hexabundle a better resolution of the object is
achieved. Therefore, a 61 port hexabundle is explored. These devices are
fabricated by using what is learned from the 7 port hexabundles, i.e. they
are lightly fused and etched to a cladding thickness of 6 um. Figure
shows a microscope image of the end-facet of the 61 port hexabundle. The
devices have a transmission loss <0.1 dB, very little cross talk and no [NA|
up-scattering. The devices are currently being tested on the 3.9 m Anglo-
Australian Telescope in Australia [127].

Figure 7.6: Lightly fused 61 port hexabundle.
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7.2 Photonic lanterns

In the near infrared part of the spectrum from 1000 nm to 1800 nm, high
altitude hydroxyl in the Earth’s atmosphere radiates hundreds of extremely
bright, ultranarrow emission lines that completely dominate the spectral
background. In recent years [FBGk have been demonstrated that can reflect
the unwanted signal while allowing the desired signal to enter the spectro-
graph [128, [129]. These [FBGk only work in fibers, so in order to make
use of these gratings, a device that efficiently couples light from a large-core
MM fiber to an ensemble of fibers is needed. Such a device is called a
photonic lantern. A sketch of an optical system with two photonic lanterns
coupled back-to-back and gratings in the fiber ports is shown in Fig.
The input photonic lantern splits light from a [MM]fiber core to an ensemble
of BMl fibers. Gratings in the [SMIfibers filter out unwanted emission lines and
the output photonic lantern combines the light back into a [MM] fiber core.

Another promising instrument enabled by the photonic lantern is the
photonic integrated multi-mode microspectrograph (PIMMS) [130), 131]. In
this case the photonic lantern delivers a input for an arrayed waveguide
grating that disperses the light. This concept potentially enables fabrication
of compact and cheap spectrographs.

The principle of the photonic lantern was first demonstrated in 2005
by Leon-Saval et al. [42]. In this work, a special ferrule with air voids to
obtain a transition from 19 fibers to a MM fiber was used. The
fiber was defined by a silica core surrounded by air and suspended by thin
silica bridges. Hereafter, low-loss photonic lanterns with 7, 19 and 61
ports have been demonstrated by the use of an F-doped layer in stead of a
photonic crystal fiber (PCH) cladding [132HI34].
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Figure 7.7: Schematic illustration of an optical system with two photonic
lanterns in a back-to-back configuration and [FBGk in each of the SM] fiber ports.
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Recently, two new approaches have been demonstrated that enable the
fabrication of compact photonic lanterns. The first is by surrounding a
multi-core fiber with a low refractive index tube, fusing the two together
and tapering them down to form a [MM] fiber [I35]. The advantage of this
approach is that the can be inscribed simultaneously in the multi-core
fiber, as opposed to inscribing gratings in a large number of individual SM
fibers. The second approach is by direct inscription of the photonic lanterns
in integrated waveguides with ultrafast lasers [136 [137].

This chapter describes the 7, 19 and 61 port photonic lanterns based on
the F-doped cladding approach.

7.2.1 Photonic lantern fabrication

Figure[7.§ shows an illustration of a photonic lantern. A number of SMifibers
are inserted into a low refractive index capillary tube. The fiber filled capil-
lary tube is fused into a solid glass element and tapered to a waveguide.
The core of the waveguide consists of the tapered fibers and the cladding
is formed by the surrounding low-index capillary tube. A fabrication tech-
nique much similar to what is used for making 1x7 fused couplers [138].
Due to the gradual change from MM waveguide to SM] fiber ensemble,
a low-loss coupling of light from to and from to MMl can be
achieved. A low-loss coupling from the [MM] fiber into the fiber ensemble
may only be achieved if the number of degrees of freedom in the SM] fiber

Single-mode fibers
Taper section

Multi-mode fiber

Low index tube

Figure 7.8: Schematic illustration of the photonic lantern.
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ensemble is equal to or higher than in the MM waveguide [139]. Therefore,
efficient coupling or transformation of modes from the [MM] waveguide to the
fiber ensemble is possible, when the number of excited modes in the
waveguide is less than or equal to the number of ports. The principle is
illustrated for a two port photonic lantern in Fig. In the top part of the
figure the two waveguides are decoupled and light will propagate in the
fundamental mode. In the middle part of the figure the structure is tapered
and the diameter of the cores will decrease. The fundamental mode spreads
out and coupling occurs between the two neighboring cores. This coupling
results in two supermodes. In the bottom part of the figure the structure
is tapered to a [MM] waveguide, where the original Ml cores are no longer
important for the guiding. In stead the two supermodes have evolved into
the two lowest order modes of the [MM waveguide. Coupling through the
structure can occur both ways, as long as only the two lowest order modes
are excited in the [MM waveguide.

