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Introduction

Itis with great pleasure that we introduce this Proceedings volume filled with papers
from the 6th International Workshop on Specialty Optical Fibers and their
Applications (WSOF 2019). WSOF is a biennial technical workshop and exhibit
focused on advances and innovations in the field of specialty optical fibers and
their applications, following in the footsteps of the five previous workshops: Sao
Pedro, Brazil, 2008; Oaxaca, Mexico, 2010; Sigtuna, Sweden, 2013; Hong Kong,
China, 2015; and Limassol, Cyprus, 2017.

The papers contained herein represent the state-of-the-art in specialty optical
fibersincluding novel materials from which they are made and coated, their design
and modeling, their fabrication, and their performance in a variety of applications.
The committee members, sponsors, and authors hail from all over the world further
validating, as if there were questions, the global nature of this field. Academia,
governmental laboratories and industry — large and small — are presented as are
the most well-known and acclaimed names in our field as well as young students
just beginning their careers. These facts not only capture the diversity of workshops
like WSOF 2019, but also their value in creating a shared experience for all
interested in specialty fiber optics in a small and familiar setting that affords one-
on-one opportunities for technical discussions and fellowship.

We would be remiss in not gratefully acknowledging those who made this
Proceedings, and the Conference, possible. Financially, the sponsors noted above
were central to the success of WSOF 2019. Second, and no less central, were
Thomas (Wade) Hawkins, Courtney Kucera, and Lindsay Grieshop (Clemson
University), who provided invaluable logistical support.

John Ballato
Liang Dong
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Plenary Paper

Optical Fiber and Glasses (101)
Nicholas F. Borrelli*

CRDC, Sullivan Park, SP-FR Corning NY 14801 USA

Abstract

This presentation is essentially a retrospective of my 50 years of experience in the field of optical materials while
working at the Corning Incorporated Research Laboratory. This time period happened happily coincided with the
emergence of what could be termed the “optical revolution.” It began with the laser then the optical fiber and
subsequently to all the materials and devices that are related to the present ubiquitous optical network. A number of
the topics in addition to fibers will be briefly covered such as, photonic crystal fibers, nonlinear optical glass, quantum
dots and polarizing glasses.

| Background

My intitial research project at Corning dealt with glass lasers and not optical fiber which was then just in its beginning
stage. We were the 2" Lab (American Optical® was 1%) that demonstrated laser action with a Nd-doped glass rod
laser. My project was to interpret spectroscopic properties and in particular to uncover whether one could control the
radiative lifetime and gain corfficient with changes in the host glass composition. In simpler terms “were there better
glass hosts?” My eventual involvement with the optical wavguide project was not in the fabrication part but rather
looking at some of the unsual propagation properties that would ultimately be important e.g. polarization? and
nonlinear effects. This will be mentioned in subsequent sections.

Figure 1; one of the 1t Nd-doped glass lasers, circa 1964

Il Introduction

Many of us have lived through a period of time where arguably more technological advances have been achieved than
in any other comparable period in human history. The reasons are manifold and include the fact that the field of
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guantum-based solid-state physics formulated in the 20’s and 30’s matured in the 50’s, leading the way for people to
think about such things as a solid state diode and ultimately the transistor. There was also the continuation of the
technological impetus generated by WWII, things like radar and communication devices. A little later was what was
called the space age culminating in the moon landing. This effort led to the need for minaturation and ultimately to
integrated circuits and the personal computer. The emergence of optical waveguide fiber expanded the
communication bandwith by orders of magnitude, allowing comparably more information to be transmitted. Add up
all this and you have what | referred to as the optical age. Ironically we have moved back to the original AT&T Bell Labs
microwave scheme, albeit wireless rather than underground tubes; antennas rather than waveguides.

lll Fiber

The piecing together all these technological advances over the previous decades came the recognition that the
information bandwidth of copper wire was insufficient to carry the ever growing amount of telephonic and other
information. This need to increase the bandwidth, even before the invention of the Internet, was the genesis of the
optical age. The Bell system and others were well aware of this limitation. If you look at the articles in the Bell System
Technical Journal in the late 50’s you can see their plan was to put millimeter microwave waveguide tubes
underground. These would utilize reflective wall coatings, or periodic confocal dielectric lenses, or continous flowing
gas gradients. How fortunate that Maxwell’s equations are scalable so dielectric waveguide analysis was available® at
American Optical in 1961, even before decisions were made to jump to optical frequencies. At Standard Telephone
Laboratories (ITT), Kao indicated that optical fiber transmission was possible*, and the race began to make a single-
mode optical fiber with a loss of no more than 20dB/km (present fiber is 1/100%" of that number). STL later made some
loss measurements on bulk fused silica rods. At that time it was difficult to pull silica into fiber strands because the
required temperature to do so was much higher than that for softer compound glasses. The latter had been pulled
into high-loss short fibers and bundledfor imaging applications.

The British Post Office (telephone division) talked to Corning about the possibility of producing such a fiber. | will deal
with this effort in the next section. | must mention that the GE®, IBM®, and MIT” simultaneously created the first early
and equally indispensable parts of the optical network in their pioneering work on solid state semiconductor diode
lasers. Initially these doped GaAs diodes had high threshold currents, needed to be cooled, and had very short
lifetimes. These problems were solved after RCA® used liquid phase epitaxy in fabricating more complex structures,
along with work at the loffe-Physico-Technical Institute® and Bell Labs'®, to produce CW room temperature lasers that
could be current-modulated for sending signals. Semiconductor lasers and detectors were equally as challenging and
important as the low-loss fiber to emerging optical network. All these pieces had to come together for the success of
the effort.

Not too many years later a new field “photonics” came into being. This included devices to augment and expand the
fiber network. Elements now like semiconductor amplifiers, fiber lasers and amplifiers'!, fiber Bragg gratings*?, optical
switches, couplers, multiplexers and demultiplexers were all being conceived and developed. At one point in time
before the 2002 bubble there was talk of an “all optical network” that is, all the switching was to be done optically.
This engendered the use of nonlinear optics® and the application to use intensity to direct and couple light. These will
be discussed briefly as separate topics as well.

Il Optical Fiber

The challenge in the early 60’s was to develop a process to deliver a core/clad glass low-loss single mode fiber for
telecommunications. After a few failed attempts (that | will not go through) the Corning breakthrough was
announced!®. (The results were confirmed by measurements taken at STL and the BPO.) The fiber fabrication utilized a
process now called chemical vapor deposition (CVD) which was invented at Corning!> a number of years earlier to
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make high purity fused silica (see Figure 2a). The idea was to use pure gases like SiCl; and burn them in a gas/oxygen
flame to produce a pure silica “soot.” Initially this was by inside vapor deposition (IVD) within a silica tube that was
turning and locally heated on a special lathe. Later, to scale up production, outside vapor deposition (OVD) on a bait
rod was invented. In both cases the soot was subsequently consolidated at >1200C to form ultrapure silica. | should
add that STL and Bell Labs'® ultimately used a similar IVD process, while Nippon Telegraph and Telephonel” used OVD.

Figure 2a; copy from the original Hyde patent U.S. 741709 A (1942)*

Figure 2b; a CVD-produced soot blank before (left) and after its consolidation into a preform (right)

As mentioned above the Corning Lab was interested in making glass lasers using the CVD silica method by doping with
rare-earth ions. As luck would have it there was a project already underway using this process which was then
converted to making what would be the waveguide core rod. This effort was then converted to depositing in a
cylindrical manner and the low loss material/process was developed. The next challenge was what was to be the
dopant to increase the refractive index of the core. Initially titania was used, an oxide based on Corning’s experience
fabricating ultra-low-expansion bulk glass. But lower loss and higher strength fiber resulted from doping with
germania’®, a true glass former at all doping levels. The gas GeCls was mixed with SiCls to produce GeO, from a few
percent to 20%. In the OVD process the cladding was provided by the subsequent deposition of pure silica. The doping
level allowed the index difference to be controlled and hence the fiber NA, the mode diameter, the cutoff wavelength,
the group velocity dispersion (CVD, often specified as chromatic dispersion), nonlinear effects, etc. Higher doping also
increased the zero-dispersion wavelength'® towards the lower attenuation wavelengths that we will discuss later. The
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addition of F to the cladding decreased its refractive index, providing an additional degree of freedom in designing
index profiles, including use of a pure silica core. P in the core and B in the cladding were tried?° at the University of
Southampton (along with liquid-core fibers) but were not pursued industrially.