In order to excite the correct number of modes in the MM tip of the
photonic lanterns, light needs to be coupled into the device with the correct
[NAlL For a step-index fiber, the number of modes M in one polarization
orientation is given by Eq. Inserting the definition of the V parameter
in this equation, an approximate expression for the[NA] of the first M number

Figure 7.9: Schematic illustration of the mode coupling in the photonic
lantern. The top shows the decoupled individual waveguides. The bottom
shows the [MM] waveguide.
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of modes is found

NA~ VM (7.3)

ma

where A is the free space optical wavelength and a is the core radius of the
waveguide. Equation|7.3|can both be used to determine the optimum launch
conditions into the [MM] tip of the photonic lanterns, and to check if the fiber
bundle is tapered adiabatically. This is done by launching light into the
fibers of a photonic lantern with X ports and measuring the [NA] of the
light out of the MMItip. If the tapering is adiabatic, only the X lowest order
modes are excited and the [NA] should therefore agree with Eq. [7.3]

7.2.2 7 port photonic lantern

A feasibility study of a 7 port photonic lantern is carried out. The device is
fabricated with OFS Clearlite fibers [140]. The fibers have an outer diameter
of 80 pm, a mode field diameter (MED]) of 7.5 ym, and a higher order mode
(HOM) cut-off wavelength of ~1500 nm. A bundle of 7 fibers is inserted
into a low-index glass capillary tube. The fiber filled capillary tube is fused
and tapered down by a factor of 4 into a solid glass element. Figure
shows microscope pictures of the bundle cross section at different positions
along the taper. The tapering of the fiber bundle is done over a length of

(b)

Figure 7.10: Microscope cross sectional images of the 7 port photonic lantern
at different positions along the taper. Image (a) is obtained 5 mm into the
taper, (b) is obtained 20 mm into the taper, and (c) shows the end-facet of
the photonic lantern. The original BMI fibers are identified in the fiber and
marked as seen in (c).
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40 mm. By adjusting the filament power during the taper, the point at which
the fiber bundle fully collapses is controlled. In Fig. [7.10[(a) the fibers are
lightly stitched together and in Fig. m(c) the fibers are completely fused
together to form the core of the [MM]fiber. Since the [TOM cut-off wavelength
is ~1500 nm, the V parameter at this wavelength will be ~2.4. This means
that for a taper ratio of 4, the V parameter of the tapered fibers at a
wavelength of 1500 nm is less than 1. Therefore, the will be much
larger than the diameter of the fiber core and light will leak from the SM]
cores into the fiber [46].

Mode simulation of the 7 port photonic lantern

A simulation of the mode evolution in the fabricated 7 port photonic lantern
is performed by Leon-Saval et. al [139) 141), 142]. Figure shows the
effective refractive index of the modes (n.rf) as a function of the outer
diameter of the 7 port photonic lantern. Counting both polarizations the
14 core modes are degenerate at large diameters. At smaller diameters
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Figure 7.11: Evolution of the effective refractive index (n.s¢) of the modes
throughout the tapered transition of the 7 port photonic lantern. The red
horizontal dashed lines indicate the core and cladding index of the final [MM]
core. The vertical dashed line indicates the 110 pm outer diameter of the [MM]
tip of the fabricated photonic lantern. [139].
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Table 7.3: Details of the modes supported by the 110 um outer diameter 7
port photonic lantern [139].

Scalar mode Vector mode Degeneracy Neff Near field

LPy; HE; 2 1.44398
HE9;

LPy; TEo; 4 1.44381
TMOl

LPy; gg; 4 1.44361

LPgs HEq 2 1.44356

LPs1a* EHy; 2 1.44343

Originally cladding modes

LPsp* HE,, 2 1.44324
HEg9

LP1s TEqy 4 1.44314
TMo2

*The LP3; is four-fold degenerate for circularly symmetric structures. In this
case the symmetry of the waveguide results in two distinct tow-fold degenerate
modes.
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they become non-degenerate and fill the range of effective refractive index
available in the MM waveguide. Figure|7.3|shows the details of the modes for
an outer diamter of 110 pm, which is the diameter where the taper transition
is stopped for the 7 port photonic lantern.

Modes in the MM section of the 7 port photonic lantern

In the tapered end the original cores no longer act as individual waveg-
uides. Figure shows near-field images of the [MM waveguide at wave-
lengths from 1060 nm to 1600 nm. In the images light is coupled into the
device through a single input port. At a wavelength of 1060 nm, the mode
is confined to the cores of the original fibers. At longer wavelengths, the
original cores no longer confine the mode, and the light is smeared out over
the entire core of the MM waveguide. A tendency for the light to have the
highest intensity around the original cores can still be observed.

The near-field images indicate that a set of super-modes are excited.
Modes that are shown in Table [7.3] By gradually tuning the laser wave-
length, while keeping the device mechanically fixed, the shape of the near-
field undergoes gradual changes. This is because the effective index of the

(e) () (8)

Figure 7.12: Near-field images of the [MM waveguide at wavelengths from
1060 nm to 1600 nm.
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different guided modes is wavelength dependent. A change in wavelength
modifies the interference between the modes, thus altering the distribution
of power in each mode.

SM to MM transmission efficiency of the 7 port photonic lantern

In order to characterize the transmission efficiency of the device, the loss
is measured for light undergoing the transition from a fiber to the
waveguide. The setup used for this measurement is shown in Fig. 7
FC/PC connectorized SMF-28 patch cords, with a known loss, are spliced to
each of the 7 input fibers. The transmission loss is measured by sending 1558
nm laser light into one SMI fiber at the time and measuring the transmitted
power out of the waveguide with an integrating sphere. In Fig. [7.10{c)
the numbering of the ports is shown and Table shows the losses of the
device for each of the 7 ports. In the table, the coupling loss from the laser
to the input port (typically 0.15 dB) and splice loss from SMF-28 to 80 pm
fibers (0.1 dB) are not included. The average to loss of the device
is 0.24 dB, corresponding to 95% transmission efficiency. The result shows
that the fabricated device can indeed be used to combine light from the [SM
fibers into a [MM] fiber with a low transmission loss. A low transmission loss
when going from to [MM] can be expected, since the degrees of freedom in
the [MMI fiber are higher than in the fiber ensemble.

FC/PC connectors
Integrating sphere

-V
=l

Fused and tapered fibre bundle

Figure 7.13: Illustration of setup used to measure SM to [MM] loss.
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Input port | SM to MM
number loss [dB]
1 0.19
2 0.29
3 0.36
4 0.24
5 0.13
6 0.18
7 0.28

Average 0.24

Table 7.4: Measured transmission loss from to MM

MM to SM transmission efficiency of the 7 port photonic lantern

In real applications, astro-light will be coupled into the end of the pho-
tonic lantern. In order to achieve an efficient [MM] to [SMl coupling, it is critical
to optimize the coupling optics to match both spot size and NAl This will
ensure that light is coupled into the lowest order transverse modes and that
the number of excited modes not exceeds the number of Ml fibers. A method
of ensuring a correct number of excited modes is by coupling two devices
back-to-back, i.e. using the MM output from one photonic lantern to couple
into the MMl end of another. In this configuration, the input BM] to MMl device
ensures that ~7 transverse modes are excited, which means that an optimal
coupling into the photonic lantern is achieved. This is opposed to using a
lens, where it will be difficult to verify the exact number of excited modes.

The setup for measuring the BM through [MM] to M loss is shown in
Fig. Light is coupled between the two photonic lanterns by splic-
ing the [MM] sections together. At the output, all 7 fibers are cleaved and
mounted side-by-side using double adhesive tape. A 2 cm stripped length
was left on all fibers and a drop of high-index liquid was applied to remove
cladding light. Adding the high-index liquid changed the measured power
less than 0.01 dB, showing that all light is in fact guided in the cores. An
integrating sphere is used to measure the total power transmitted through
the 7 output fibers. Light from a 1558 nm laser is coupled to one input port
at the time, and the combined light out of the 7 ports of the device to
the right is measured. The transmission losses are shown in Table The
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Figure 7.14: Illustration of setup for measuring the through MM to SM

loss.

losses in the table include transmission losses through both devices as well
as splice loss between the two [MM] sections. Coupling loss from the laser to
the input port (typically 0.15 dB) and splice loss from the SMF-28 to 80 pm
fiber (0.1 dB) are not included. The numbering of the input ports follows

the numbering shown in Fig. [7.10]c).