There are other very important aspects that were involved, for example, the actual turning of the consolidated blank
into fiber. Here Corning had at one time made thermometer tubing by a method called “redraw.”

Figure 3; a glass redraw apparatus

These were towers where the glass blank would be suspended and heated. Compared to earlier fibers produced with
compound glass for other applications, silica softened at much higher temperatures. Corning developed a new furnace
capable of melting silica to be pulled at a rate to produce the required fiber diameter. So, two of Corning’s capabilities
were already available to be utilized for this new application. There was one very important part of the process that is
hardly ever mentioned and yet without this process optical fiber would have never been realized. Glass fiber is very
fragile and would easily break from surface flaws. Corning invented a method to polymer coat the fiber on the draw,
thus allowing the fiber to be directly spun onto drums. The coated and cushioned fiber could later be put into cable
with minimal microbending loss due to rough surfaces.

lll Other Fibers, Properties/Devices
I1I-1 Fiber

Initially it was all about loss, as light absorption due to fiber impurities was continually reduced due to improved
manufacturing processes. The initial fibers operated in a low-loss 850nm region, where light sources and detectors
were readily available. Some multimode fibers for short distance, low bandwidth applications still do. But with the
desire to go longer distances between repeaters and at higher modulation speeds, lower attenuation and dispersion
were needed for single-mode fibers. Corning and other labs successfully reduced the OH ‘water’ absorption peaks
around 1150nm and 1400nm, thus opening the possibility of longer wavelengths. The initial commercial single-mode
fibers had a zero-dispersion wavelength around 1310nm, which conveniently was at an attenuation minimum. But
besides absorption, a component of total loss is Rayleigh scattering that is intrinsic to optical glass, including SiO, and
GeO,. The loss due to scattering decreases with increasing wavelength as A, prompting a move to operate in the
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1550nm region. (Beyond 1600nm, IR absorption and fiber bending loss became significant.) Semiconductor lasers and
photodetectors for the 1310nm and 1550nm regions were becoming available.

The shift of the zero-dispersion wavelength discussed earlier occurs because designing the refractive index profile,
step-index or otherwise, allows more or less of the light to travel in the cladding.’®?! This can move the zero-
dispersion wavelength to 1550nm, resulting in so-called dispersion-shifted fibers and dispersion-flattened fibers.
Operating near this wavelength was extremely important to allow for greater modulation speed and for nonlinear
optical phenomena such as degenerate four wave mixing and other parametric processes to occur.® An entire array of
fiber profile designs have been developed over the years to enhance and/or optimize propagation performance. There
was one report of a glass-ceramic fiber laser/amplifier.??

111-2 Gratings

It was found that one could induce a photorefractive effect in the Ge-based fiber by exposing a portion of the fiber to
intense deep UV light through a mask.?2 The mechanism involved the development of a strong UV absorption the
result of a Ge-based color center in the 200-250nm wavelength region. From dispersion an index change occurred in
the near IR (Kramers-Kronig). The magnitude of the induced refractive index change was sufficient to produce
diffraction gratings that could act as wavelength filters and couplers.

Interference pattern

M Induced An

AAz.hn Bragg grating,

reflection for \ ;
dictated by period.

Figure 4; schematic of fiber Bragg grating, how it is fabricated, and how it functions in the fiber

111-3 Photonic Crystal Fibers

A more recent variation of waveguiding structures is the photonic crystal fiber?>?4, These are fibers where the
confinement of light is conventionally described in terms of diffraction as opposed to refraction. Actually, this is an
artificial distinction because Maxwell’s equations make no such distinction. One can always talk about effective index
differences. The following set of diagrams?®> makes it clear how the waveguiding concept can be viewed as a localized
mode produced by a defect in an otherwise forbidden frequency gap. The representation in terms of a frequency vs.
wavevector (w vs. k) diagram is the same as one uses in electronic band structures since they are both dealing with
waves in nominally periodic lattices characterized by reciprocal space parameter “k” or "B". This is a spatial term in
the formulation represented by exp(ik.r). The almost complete analogy between electrons and photons should
come at no surprise, after all a wave is wave.

Referring to FIGURE 5; (a) refers to a diagram of a block of uniform glass. The shaded area represents where no
propagation can occur; the dividing line in the simplest case between air and glass is just a line with a slope of 1/n;.
Now in (b) one adds a region of a new glass with a higher index; the line with a slope of 1/n4. The region between the
two lines can now support a mode. This is your standard waveguide. If now you make a periodic “holey” region shown
in (c), one sees more structure. One is a forbidden gap above the light line due to interference phenomena and a
bending of what was the 1/n; line because the light can redistribute between the air holes and the glass as a function
of wavelength. If you add a defect to this structure you can again have a mode propagate in the forbidden energy gap,
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but it too has curvature which can produce interesting propagation properties. The last diagram (d) is the most
interesting where the defect is now a larger air hole. This leads to propagation above the light line; phase velocity is
larger than the speed of light (but the group velocity is not).

Figure 5; (a) and (b) depiction of conventional waveguide; (c), (d), photonic crystal depictions; upper holey structure,
middle holey structure with a defect, and lower where the defect is a “hole” and the guiding mode is above the light
line

iv Optically active glasses

Perhaps this is not the best choice of a heading title for the topic, but what really is meant in this context are glasses
that interact with light to produce a variety of useful optical phenomena. A limited representative list is the following;
optical nonlinearity, magneto-optics, polarizing behavior, photorefractive effect, and quantum dots in glass. These
diverse phenomena derive from a variety of different glass composition systems.
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iv-1 Nonlinear

This essentially reduces to the refractive being a function of the incident light intensity; n = ny + yI, y being the
nonlinear parameter in units of m?/W. The glasses exhibiting high nonlinearity invariably have a large linear index
because of the incorporation of highly polarizable ions such as Pb or 5.2527 The utilization of glasses and fibers made
therefrom are to produce parametric effects ranging from amplification to down conversion and in general generating
new frequencies from others.3

Figure 6: schematic of a nonlinear induced four wave mixing

The wave equation now has a nonlinear source term added to take in account interaction of the frequencies as
indicated in the wave equation written below.

2 2 pNL
VxVxE+i2a ZE: iﬂa P2
c” ot c ot

This term accounts for the mixing of the waves, such as the example w, = w; + w, — w, , and when the momentum

is conserved as ks = k; + k> - k3
iv-2 Quantum dots

Another nonlinear optical effect can be realized by “saturable absorption” which is optimally observed in glasses
containing quantum dots.?®32The splitting of the nominal band states into discrete atomic states by the ability to
produce particles in nanometer size. The required size is gauged by its relation to the Bohr radius. There are many
other systems reported in the literature including II-Vi, llI-V, and I-VIl where quantum confinement has been exhibited.
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Figure 7; position of the energy level splitting as a function of the dot size?
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The relation to optical applications is that the energy splitting is a good approximation to the ideal two-level system
where with sufficient intensity one can produce a large ground state to excited state population difference. This is also
referred to as induced transparency. Here the effective refractive index change is proportional to the difference in the
population in the ground and excited states, which is directly dependent on the intensity of light.

1
a= ay/(1 +E)
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Figure 8; example of saturable absorption, transmission vs. intensity for CdSe QD glass

Although attempts to make a quantum dot fiber were not successful in the PbSe system, a quantum dot strip (not
quite a fiber) has been made as shown in Figure 8.