Table shows that the transmission loss through the two devices is low.
The average loss for light undergoing the transition from waveguide to
MM waveguide and back into waveguides is 0.56 dB. Of this loss, 0.24 dB
originates from the SM to [MM transition shown in Table[7.4] Therefore, the

Input port
number

SM-MM-SM
loss [dB]

1

0.91

0.52

0.52

0.69

0.24

O O = | W N

0.52

7

0.49

Average

0.56

Table 7.5: Measured transmission loss from SMl through to BMI fibers.
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average transmission loss from [MM] fiber to the fiber ensemble is only
0.32 dB, corresponding to a transmission of the photonic lantern of 93%.
This shows that it is indeed possible to make a low loss transition from a
[MM] fiber to a number of BM] fibers.

7.2.3 61 port photonic lantern

A 7 port photonic lantern can only convert 7 modes from the [MM] fiber into
the fiber ensemble. This means that only low [NA] light can be coupled
into the device, making them difficult to use in practice. Therefore, a 61
port photonic lantern was investigated. This photonic lantern is fabricated
with the more standard SMF-28 fibers manufactured by Corning, USA [143].
The diameter of the core, cladding and coating of the fiber is 8.2 pm, 125 um
and 250 um, respectively. The fibers are single-mode for wavelengths longer
than 1260 nm.

The 61 port photonic lanterns are fabricated by inserting the fibers into
a low refractive index glass capillary tube, and tapering by a factor of 10
over a length of 100 mm. The thin end acts as a waveguide with a
core consisting of the 61 fused fibers and a cladding formed by the low
refractive index glass capillary tube. By adjusting the filament power during
the taper, the point at which the fiber bundle fully collapses is controlled.
Figure shows microscope pictures of the bundle cross section at different
positions along the taper. In Fig. [7.15(a) the fibers are lightly stitched

(c)

Figure 7.15: Microscope images of the cross section of the 61 port photonic
lantern through the taper. From left to right the outer diameter of the low-
index tube is 1025 pm, 840 pm, and 125 pum, respectively. The [MM tip of the
photonic lantern is seen in (c).
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together and in Fig. b) the interstitial holes between the fibers begin to
close. Figure (C) shows the fully fused [MM] tip of the photonic lantern.
The core diameter of the [MM waveguide is 100 gm and the outer diameter
of the tip is 125 pm. Two photonic lanterns (#1 and #2) are fabricated,
such that [MM] to to [MM] characterization can be performed.

TheSMl to transmission loss of the two photonic lanterns is measured
for 10 randomly chosen fibers. Incoherent light from an amplified spon-
taneous emission ([ASE]) source centered at 1530 nm and with a 10 dB width
of 40 nm is coupled into the fiber under test and the transmitted power
out of the MM end of the photonic lantern is measured with an integrating
sphere. The average [SM]to [MM] transmission loss of the two photonic lanterns
was measured to be 0.01 dB for device #1 and 0.03 dB for device #2.

The far-field out of the end of the two devices is also measured.
10 measurements are made with light coupled into 10 randomly chosen [SM]
ports one at the time. The average [NA] filling out of the [MMl end of the
photonic lanterns corresponds to 95% of the light having an [NA] below 0.10
for device #1 and 0.11 for device #2. From Eq. it is calculated that the
61 lowest order modes have an [NAl of ~0.076. A core diameter of 100 pm
and a wavelength of 1.53 pum is used in the calculation. The measured [NAlis
slightly higher than the theoretical value, but close enough to confirm that
only little scattering occurs to higher [NAk.

To imitate the astronomy application, the two fabricated photonic
lanterns are spliced back-to-back. The two sets of 61 [SM] fibers are spliced
together in a random order as illustrated in Fig. [7.16{a). With this system
the [MMI to EM to [MM] transmission loss is measured.