Figure 9; Imm x 3mm strip of PbSe quantum dot glass
iv-4 Polarizer

The last example of a novel glass with useful optical application is light polarizing glass. This glass starts out as an Ag-
halide containing photochromic glass3® (glass that reversibly darkens in sunlight). Although the particle size of the
silver halide is not quantum dot size, the particles are small enough to render the glass transparent. This glass is
stretched at a temperature where the silver halide particle is a liquid droplet. The droplet elongates and is now highly
anisotropic in shape and highly birefringent. At this stage it is heated in a H, atmosphere that reduces the Ag-halide to
elongated Ag needles, yielding the dichroic property to a point of a 50dB contrast in the IR.3°
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Figure 10; SEM image of the resulting elongated particles
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Figure 11; extinction ratio in db vs. wavelength
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Plenary Paper

Defense applications of high power fiber lasers

Mr Mark Neice, Executive Director of the Directed Energy Professional Society (DEPS), former Director, High
Energy Laser Joint Technology Office

The US Department of Defense has embraced the emerging capabilities of fiber amplifiers into their
planning for technology demonstrations and experimentation campaigns. The Robust Electric Laser
Initiative (RELI) funded laser source technology development, involving both spectrally and coherently
combined fibers. The key to this was the development of single-mode, narrow linewidth amplifiers
operating at the kW-class level, leveraged off the growth of these amplifiers from the commercial market.

Directed energy (DE) weapons have long since been a staple across Federal Government Research &
Development institutions over the past decades, and due to technological maturation a number of military
DE programs are showing great promise. The current posture of DE weapons across the DoD has grown in
popularity over the recent years, and many strides have been made to integrate DE as a warfighting tool in
support of National security needs and the Warfighter.

DoD programs to be explored are the Army High Energy Laser Mobile Demonstrator (HEL MD), the Navy
Laser Weapon System demonstration (LaWS), the Marine Corp Compact Laser System experimentation
campaign, and the Air Force Counter UAS experimentation campaign. Each of these early technology
demonstrations has led to plans for extended experimentation campaigns to get user feedback on
integration of these new capabilities into today’s warfighting doctrine.

The High Energy Laser Joint Technology Office (HEL JTO) was established for the purpose of developing and
executing a comprehensive investment strategy for HEL science and technology by advocating HEL
development and transition, addressing joint technology requirements, stimulating inter-service research,
orchestrating a portfolio of R&D projects across government/industry/academia, establishing a community
of standards & tools, and educating the next generation of HEL technical, policy, and program leaders. The
HEL JTO was chartered to advocate, address, stimulate, orchestrate, establish and educate the
developmental and operational communities of the Department of Defense in High Energy Laser weapons.
This is accomplished by translating military capability gaps and requirements into technology programs
across industry, academia, and government agencies. These programs are chosen to advance the current
state of the art in HEL technology and fill technology gaps, thus providing broad capabilities that can be
transitioned into acquisition programs by the military services. Congressional language in the FY18 National
Defense Authorization Act re-designated the HEL JTO to the Directed Energy Joint Transition Office (DE JTO),
as multiple service programs moved into the technology demonstration phase.

The Directed Energy Professional Society (DEPS) was founded in 1999 to foster research, development and
transition of Directed Energy (DE) technology for national defense and civil applications through
professional communication and education. We are recognized as the premier organization for exchanging
information about and advocating research, development and application of Directed Energy, which
includes both high energy lasers (HEL) and high power microwaves (HPM). The Directed Energy Professional
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Society is incorporated as a nonprofit corporation in New Mexico, organized and operated exclusively for
charitable, scientific, and educational purposes.

DEPS offers graduate scholarships of up to $10,000 each, per student per academic school year. Over the
past five years, DEPS has awarded more than $500K to 48 students focusing their research in HEL, HPM, or
USPL technologies. The number of annual scholarship awards depends on available funding, which is
provided by grants from the Directed Energy Joint Transition Office (DE JTO) and the Office of Naval
Research (ONR.) The traditional academic disciplines involved in DE research include, but are not limited to,
physics, electrical engineering, chemistry, chemical engineering, materials sciences, optical sciences, optical
engineering, and aerospace engineering.

In 2013, DEPS published the Second Edition of the Introduction to High Power Fiber Lasers, authored by
Andrew Motes, Sami Shakir and Richard Berdine. This book provides a comprehensive review of current
high-power fiber laser (HPFL) technology, including the history of HPFLs to an introduction of the science
and engineering required for full HPFL systems, as well as the authors' predictions of future applications and
research directions. This second edition also contains information on recent research that achieved
increased output powers by increasing the power of individual beams and by combining multiple beams.
This book describes a rapidly developing field of laser technology, and fills the very important role of
providing students, researchers, and technology managers with valuable, timely, and unbiased information
on the subject.

Optical fibers are an important focus of the Defense HEL applications, leveraged by the commercial
development of high power (>1kW) fiber laser amplifiers with narrow linewidths suitable for beam
combination. Research into improved fiber amplifiers continues, for both commercial manufacturing and
defense applications.
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Plenary Paper

Bright Perspectives for Fluoride Glass Mid-Infrared Fiber Lasers

Réal Vallée
Center for Optics, Photonics and Lasers, Laval University, Quebec, G1V0OA6, Canada

Abstract
We present the most recent achievements in terms of spectral coverage and output power from both cw and pulsed mid-
IR fiber lasers with special emphasis on their basic components as well as their applications in various fields.

Keywords: fiber lasers, mid-IR coherent radiation, fiber components
*rvallee(@copl.ulaval.ca; phone 1 418 656-2698

I Introduction

Fiber lasers are featuring outstanding optical and mechanical properties, namely excellent beam quality, high optical
conversion efficiency, ruggedness/compactness and low maintenance. They are also well known for overcoming laser diodes
in terms of their brightness, which is key for several applications requiring high-intensity light-matter interactions.
Accordingly, silica based Yb*" fiber lasers emitting near 1 micron which are now producing several tens of kW with
diffraction-limited output have revolutionized the manufacturing sectors in relation to material welding, cutting, marking and
cleaning, namely in the automotive industry. More recently, lanthanide doped silica fiber lasers have also shown remarkable
performance in the so-called eye-safe region, namely at 1.5 microns (with Er*") or near 2.0 microns (with Ho*" or Tm3").
However, despite their outstanding performance, silica fiber lasers are restricted, due to their limited transmission properties,
to the electromagnetic spectral window spanning between 800 nm and 2200 nm.

Fluoride glass optical fibers have emerged over the last two decades as the most serious contender to address the
challenges related to the development of longer wavelength fiber lasers, more specifically between 2.7 and 4.0 pm. As low-
phonon energy glasses alleviating multi-phonon decay, both zirconium fluoride (ZrF4) and indium fluoride (InF3) single-
mode optical fibers are now available commercially with minimum losses of 10dB/km or less, with double-clad geometries
and with lanthanide concentrations approaching 10 mol%. Also, fluoride fiber optical components including Fiber Bragg
gratings or pump combiners are now also available thus allowing for the development of rugged monolithic Mid-IR fiber
lasers.

II Presentation overview

1. High power cw emission

Until recently, the general trend for the maximum output power from fiber lasers as a function of wavelength was following a
steady exponential decrease as shown on Figure 1 (dashed line). According to this trend, watt-level operation was only
achieved near 3 pum from Er’* doped ZrF, fibers. In fact, Er¥*/ZrF, fiber laser used to be the most mature one of the mid-IR
region. Over the last two years, developments involving both Ho*" and Dy** ions (along with Er**) have led to significant
improvements of mid-IR fiber lasers in terms of both their maximum c¢w output power and overall spectral coverage! (stars).
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Figure 1. Maximum cw output power from mid-IR fiber lasers as a function of wavelength.

Nowadays, watt-level operation is possible over almost the entire spectral region between 2.7 and 4.0 um and the recent
availability of low loss InF; fibers is holding promises of further improvements at longer wavelength. Fluoride glass optical
fibers have thus dissipated the general apprehension regarding their high power handling ability although a fiber tip photo-
degradation issue, especially in the neighborhood of the O-H resonance peak, was reported as a possible hurdle to their power
scaling.

2. Pulsed laser operation

Several mid-IR applications can not be addressed with cw FLs and are calling for their pulsed counterparts. Accordingly,
several pulsed regimes of operation of mid-IR FLs were recently investigated. Both Q-switched and gain-switched FLs were
demonstrated, leading to pulsed operation in the ns regime near both 3.0 and 3.5 um. Pulse energies approaching the 100 pJ
level with an average power exceeding 10 W were namely produced from a rugged monolithic cavity operating at 2825 nm?.
Pulse energies in excess of 100 pJ were also produced in the sub-nanosecond regime based on an Ho"*-doped fiber based
amplifier scheme. The femtosecond regime was also studied via a fiber based ring laser cavity relying on the nonlinear
polarization evolution mode-locked scheme and 207 fs pulses with 3.5 kW peak power near 2.8 um were produced®. Such
femtosecond FL was further used as a seed for an Er*-doped-fiber amplifier, resulting (via the soliton self-frequency shift
process) in a watt level femtosecond fiber source tunable from 2.8 to 3.6 um’.