The coupling conditions, i.e. spot size and [NA] of the light coupled into
device #1 needs to be carefully controlled, such that no more than 61 modes
in the [MM] photonic lantern tip are excited. This achieved with a 95 ym core
MM launch fiber. The[NAlfilling of the launch fiber is tailored by a fiber taper
section inserted between the light source and the launch fiber. The measured
integrated far-field out of the MM launch fiber is shown in Fig.|7.16{(b) as the
solid blue line. This [NAl filling corresponds to 95% of the light having an [NA]
below 0.090, matching that of the photonic lanterns. Launching of light into
the tip of device #1 is done by aligning with the MM launch fiber on
an XYZ-stage. The transmitted power out of device #2 is measured using
a power meter. The total MMHSMHMM] transmission loss is measured to be
0.76 dB corresponding to a transmission of 84%. The resulting integrated
far-field measured at the output of device #2 is shown in Fig. [7.16|(b) as the
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Figure 7.16: (a) Schematic illustration of the setup used to characterize
two photonic lanterns coupled back-to-back. (b) Measured integrated far-field
coupled into device #1 (solid blue line) and resulting far-field out of device #2
(dashed red line).

dashed line. The [NA] filling corresponds to 95% of the light having an [NA]
lower than 0.095, and is in agreement with the average [NAl measured over 10
randomly chosen ports within measurement uncertainty. Figure (b)
shows that the shape of the integrated far-fields are not identical, which
suggests that the power in each mode (modal power distribution) of the
input and output are not the same. This is expected, since the fibers of
the two devices are spliced together randomly.
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7.2.4 19 port photonic lantern with multi-mode delivery
fiber

A high port count of 61 fibers, means that 61 identical [FBGk need to
be written in each of the fibers. Due to the high cost of these gratings
a compromise between high throughput and cost needs to be made. The
compromise ended up beeing 19 port photonic lanterns. These photonic
lanterns also feature a delivery fiber spliced to the tapered tip of the
fiber bundle. Figure shows an illustration of the fabricated photonic
lantern.

The purpose of the delivery fiber is in one end to guide the star light
from the focal plane of the telescope to the photonic lantern and in the other
end to guide the light from the photonic lantern to the spectrograph. This
allows for a more robust system, where the photonic lanterns can be packaged
and isolated away from the optomechanical interfaces of the telescope and
the spectrograph. Crucially, this allows the telescope delivery fibers to be
optically interfaced to micro-optics placed at the telescope focal plane, and
allows the spectrograph delivery fibers to be installed in close-contact in a
V-groove array that forms the spectrograph slit.

The 19 port photonic lantern is also fabricated with SMF-28 fibers. For
this device, the fiber bundle is tapered by a factor of 11 in diameter over a
length of 60 mm. This results in a 50 um core MM waveguide. Figure (a)
shows the tip of the fused tapered fiber bundle. The bundle tip is spliced

Single-mode fibers

Delivery fiber Taper section

Figure 7.17: Schematic illustration of the photonic lantern. The right hand
side shows the fused and tapered fiber bundle and the left hand side shows
the [MMI fiber spliced to the tapered tip.
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(a) (b)

Figure 7.18: Microscope image of the cross section of the tapered tip of
the photonic lantern. (b) Splice between the tapered [MM tip of the photonic
lantern (right side) and the 50 ym core [MMI fiber.

to a step-index [MM] fiber with a core diameter of 50 pym and an [NA] of 0.22
(Fiberguide Industries, USA [144]). A 5 m long length of [MM] fiber is used,
ensuring that the fiber can reach the focal plane feed-optics of a telescope.
Figure [7.18|(b) shows an image of the splice.

At a wavelength of 1.53 pm and for a core diameter of 50 pm, the 19 low-
est order modes have an [NA] of ~0.085. The core diameter and [NAl are chosen
to sufficiently sample the seeing-limited telescope point-spread-function for
the 4 m diameter Anglo-Australian Telescope [145].

MM to SM transmission efficiency of the 19 port photonic lantern

Three photonic lanterns were fabricated. Incoherent light from an[ASElsource
centered at 1530 nm and with a 10 dB width of 40 nm is in turn spliced
to each of the fiber ports of the photonic lanterns. The to
transmission loss and the[NAlof the light out of the MMl fiber is then measured
for each port. The transmitted loss is measured with an integrating sphere
and the[NAlis measured by scanning the far-field. Table[7.6]shows the average
measured loss and [NA] and the highest measured value for a single port in
brackets.