IIT Conclusion

Significant progresses were recently reported for both cw and pulsed mid-IR fiber lasers so that these sources can now
address a growing number of applications that are specific to this spectral region. Further progress is also expected to occur
in the near future in terms of both average power scaling (up to 100W) and wavelength coverage (up to 4 um).
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Stimulated Raman scattering and transverse mode instability thresholds are currently limiting the maximum output power
of industrial fiber lasers around 1.5kW. To further power scale, the choice of Large-Mode-Area Yb-doped Double-clad
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I. Introduction

The industrial fiber laser market is imposing stringent requirements on the fiber cavity and fiber components to be
extremely cost-effective, manufacturable in high volume quantities and to operate reliably for extended lifetime. While
the cavity design is driven by cost effectiveness, the design of the fiber components is driving the maximum achievable
output power. To be cost-effective, single cavity fiber oscillator design are widely employed even though they are known
to be more sensitive to thermal load and limited in terms of stability and reliability at high power levels compared to
MOPA designs [1]. The highest volume of industrial fiber lasers routinely operates at 1 kW output power and 1.5 kW
lasers can be found. However, scaling the output power beyond 1.5 kW while meeting the requirements imposed by the
industrial fiber laser market is currently a challenge. Around 1.5 kW output power, either Stimulated Raman Scattering
(SRS) or Transverse Mode Instabilities (TMI) currently limit further power scaling.

The design of the laser cavity including the choice and design of the fiber components drive the SRS and TMI thresholds.
The choice and design of the Large-Mode-Area Yb-doped Double-clad Fiber (LMA-YDF) used in the cavity is the main
driver for SRS or TMI effects. After summarizing the current state-of-the art of industrial fiber lasers, fiber components
design available in high volumes to supply this market are reviewed. Then, we focus on the LMA-YDF and discuss how
both glass/composition and waveguide designs affect SRS and TMI thresholds by introducing power scaling coefficients.
In the last section, different examples of LMA-YDF designs available in high volume quantities and at cost-effective price
and their impact on maximum achievable output power are provided.

II. 1.5 kW industrial fiber laser landscape

Industrial fiber lasers emitting in the 1 um wavelength range routinely achieve output powers up to 1.5 kW. Various
designs of fiber laser engines can be found including amplifier and oscillators supported with different pumping
architectures. One of the most commonly manufactured design is comprised of a 915 nm bi-directionally pumped fiber
oscillator. A schematic is depicted in Figure 1 where the gain fiber is spliced between high and low reflector fiber Bragg
gratings which are designed in matched passive fiber to ensure efficient coupling of the laser emission and diffraction-
limited beam quality. Two pump fiber combiners deliver pump radiation and the laser radiation propagates through the
LR side.

Figure 1. Typical industrial fiber oscillator architecture including two pump fiber combiners, High Reflector (HR), a length of gain
fiber and Low Reflector (LR)

Sixth International Workshop on Specialty Optical Fibers and Their Applications (WSOF 2019),
edited by Liang Dong, John M. Ballato, Proc. of SPIE Vol. 11206, 1120605 - © 2019 SPIE
CCC code: 0277-786X/19/$21 - doi: 10.1117/12.2550151

Proc. of SPIE Vol. 11206 1120605-1



The main design constraint for industrial fiber lasers being cost, single-end pumped fiber oscillators are also very popular
as they require only one pump fiber combiner. The availability of pump modules at either 915nm and 976 nm wavelengths,
their brightness performances and cost play a significant role in designing the most cost-efficient systems. In addition, the
availability of LMA-YDF in high volume quantities drive the cavity design while the consistency of the fiber performances
drives the achievable laser output power. The LMA-YDF design currently used to achieve 1 kW output power comprises
a 14 pm diameter core, 0.08 NA and 250 pm diameter cladding and is designed to provide 0.8 dB/m cladding absorption
at 915 nm pump wavelength. The fiber is a so-called double-clad (DC) design since the glass cladding is surrounded by a
low index fluo-acrylate polymer layer with > 0.48 NA ensuring efficient confinement of the pump radiation. Single-end
pumped fiber oscillators at 915 nm wavelength using LMA-YDF-14/250 offer a very price and performance competitive
platform which contributes to drive the $/W target down.

On the other end, industrial fiber lasers delivering 1.5 kW are also available and typically use LMA-YDF a 20 pm
diameter core, 0.06 NA and 400 um diameter cladding designed to provide 0.4 dB/m cladding absorption at 915 nm pump
wavelength (LMA-YDF-20/400). As the output power target requirements increase beyond 1.5 kW, the selection of LMA-
YDF design becomes critical to overcome either SRS or TMI thresholds.

I11. Design considerations for power scaling > 1.5 kW

Several hero results have been demonstrated to date reporting multi-kW output power from single fiber oscillator cavity
designs [2]. However, availability of high performance and high volume fiber components and cost-effective
manufacturing of fiber oscillators able to consistently and reliably achieve > 1.5 kW output power remains a challenge.

1. Component availability

Availability and performances of both pump diode and pump fiber combiners are critical to support power scaling of
the growing industrial fiber laser market. In terms of pump diodes, competitive pricing (around or less than 1 $/W) and
performances are available for both 915 and 976 nm pumping wavelengths. Two standard geometries of pump delivery
fibers can be found using either a 135 um pure silica core diameter, 0.22 NA and 155 pum cladding diameter (MM-
S135/155) or a 200 pm pure silica core diameter, 0.22 NA and 220 pm cladding diameter (MM-S200/220). Table 1
summarizes diode pump modules availability for industrial applications. The output power delivered by a single diode
module has recently scaled up in favor of single-end pumped fiber oscillators which are more cost-effective and easier to
assemble.

Tablel. Fiber-coupled pump diode modules available

Fiber Pigtail A =915 nm A =976 nm
MM-S135/155 270 W 250 W
MM-S200/220 370 W 320 W

Pump fiber combiners manufactured with matched fibers to both the pump deliver fiber and the matched DC passive
fiber are available. Different designs can be found to support co, counter or bi-directional pumping of industrial fiber
lasers. Table 2 provides example of available pump fiber combiners.

Table2. Total available pump power for industrial applications using pump combiner matched to LMA-YDF-20/400

Input Fiber Combmf:r designs 915 nm pump power 976 nm pump power
available available available

7x1 3.7 kW bi-directional 3.5 kW bi-directional

MM-S135/155 19x1 5.1 kW end-pumped 4.7 kW end-pumped

MM-5200/220 7x1 5.1 kW bi-directional 4.4 kW bi-directional

Various combinations of pump architectures can be achieved with the current offering of pump diodes and pump fiber
combiners. It is up to the fiber laser manufacturer to come up with co, counter or bi-directionally pumped fiber oscillators
designs with the lowest cost, highest output power, best beam quality and best reliability.
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2. Guidelines to mitigate TMI and SRS

To ensure power scaling beyond 1.5 kW levels in single cavity fiber oscillators, it is critical to consider SRS and TMI
thresholds which both limit the maximum achievable output power [3,4]. While literature has been published to analytically
calculate SRS and TMI thresholds based on given system inputs, it remains challenging to generalize the use of those
models in industrial applications as some of the exact systems parameters are not known. Furthermore, fiber component
process capabilities and variations, which play a critical role in high volume manufacturing environments, are not often
well identified and difficult to account for in complex modeling exercises.

SRS and TMI thresholds are a strongly influenced by the laser cavity design and the individual fiber component designs.
The rest of this study is limited to LMA-YDF as it is well-known to be one of the major driver on SRS and TMI thresholds,
along with the laser cavity design. From a fiber component standpoint, it is critical to identify which parameter drives
either SRS and/or TMI thresholds in order to define a strategy towards power scaling beyond 1.5 kW. To do so, we
introduce coefficients which are function of the LMA-YDF design. The SRS coefficient, which depends on laser intensity
and fiber length is noted Csrs and is defined as a function of the output power of the industrial oscillator P, the cavity
effective length Legr and the LMA-YDF Mode-Field Diameter MFD.

PXLess
MFD?

On the other hand, the TMI coefficient which involves balancing between thermal load and cavity loss is labeled Crmi
and is defined as a function of the output power P, the laser optical efficiency 7, the cavity effective length Lef and the
cavity waveguide-driven loss aw.

1
Px (ﬁ -1)

Leffxaw

Csps x

Crmy x

Using the gain fiber design, it is particularity challenging to simultaneously mitigate SRS and TMI thresholds as both
are counter-acting. For a given fiber oscillator architecture operating at a given output power, it is possible to calculate
Csgrs and Crmr corresponding to the power at which SRS and TMI threshold are reached respectively. These values of Csgs
and Crmr can then be used as a guidelines to tune the cavity parameters in order to achieve higher power levels while
simultaneously mitigating SRS or TMI thresholds.

IV. Next Generation of DC Fibers

To mitigating SRS and TMI threshold beyond 1.5 kW the design of the gain fiber can be modified to tune MFD, Leg
and aw accordingly. However, to be efficient, the fiber design optimization exercise must take place while considering
pumping schemes which will also drive Lef and 1. All calculations and results discussed in this section assume a bi-
directionally-pumped single-cavity fiber oscillator.

1. Fiber design considerations for 915 & 976 nm pumping

This study starts from the widely used LMA-YDF-20/400 gain fiber with is designed with 17.5 pm MFD at the signal
wavelength 1060 nm, 0.4 dB/m cladding absorption at 915 nm pumping wavelength and a 976:915 absorption ratio around
4.3. The measured cladding absorption spectrum of LMA-YDF-20/400 is depicted in green in Figure 2(a). This fiber is
routinely used in bi-directionally pumped oscillators to emit 1.5 kW output power SRS and TMI-free. Based on the SRS
and TMI coefficients defined above, various approach can be taken to further scale the gain fiber to increase the achievable
output power beyond 1.5 kW.

One possible optimization of the fiber design is to scale the MFD of this fiber while maintaining its glass composition
characteristics. In practice one could use the same glass and simply change the core diameter target. Modifying the MFD
primarily affecst cladding absorption, Lefr and aw. Using the SRS and TMI coefficient, it is possible to predict would be
the maximum achievable output power as a function of the fiber MFD as depicted in Figure 2(b). The calculations are
performed at both pumping wavelength 915 nm and 976 nm which correspond to 0.4 dB/m and 1.7 dB/m cladding
absorption respectively (according to Figure 2(a)). Therefore, selecting different pumping wavelength has an impact on
Legrand 1. In Figure a(b), the green lines with circle and diamond markers represent the maximum achievable output power
with 915 nm and 976 nm pumping respectively. Note the filled markers indicate SRS-driven power limitation while empty
markers highlight TMI-driven power limitation. Increasing the fiber MFD from 17.5 pm to ~ 19 pm favors 915 nm
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wavelength pumping schemes allowing to power scale from 1.5 up to 1.8 kW until reaching the SRS threshold. In contrast,
increasing the MFD have a negative impact for 976 nm pumping schemes as the output power becomes TMI-limited above
1 to 1.2 kW due to unbalance between thermal load and cavity losses. On the other hand, scaling the MFD from 17.5 um
to ~ 15 um favors 976nm pumping schemes as 2.5 kW output power can be achieved before reaching the SRS threshold.

Figure 2. (a) Measured cladding absorption spectrum in LMA-YDF-20/400 targeting 0.4 dB/m (green) and 0.48 dB/m
(orange) cladding absorption at 915 nm wavelength. (b) Calculated output power achievable using either 915 nm or 976 nm pumping
wavelengths in a bi-directionally pumped fiber oscillator as a function of the MFD of the active fiber. The green and orange traces
correspond to 0.4 and 0.48 dB/m 915 nm cladding absorption respectively. Full and empty markers indicate SRS and TMI thresholds
respectively. The bleu marker illustrates a fine-tuned LMA-YDF design with 17.5 um MFD.

Another option to further optimize the fiber design is to increase the Yb doping concentration in the core order to
increase the cladding absorption to reduce Lefr at the expense of the thermal load. The orange trace in Figure 2(a) illustrates
the measure cladding absorption in LMA-YDF-20/400 with 20% higher doping concentration. The orange line in Figure
2(b) captures the calculation results at 915 nm pumping wavelength. Up to 2.3 kW output power can be achieved before
the SRS threshold is reached at the nominal 17 pm MFD. While the current LMA-YDF-20/400 gain fiber (0clad = 0.4 dB/m)
has enabled high volume manufacturing of industrial fiber lasers up to 1.5 kW output power, further scaling up to 2.3 kW
is achievable, with 915 nm pumping schemes, when using a fiber with higher doping concentration (e.g. dciag = 0.48 dB/m).

As a result, power scaling beyond 1.5 kW is achievable with LMA-YDF’s but it requires fine tailoring between the
pumping wavelength and the fiber design. In fact, > 2.5 kW can be achieved with 915 nm pumping by using either larger
MFD LMA-YDF or higher absorption fibers. Furthermore, our calculations predict that up to 3 kW can be achieved with
976 nm pumping in a single-cavity fiber oscillator design by further tuning the LMA-YDF (blue marker in Figure 2(b)).

2. High performance glass for improved reliability

In addition to support the power scaling initiatives the LMA-YDF along with all other fiber components in the laser
cavity must ensure performance reliability over time. For the gain fiber, it is critical to target a design with minimized
photodarkening which is well known to affect power scaling due to thermal load build-up over time leading to TMI
threshold [4]. PD is a common phenomenon observed in Yb-doped glass which scales with the dopant concentration and
results in color-center formation during laser operation. One approach to quantify PD in LMA-YDF is to measure the red-
light attenuation in the core of LMA-YDF while inverted at 50% as a function of pump exposure time [5]. This approach
enables fiber manufacturers to track PD as a function of glass composition and process improvements to minimize its
effects on high power operation. The correlation between measured PD values and the laser lifetime remains challenging
to establish as the design of the laser cavity and the components plays a major role in the laser lifetime performances.
Therefore, for a fixed architecture, LMA-YDF with lower PD will ensure longer lifetime even though the exact duration
cannot be estimated.

An example of PD performance comparison between LMA-YDF-20/400 designs is provided in Figure 3. All fibers
(except for the competitor) are developed at Coherent|Nufern. Efficient techniques to mitigate PD involve glass
composition optimization as well as glass manufacturing process improvements. Shown in Figure 3, the LMA-YDF-
20/400 GenVIII offers 4 times lower PD compared to one of the comparable competitor. Lower PD will result in extended
laser lifetime when operating at high powers. The effect of glass composition improvement can be seen in Figure 3 when
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comparing GenVIII to GenX traces in blue and orange respectively. The labels “GenVIII” and “GenX” refer to different
glass compositions. One can see that by optimizing the glass composition, the PD can be reduced from -5 dB/m to -1.5
dB/m which. In addition, the PD measured in GenX shows a stabilization after ~ 20 min of accelerating testing which
indicates that color center formation has reached a steady-state. Not only a LMA-YDF-20/400 GenX fiber is expected to
suffer significantly less power degradation over time than GenVII], it is also expected to extend the laser lifetime
significantly from the stabilization measured. The effect of higher Yb-doping concentration is illustrated in Figure 3
between the “GenX” and the “GenX-Hi” traces where PD increases from -1.5 dB/m to -3 dB/m for 20% higher
concentration.

Figure 3. Accelerated PD measured in various 20 pm core YDF with nominal cladding absorption of 0.4 dB/m at 915 nm GenVIII
and GenX correspond to two different Yb-doped glass compositions. GenX+ has 20% higher cladding absorption that GenX.