Low loss from to [MM] is measured for all three fabricated devices.
This is expected, since the degrees of freedom in the [MM] fiber are higher
than in the SM fiber ensemble. The output [NAl matches well to the calculated
[NA] of exciting the 19 lowest order modes.
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Table 7.6: Average SM] to transmission loss and average [NA]l of the light
out of the MMl delivery fiber. The values in brackets show the highest measured
value for a single port.

Device #1 | Device #2 | Device #3
SM to MM 0.18 0.16 0.05
loss [dB] (0.36) (0.27) (0.07)
NA 95% 0.097 0.107 0.095
power limit (0.108) (0.114) (0.109)

MM to SM to MM transmission efficiency of the 19 port photonic
lantern

Three devices are fabricated such that two devices #1 and #2 can be spliced
back-to-back. Thereby, the [MM to to transmission loss of a system
with two photonic lanterns can be measured. Device #3 is used as an input
source for coupling light into the two devices. For such a system to work it
is important that the [NAl of the light is maintained through the 5 m long [MM]
delivery fiber of Device #1. [NAl up-conversion is due to mode coupling to
[MOMk of the optical fiber, and is caused by scattering or translation variance
of the fiber, i.e. micro bends, fiber imperfections or diameter fluctuations.
Coupling to modes higher than the 19 lowest order modes will result in a
loss in the photonic lantern.

In order to investigate that the [MM fiber preserves [NA] light from the
1530 nm [ASE source delivered in an SMF-28 fiber is coupled into the
fiber. The light coupled in has an [NA] of 0.106. Figure [7.19] shows the mea-
sured transmission loss and the [NAl out of the fiber at different coil diameter.
The figure shows that the [NA] is well preserved down to a coil diameter of
around 5 cm, where some of the high [NA] light is lost. Transmission loss
increases around a coil diameter of 7 cm.

The MM to BM] to [MM transmission loss of the photonic lanterns is mea-
sured by splicing the 19 fibers of device #1 randomly to the 19 [SMifibers
of device #2. The loss is measured by launching light with a 1530 nm [ASH
source into the MM fiber of device #1 and measuring the power out of the
fiber of device #2 with an integrating sphere. Figure (a) shows
the measured loss at different launch NAk. The different launch [NAk are
obtained by [NAl filtering of the light source using step-index fibers with dif-
ferent mode field diameters (square points) and with the photonic lantern
device #3 (circular points). From low to high the [NAl is obtained with the
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Figure 7.19: Transmission loss and dependence on the coiling diameter
of the 5 m long 50 pum core [MMI fiber.

following: 14 pm core fiber, 10 pm core fiber, low [NA] port of device #3
(NAE=0.087), high port of device #3 (NA=0.092), SMF-28 fiber, HI1060
fiber and UHNAA4 fiber. A loss below 1.1 dB is measured, when the launched
N4l is below 0.092.

The transmission loss of the two photonic lanterns in the back-to-back
configuration is also characterized as a function of wavelength. This is done
with the low [NAl port of device #3 as input and replacing the power meter
with an optical spectrum analyzer and the [ASE source with a white light
source. Figure [7.20[b) shows the measured transmission (solid blue line).
The transmission measurement made with the [ASE] source is indicated by
the square and the cut-off wavelength for [HOMk is indicated by the green
dashed line. The transmission through the two devices is flat. A dip in
transmission is observed at a wavelength of 1385 nm, which is attributed to
the water absorption in the fibers.
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Figure 7.20: (a) [MM to to [MM] transmission loss through two photonic
lanterns spliced back-to-back (Device #1 and #2) as a function of launched
NA. The measurement is made with an [ASE source centered at 1530 nm. (b)
Spectral transmission through two photonic lanterns spliced back-to-back (solid
blue line). The transmission measured with a 1530 nm [ASE] source is indicated
by the red square. The dashed green line indicates the HOM cut-off wavelength
of the SMF-28 fibers.
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7.3 Summary of chapter [7]

This chapter describes two fused optical components that have applications
within astronomy. These components are a fused bundle of fibers or
"hexabundle”, and a [MM] to optical fiber splitter or ”photonic lantern”.
The hexabundles are used for measuring the spectrum of extended objects
such as galaxies or gas clouds, enabling a more detailed observation of these
large astronomical objects. The photonic lanterns are developed for trans-
forming starlight into an ensemble of M| fibers. This enables filtering
of the light using advanced [FBGk in the fibers. Both the 61 port hex-
abundles and the 19 port photonic lanterns are currently being tested on
the 3.9 m Anglo-Australian Telescope in Australia.