V. Summary & Outlook

Design guidelines used to tune LMA-YDF designs to power scale single-cavity fiber oscillators beyond 1.5 kW are
discussed. Efficient mitigation of both SRS and TMI thresholds is critical and can be done by carefully selecting the
design of the LMA-YDF. Furthermore, recent progress in reduction of PD supports power scaling initiatives by
extending the laser lifetime. While the LMA-YDF-20/400 design currently available enables fiber laser manufacturers to
achieve 1.5 kW output power with a wide range of pump architectures, further scaling of the output power requires
carefully tuned LMA-YDF designs to the pumping wavelength.
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Abstract

We present current and near-term applications of high-power fiber lasers and amplifiers for NASA science and spacecraft
applications. All previously flown missions are based on matured diode pumped solid-state laser transmitters. In recent years
we have been exploring the fiber-based transmitter technologies for remote sensing instruments with goals toward space
deployment. For instance, due to the spectroscopic nature of trace-gas lidar, and the wavelength region of interest, a fiber-
based laser transmitter with a tunable front end is a more appropriate choice. Fiber-based lasers offer a number of attractive
advantages for space but since they are relatively new, challenges exist in developing instruments based on them. Our current
fiber-based lasers and amplifiers portfolio include laser sounders and lidars for trace gas sensing, laser communications,
astrophysics, altimetry and other applications. We discuss recent experimental progress on these systems and instrument
prototypes for ongoing development efforts.
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I. Introduction

In the past 20+ years, NASA Goddard Space Flight Center (GSFC) has successfully developed and flown lidars for
mapping of Mars, Earth, Mercury and the Moon based on diode-pump solid state laser (DPSSL) technology.[1, 2] As laser and
electro-optics technologies continue to expand and mature, more sophisticated instruments that once were thought to be too
complicated for space are being considered and developed. Demands for wavelengths spanning from UV to mid-infrared
(MIR) to meet a broad range of science goals as well as continual development of instruments for smaller satellite platforms
are high and often cannot be easily met using traditional DPSSL. The flexibility, compactness and maturity of fiber based laser
architectures in meeting our diverse wavelength requirements and limited resources of small satellites are becoming more
important. In this paper, we present progress on several new, space-based laser instruments under development at NASA
GSFC. These include lidars for remote sensing of carbon dioxide and methane on Earth for carbon cycle and global climate
change; laser communications; gravitational waves detection based on laser ranging interferometers; new generation of multi-
wavelength altimetry and in situ laser instruments include potential use of ultra-short pulse generation for time-of-flight mass
spectrometer to study the diversity and structure of nonvolatile organics in solid samples on missions to outer planetary satellites
and small bodies.

We have successfully flown missions based on DPSSL for scientific measurements. These types of laser system designs
have space heritage, can be easily scaled for specific use and can be ruggedized for space deployment. At the same time as we
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develop DPSSL for space, we are also investing in fiber laser and amplifier technologies either through in-house development
efforts or through programs such as the Small Business Innovative Research (SBIR) and Small Business Technology Transfer
(STTR).[3] Fiber laser and amplifier systems have captured a large market share in recent years due to the ever increasing
demands on materials processing applications, which include automobile, shipbuilding, pipeline laying, construction,
electronics and aerospace. Fiber lasers and amplifiers have the potential for superior beam quality (TEMoo), high electrical-
to-optical efficiency (>30% wall-plug), lower maintenance, higher reliability, smaller footprint, ruggedness and easier
transportability when compared to traditional DPSSL systems. All these attributes are most relevant to NASA’s future
missions. Critical attributes that make fiber lasers and amplifiers attractive for future space-based applications include:

e low susceptibility to optical misalignment and contamination (fusion splices);

e strong leverage from the laser and telecommunications industries;

e high-reliability pump laser diodes with leverages from telecommunications industry;

e pump diodes are physically separated from active laser region allowing better thermal management
and distributed thermal load on gain fiber;

e availability of radiation-tolerant devices;

e tunable, diverse-wavelength reliable, low-cost, space-qualified single-frequency laser diode seed
sources available for Master Oscillator Power Amplifier architecture;

e scalable to very high powers with both single-device and multi-device architectures;

e cye-safe (wavelengths longer than retinal thermal damage) versions available;

e high wall-plug efficiency.

Although mJ level pulse energies have been reported in fiber lasers,[4] in general the pulsed fiber-laser/amplifier optical-
peak-power is much lower than what is available from bulk solid-state lasers and new and optimized system architectures and
measurement approaches are required to exploit and optimize the device capabilities. Rather than low-repetition-rate (1-100
Hz) high-peak-power systems, we are investigating high-repetition-rate modest peak-power instruments for new space
instrumentation. For some of the applications, especially for satellites orbiting planets that have atmosphere, backscattering
from the atmosphere may restrict the repetition rate of the laser transmitter due to range ambiguity. A new measuring scheme
is necessary to accommodate the use of fiber based transmitters that preferred high repetition rate operations.

Size, weight and power (SWaP) requirements are strong factors in determining the viability of a space-based instrument.
Although each application has numerous factors that influence technology decisions, when considering only the electrical
efficiency, the present fiber and pump diode technology favors the Yb-fiber-based laser transmitters. In addition, high
electrical-efficiency also means that fewer pump diodes are required for a given optical output power, allowing for higher
derating and improve reliability.

II. Fiber Laser Systems for Space Applications
1. Trace Gas Sensing
We are maturing the technology of a laser transmitter designed for use in atmospheric carbon dioxide remote-sensing. The
ultimate goal is to make space-based satellite measurements with global coverage. In this program we are working on a fiber-
based master oscillator power amplifier (MOPA) laser transmitter architecture. The seed laser is a wavelength-locked, single
frequency, externally modulated distributed Bragg reflector (DBR) operating at 1572 nm followed by Er-doped amplifiers. The
last amplifier stage is a polarization-maintaining, very-large-mode-area fiber with ~1,000 square microns effective area pumped
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by a Raman fiber laser. The optical output is single-frequency, one microsecond pulses with >450 pJ pulse energy, 7.5 kHz
repetition rate, single spatial mode, and > 20 dB polarization extinction. [5]

The global and regional quantification of methane fluxes and identification of its sources and sinks has been highlighted
as one of the goals of the 2017 Earth Science Decadal Survey. Detecting methane from space with an active (laser) remote
sensing instrument presents several unique technology and measurement challenges. The instrument must have a single
frequency, narrow-linewidth light source, and photon-sensitive detector at the right spectral region to make continuous
measurements from orbit, day and night, all seasons and at all latitudes. It must have a high signal to noise ratio and must be
relatively immune to biases from aerosol/cloud scattering, spectroscopic and meteorological data uncertainties, and instrument
systematic errors. The technology needed for a spaceborne mission is currently being developed by NASA and industry. At
GSFC, we have developed an airborne instrument to measure methane. Our instrument is a nadir-viewing lidar that uses
Integrated Path Differential Absorption (IPDA), to measure a methane vibration-rotational line near 1.65 um that is relatively
free of interferences from other trace gases. We sample the absorption line using multiple wavelengths from a narrow linewidth
laser source and a sensitive photodetector. This measurement approach provides maximum information content about the
vertical distribution of CH4, minimum bias, and sensitivity to atmospheric temperature uncertainty in XCHa4 retrieval. However,
technical and measurement challenges remain. We will review our progress to date and discuss the technology challenges,
options and tradeoffs to measure methane from space. [6]

2. Laser Communications

We have recently delivered the Laser Communication Relay Demonstration (LCRD) flight modem to the project for launch
in late 2020. The LCRD uses a telecommunication laser diode master oscillator seeding an Er-doped fiber amplifier. The
wavelength of the LCRD system is in the 1.55 um band. LCRD will fly two optical communications terminals on a
geosynchronous commercial communications satellite. Each LCRD space terminal consists of an optical module beam director,
controller electronics, and two separate modems 1) an LLCD modem for Pulse Position Modulation and a multi-rate
Differential Phase Shift Keying (DPSK) modem. There is also a controller / data processor between the two space terminals.
Each space terminal will be communicating bi-directionally with optical communications ground stations. [7, 8]

3. Astrophysics

We are developing a master oscillator power amplifier (MOPA) laser transmitter for the ESA-led Laser Interferometer
Space Antenna (LISA) mission.[9] Taking advantage of our space laser experience and the emerging telecom laser technology,
we are developing a full laser system for the LISA mission. Our research effort has included both master oscillator (MO) and
power amplifier (PA) developments, and their environmental testing and reliability for space flight. Our current baseline for
the MO is a low-mass, compact micro non-planar ring oscillator (m-NPRO) laser. The amplifier uses a robust mechanical
design based on optical fiber components. We have performed laser system noise tests by amplitude- and frequency-stabilizing
the PA output. We will describe our progress and plans to demonstrate a TRL 6 laser system, which is an essential step toward
qualifying lasers for space applications, by 2021. [10, 11]

4. Altimetry

We are developing a next generation space lidar system with low SWaP. The lidar transmitter is a single fiber laser with high
pulse rate, high peak and average fiber laser. The time interleaved fast wavelength tuning technology is deployed in this novel
design, which enables dynamic multiple ground track scanning for covering wide swath of target. A high efficiency fiber optical
amplifier with high peak and average power is a key component in lidar transmitter of this development. [12]
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5. Mass Spectroscopy

Planetary and small body lander missions continue to seek instrumentation that comprehensively characterize the
composition of the planetary surface and/or near-subsurface materials. Laser Mass Spectrometry (LMS), advanced at GSFC
over the years, is typically utilized to identify and characterize trace amounts of astrobiologically relevant organic content in
the acquired samples, however its ability to provide geological context by identifying the composition of the inorganic fraction
is generally limited. We are currently developing a femtosecond laser to advance the capabilities of laser mass spectrometers,
particularly for enhanced specificity to mineralogical rock composition and explore the potential of LMS for age dating rock
samples on future planetary science missions. Femtosecond (fs) lasers are rapidly becoming an alternative to nanosecond or
picosecond lasers for applications ranging from laser machining and surgeries to communications and material characterization.
They owe their rise to the limited thermal and mechanical energy deposition into the probed material, which results in more
precise material removal and reduced radiation damage. These characteristics make fs lasers particularly suitable for laser
desorption/ionization time-of-flight mass spectrometry (LDMS) [13] and laser ablation MS (LAMS), [14] since reduced
heating leads to reduced elemental fractionation and thus improved compositional accuracy, potentially enabling more accurate
age dating of samples than available to date. We are current developing a fs fiber laser transmitter that would meet the systems
requirements and with a path toward space deployment.

6. Satellite Servicing

NASA GSFC is supporting the development of an advanced 3-D imaging lidar system now baselined for NASA’s Restore-
L [15] project that will demonstrate an autonomous satellite-servicing capability. The 3-D imaging lidar, called the Kodiak
system - formerly known as the Goddard Reconfigurable Solid-state Scanning Lidar, or GRSSLi, will provide real-time images
and distance-ranging information during Restore-L. This project will demonstrate how a specially equipped robotic servicer
spacecraft can extend a satellite’s lifespan. [16]

II1. Conclusions

Fiber-based laser technologies are becoming more mature and appear to have a strong future for numerous NASA space-based
instrument applications. In spite of the numerous advantages of fiber-based laser transmitters there are still issues to be
resolved for some NASA applications. The principle issue for many of the high-peak-power transmitters, (in particular those
that require narrow bandwidth and in some cases single-frequency operation), are nonlinear effects. Continuing development
are necessary to take full advantage of fiber based laser and amplifier technologies.
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Abstract
We investigate various all-solid fiber designs featuring very large core-to-clad ratios and powder-sintering technology
for ultrashort pulse amplification up to 2MW peak power. Using short tapered amplifiers beam qualities of M°~1.5 and
better have been achieved.
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I Introduction

Fiber laser sources have revolutionized laser materials processing with combination of high power and excellent beam
quality and have recently become the dominant laser type in this market. Peak power scaling up the MW power level has
been first achieved using photonic crystal fibers about a decade ago'. However, practical aspects like bend sensitivity,
spliceability etc. have prevented a general acceptance of this technology. Tapered fiber amplifiers have also been
demonstrated®*, relying on the adiabatic evolution of the fundamental mode in a step-index fiber for good beam quality.
Alternative to these long draw-tower tapers, short adiabatic tapers allow separating the fiber drawing from tapering
process, offering more flexibility and showing great potential for high peak powers’.

On the other hand, the development of new fiber technology processes such as the powder-sintering (REPUSIL)® have
enabled the production of large volumes of very homogeneously doped core material, required for very large core step-
index fibers with undisturbed mode fields. Furthermore, the inclusion of Fluorine (F) doping in the REPUSIL process’
and its negative refractive index contribution offers great flexibility in the design of tailored refractive index profiles.

We report on the investigation of various such fiber designs for ultrashort pulse amplification with a special focus on
large core-to-clad ratios and refractive index control. To the best of our knowledge the peak power of 2 MW is the
highest achieved in tapered step-index fibers so far.

IT Fiber designs

For the amplification of ps pulses below the self-focusing limit, the threshold for stimulated Raman scattering (SRS) is
the most relevant nonlinear limit. Theoretically, the SRS threshold can be extended by scaling to larger mode fields and
larger pump absorption (and thus shorter effective fiber lengths). The latter can be achieved by a larger Yb,O;
concentration or higher core-to-clad diameter ratios (CCDR), both increasing the cladding absorption. Practically, both
strategies lead to an increase of the number of guided core modes and therefore make it more difficult to maintain single
transverse mode operation through adiabatic tapering.
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We have investigated several approaches to reduce the number of core modes by reducing the refractive index contrast
of the core vs. the inner cladding and thus the core numerical aperture (NA): by a classical pedestal design (Fig. 1a), a
fully doped inner cladding (Fig 1b), and most notably also a introduction of Fluorine (F) into the REPUSIL process to
reduce the core refractive index (Fig 1c) and contrasted the performance to a fiber with low Yb doping but similar core
NA (Fig. 1d).

As a second strategy, we have explored very large CCDR values to significantly increase the cladding absorption at the
pump wavelength. Typical double clad fibers have values of 1:20 to 1:10, while our fibers have values up to 1:3, which
have been rarely investigated so far.

Figure 1. Investigated fiber designs: a) classical pedestal design using Germanium, b) fully doped inner cladding using
Al-doped REPUSIL material, ¢) Fluorine-codoped core for refractive index reduction, d) low Yb,0O3 concentration (0.08
% molar).

III Results and Discussion

The various fibers discussed above have been tapered on the input side using a Vytran GPX-3200 and spliced directly
to the seed fiber. A typical taper length is about 5 c¢cm, while the active fiber lengths vary between 0.5m and 2m
depending mainly on cladding absorption. The amplification experiments were performed using a seed MOPA providing
30 to 60 ps pulses.

Figure 2 shows exemplary the amplifier results of a fiber with F-doped core/clad diameter of 41pm/179um (Fig. 1c).
The corresponding thicker fiber of this preform with a 52um core diameter exhibited up to 2MW peak power without
SRS. This is to the best of our knowledge the highest value directly obtained from a tapered step-index fiber. The beam
quality was slightly worse around M,=1.5, indicating that this new F-doped REPUSIL materials needs further refinement
of the doping process to access larger core diameters.

Overall, all of the fiber types of Fig. 1 were exhibiting beam qualities of better than 2, but only the fiber type 1b and 1d
with large CCDR were scaled in peak power above 1 MW. The various fiber designs will be compared in terms of their
technology and potential. Time permitting, a discussion of mode matching, diffusion effects and the adiabatic criteria will
be included.
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Figure 2. Slope efficiency and beam quality vs. peak power for a F-doped core fiber with 75 cm length.
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Abstract

We report on the successful fabrication of very low NA Yb doped preforms using a commercial vapor phase delivery
system using chelates precursors as rare earth sources. Two preforms with low NA~0.035 were drawn to 44 pm core step
index double clad PM fibers capable of operating with truly single mode regime when coiled to the proper diameter. In
addition careful optimization of the glass composition with an Al;PO4 glass matrix enables essentially photodarkening
free operation. Kilometer long uniform Yb doped PM PERFOS® fibers with mode field diameter and effective of 33 pum
and 880 pm? were successfully fabricated.
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I Introduction