Chapter 8

Conclusion

Since the first demonstration of a photonic crystal fiber (PCE]) by Knight et
al. in 1996, there has been a high interest in further developing the fiber and
finding new application areas. Some of the promising types of PCE, that are
currently receiving the most attention, are the nonlinear [PCF and the rare-
earth doped double-clad [PCE. The nonlinear [PCH s used for supercontinuum
generation. These white light sources are today finding more and more
applications within confocal microscopy, optical coherence tomography or
as general light sources in the lab. The rare-earth doped double-clad [PCFk
are implemented as gain medium for high-power fiber lasers. Fiber lasers
are interesting laser candidates for the material processing market, where
they are finding more and more applications. Superior index control, large
single-mode cores and pump cores without the need for low-index polymers,
are some of the reasons why the [PCH is interesting.

For the high-power fiber lasers based on the [PCH technology to really
become commercially successful, fully fused and monolithic fiber combiners
are necessary. These enable the fabrication of laser systems, where free-space
bulk optical coupling are not needed. Laser systems that make the [PCFl easy
to use, are robust and have a stable operation. Such combiners for [PCFk are
described in this thesis.

Some of the applications of the combiners are also addressed in this
thesis. These include the realization of high power fiber lasers. Both single-
mode (SM) fiber lasers and the combining of these into a multi-mode (MMI)
format are realized. High power strictly Ml fiber amplifier systems that rely
on the fabricated pump/signal combiners are also described. Finally, two
supercontinuum generation systems are described. In the first, the nonlinear
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[PCF] is pumped by a gain-switched fiber laser. In the second, the pump is a
low power pulsed seed laser that is amplified to high power in a [PCF] based
amplifier.

The first combiners for the [PCH technology described in this thesis, are
monolithic, all-fiber, tapered pump combiners. The combiners consist of
three main parts that are spliced together. These are a fused fiber bun-
dle, a tapered bridging fiber and an air-clad delivery fiber. These combin-
ers enable the fabrication of high-power fiber lasers. A 350 W fiber laser
which is made possible by the use of a 61x1 or 1x1 pump combiner is de-
scribed. Finally, supercontinuum generation with the air-clad fiber laser is
described. A novel concept of gain-switching the fiber laser is demonstrated,
that significantly broadens the supercontinuum generated spectra, compared
to a pure continuous wave (CWI) pumped system. In gain-switched opera-
tion a spectrum that spans from 500 nm to 2250 nm is achieved, when the
-10 dBm/nm power limit is used. The total average output power of 17 W.

An all-fiber 7x1 signal combiner for incoherent laser beam combining is
also described. The 7 input fibers are step-index single-clad fibers with a
core diameter of 17 yum. The output fiber is a[MMI fiber with a core diameter
of 100 pm. This signal combiner is not exclusively developed for the [PCH
technology. It can be used with any ytterbium-doped fiber laser, that can
be coupled into the input fibers of the combiner with a low loss. In fact
a demonstration is made with three standard double-clad fiber lasers from
Rofin. With these lasers a maximum combined CW output power of 2.5 kW
is reached. The M? value of the combined output is 6.5.

The main part of this Ph.D. project was to develop a monolithic
pump/signal combiner for air-clad [PCFs. Such a combiner with a 15 pm
mode field diameter (MFD]) polarization maintaining (PM]) M signal feed-
through is described in this thesis. The enabling concept is a method for
preserving the in fiber tapers. The concept is described for 6 pm
feed-through and a 15 pm MEDIPM] feed-through. The 15 pm feed-through is
demonstrated with both air-holes and F-doped rods as the second cladding.
With this concept 12 pm feed-through and 15 um feed-through combiners
are developed. The 15 pum feed-through combiners are developed in two ver-
sions; one based on air-holes and one based on F-doped rods as the second
cladding. The last of these are described in this thesis. They have an aver-
age pump and signal transmission loss of 0.13 dB and 0.52 dB, respectively.
The polarization extinction ratio (PER]) of the signal is >18 dB.

A fiber amplifier based on an active air-clad [PCH is described. This
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amplifier system is made possible by the developed pump/signal combiner.
In the system, the combiner is used in a backward pumped configuration.
The amplifier has a strictly SM signal output with an M? value <1.1. A
maximum average signal power of 17 W is reached when the system is seeded
by 10 ps pulses, with a repetition rate of 80 MHz. The slope efficiency of
the system is 53%.

Finally, supercontinuum generation with the air-clad fiber amplifier sys-
tem is described. A supercontinuum with a total power of 5 W that spans
from 470 nm and up to 2250 nm is generated. The spectrum is much broader
than what is achieved with the gain-switched fiber laser. This is due to the
higher peak-power of the amplifier system, which means that more visible
light is generated. The supercontinuum generated by the gain-switched fiber
laser does however have a higher average output power and a higher spectral
power density at infrared wavelengths.

Although the focus of this Ph.D. thesis is on the fabrication of fused com-
biners for high-power fiber lasers and amplifiers, fused optical components
with applications within astronomy are presented as well. These components
are a fused bundle of MM] fibers or hexabundle, and a [MM to optical fiber
splitter or photonic lantern. The hexabundles are used for measuring the
spectrum of extended objects such as galaxies or gas clouds, enabling a
more detailed observation of these large astronomical objects. The photonic
lanterns are developed for transforming [MMi starlight into an ensemble of SM]
fibers. This enables filtering of the light using advanced fiber Bragg grat-
ings (FBGE) in the fibers. Both of these devices are currently being tested
on the 3.9 m Anglo-Australian Telescope in Australia.

Summing up, it is the hope of the author that the results obtained in
this Ph.D. project can be used to further develop fused combiners for [PCFE,
and that these components will enable the fabrication of superior fiber laser
and amplifier systems. It is also the hope that the work will give inspi-
ration to research both at NKT Photonics and by external collaborators.
Research that explores the integration of standard polymer-clad combiners
with the [PCH technology, different pump/signal combiner concepts for [PCFk,
and combiners with even larger [MEFD| feed-through than what is presented
in this thesis. All in all, so that the full power of the active [PCEs can be
unleashed.






Appendix A

Formula derivations

A.1 Minimum single-mode fiber taper length for
a linear taper profile

For a linear taper profile, the taper slope (dr/dz) will be the same over
the entire taper. The maximum beat length Lp .., and the total taper
ratio (T'R) will therefore define the length of the taper (L) in order to be

adiabatic. The taper ratio is here defined as TR = %, where 71 and 79 is the

fiber core radius in the untapered and tapered end, respectively. Eq.
can be reduced to

dr T
i Al
2z~ Lp ( )
{3
TL— T2 72
< = A2
L — Lp ( )
N3
L>Lpt—"2 (A.3)
72
{3
L> (TR —1)LBmaax (A4)

In the right hand side of the above calculation, r is approximated by 7s.
This will give the largest value for the minimum taper length.
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A.2 Minimum multi-mode fiber taper length for a
linear taper profile

For a linear taper profile, the taper slope (dr/dz) will be the same over the
entire taper. The fiber core radius in the untapered and tapered end are rq
and 7o, respectively. The corresponding fiber core diameter is Dy and Ds.
Eq. can be reduced to

% <tan#,/2 (A.5)
4
B < tan 0./2 (A.6)
\
2(7“1 — 7’2)
>~ Z A.
~  tanb, (A7)
U
SDi—-Ds (A.8)

tan @,



List of Acronyms

TIR total internal reflection

PCF photonic crystal fiber

MOF microstructured optical fiber
MFD mode field diameter

MM multi-mode

SM single-mode

BPP beam parameter product

NA numerical aperture

PM polarization maintaining

PER polarization extinction ratio
TEC thermally expanded core
HOM higher order mode

SBS stimulated Brillouin scattering
SRS stimulated Raman scattering
CW continuous wave

SEM scanning electron microscope
LMA large mode area

MOPA master oscillator power amplifier
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FBG fiber Bragg grating

HR high reflector

OC output coupler

PIMMS photonic integrated multi-mode microspectrograph

ASE amplified spontaneous emission
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