The last decade has seen the rapid development of high peak power and high pulse fiber amplifier which has been
enabled by the development of large mode area (LMA) fiber amplifier architectures. This ever increasing quest for large
effective area is essentially driven by the necessity to mitigate the non-linear effects such as Four-Wave mixing (FWM),
Self-Phase modulation (SPM), and Stimulated Raman scattering, which all can lead to deleterious pulse amplification
distortion. On the other end, state-of-the art rare-earth (RE) doped conventional manufacturing process limitations, has
prevented the development of truly single mode RE doped fibers with core diameters greater than 15 um at 1 pmf!l,
Equally important is the need for offering high beam quality and excellent pointing stability. As the core diameter of
LMA fibers is increased to beyond approx. 15 um, manufacturing single-mode fibers becomes difficult with sufficient
yield due to the required index precision obtainable even with state-of-the-art rare-earth-doped core manufacturing
processes (+/-10-4). Consequently for the fabrication of larger SM cores numerous strategies have been applied to
circumvent this technological barrier, and to date LM A photonic crystal fibers are still the only commercial viable path to
reach large mode field diameters?l. But the complex designs of most of the fibers demonstrated come at the expense of
complex splicing and packaging solutions which often limit or preclude monolithic integration. Large coil diameter or
incompatibilities with fused-fiber components to name a few have forced laser developers to make trade-offs between
performance and practibility. Here we report on the successful fabrication of uniform long length of large core Ytterbium
doped low NA step index silica preforms with the use of a commercial RE based vapor phase delivery system. The
Ytterbium doped core glass matrix has been optimized to be at the same time low loss and photodarkening free while
maintaining the required low NA necessary to achieve single mode behavior with good beam quality. PM step index
double clad Ytterbium fibers were successfully drawn from the fabricated preforms showing minimal variation along the
fiber length (1.5 km), and more importantly comparison with a perfect step index fiber with an equivalent core diameter
show a minimal (~10%) reduction in effective area of the fabricated preform. Numerical simulations based on a
commercial full-vector finite-element based modal solver demonstrates optimal coiling diameter single mode operation is
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possible for bend diameter as low as 20 cm while maintaining minimal loss for the fundamental loss for 44 pm core PM
fibers with close to 900 um? effective are (Acf).

II Results

The major challenge in fabricating low NA RE doped preforms for VLMA fibers reside in the ability to obtain a “Defect
free” radial refractive index as any imperfection will result in significant degradation of beam quality and effective area
reductionl®l. Additionally in the case of Ytterbium doping to mitigate detrimental photodarkening effects and improve
fiber efficiency, large concentrations of Al,Os and/or P;Os are required™], which alongside the ytterbium doping raise the
core index difference well above the required NA. Fortunately, as demonstrated by DiGiovanni & al Bl Al,03/P>Os
equimolar codoping leads to a core where the Yb,O3 is essentially responsible for the index difference. To fabricate the
doped preforms we used two commercially available vapor delivery systems, a SG Controls System for the high pressure
vapor halide precursors and a Lumentum, Slovenia (formerly Optacore Inc.) CDS3 system which uses chelates
precursors for rare earth doping. In order to validate the Al,O3-P»>Os based glass modifier matrix composition for efficient
Ytterbium doping, we manufactured a basic LMA Yb 10-130 type preform/double clad fiber (DCF) with a 1.1 dB/m
cladding absorption at 915 nm. To this effect GeO, was adding in the gas mixture during deposition to obtain the typical
0.08 NA of a LMA YB 10-130. Measured background losses at 1150 nm were on the order of 5 to 10 dB/km with a
surprisingly below 1 ppm OH content given the fact that no extra step was used to dehydrate the individual passes during
core deposition. Photodarkening test was performed by building a core pumped 976 nm fiber amplifier seed by a DFB
laser. After more than 120 hours the signal decrease had saturated to less than 3% which is sensibly less than similar
commercially available fibers with a signal dropping generally by more than 20% after only 60 hours.

Typical refractive index profile and radial 976 nm core absorption along the length of fabricated preforms are shown on
figure 1.a & b. For this preform, a nearly 1:1 molar Al,03/P,Os ratio was used as core glass modifier, as can be seen on
figl.a, 250 mm long preform with core/clad index difference ~ 4.5x10*showing negligible longitudinal index variation
(below 5x10-5) were successfully fabricated. For this preform type, careful adjustments of the MCVD flows were made
during the 15 layers core deposition, and in particular at the end to prevent index depression due to P,Os burn-off.
Although not intentional, the profile presents some index gradient which could provide some A.f resistance against bend
induced degradation [61,
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Similarly, Figl.b represents the radial profile of the 976 nm core absorption of the nearly 4 mm core diameter preform
along its length, the same overall uniformity is observed.

To optimize the potential and determine the best trade-off for the preforms fabricated we simulated the fiber properties
(Aerr, modal losses as well as cladding absorption) using an in-house full-vector finite-element based on a commercial
modal solver (Comsol). Our simulations showed that for a 44 pm core diameter, the effective area of the unperturbed
fiber could reach 925 pm?, for sake of comparison simulation performed on a perfect step index of equivalent diameter
the effective area is equal to 1020 um? or only less than 10% greater. Note that although 15 passes were used for these
preforms, larger preforms could be made without any degradation which would have further improve the effective area.
Figure 2.a represents the bend losses as a function of bend diameters for the different modes for a preform whose core
has been scaled to a 44 um diameter. The blue curves represents the fiber properties with the projected index induced
changes associated with fiber draw. From these results one can see that truly single mode behavior can be achieved for a
~20 cm bend diameter while maintaining low losses for the fundamental mode.
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Fig. 2.a: LPO1 & LP11 bend loss as a function of bend diameter  Fig. 2.b: Aeff and cladding absorption evolutions along the
preform length

It is important to note that at this diameter a fiber effective area close to 700 wm? against 520 um? for the
best fiber commercially available, which in addition requires a microstructured design to achieve these performances.

Fig. 2.b represents the projected Acgr and 976 nm cladding absorption for a 230 pm double clad fiber diameter, one can
see that minimal variations are projected for almost the entire fiber draw which is a critical parameter for fiber laser
integrators.

Two preforms were consequently assembled with a standard “Stack & Draw” method with stress rods disposed
symmetrically around the core rod preform and processed to 44 um core, 230 um fiber OD nearly circular double clad
fiber coated with a 0.46 low NA fluorinated coating. The measured cladding absorption, about 8 dB/m at 976 nm was in-
line to our predictions and the cladding attenuation measured at 1300 nm with a multimode OTDR was 20 dB/km.
Additional results, fiber efficiency and actual mode field diameter will be presented at the conference.

II1 Conclusions

In conclusion, large and uniform Yb,O3-AlPO4 co-doped silica preform with very low NA were prepared by vapor phase
deposition using Yb-chelates precursors, and successfully drawn into VLMA double clad fibers presenting near
diffraction limited M2. These PERFOS® fibers can operate with low loss truly single mode regime with small package
diameter. Combined with the all-silica, microstructure free fiber design, this photodarkening free core preforms and
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double clad fibers open up the possibility to increase the output power of high energy pulse fiber amplifier with increase
modal instability threshold.
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Abstract
We report on the optimization of Tm?" concentration in Tm*" doped germanate single mode (SM) fibers. A record value
of 8.5 X 10% ions/cm? (5.1 wt%) has been achieved. The fiber produced is promising for high power ultrashort fiber
device applications.
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I - Introduction

Fiber lasers operating at the eyes-safe wavelength of 2 um have attracted a great deal of attention due to their
potential use in applications such as LIDAR [1], laser surgery [2] and remote sensing [3]. Therefore, in recent years,
considerable efforts have been devoted to the development and optimization of thulium and holmium doped glasses
which emit at wavelengths around 1.95 pm and 2.1 um respectively. In particular, substantial work has been dedicated to
the development of effectively single mode, low numerical aperture (NA), large mode area (LMA) thulium doped fibers
(TDFs) as a means to shorten active device lengths and hence to reduce the impact of optical nonlinearities that can limit
the performance of single-frequency lasers and pulsed fiber laser systems operating at wavelengths around 2 pm [4-6].

Only relatively low Tm-ion doping concentrations of 10'® -10' ions/cm? can be achieved in pure silica glass [7].
Introducing co-dopants such as aluminum in the silica matrix can allow this concentration to be increased by one or two
orders of magnitude. However, this generally increases the refractive index of the glass relative to pure silica and leads to
the need to include a raised index pedestal around the doped core to achieve single mode guidance in a large mode area
core [8]. A simpler alternative to pure or doped silica, is that of using alternative multicomponent glass system which can
in principle be doped with even higher rare-earth ion concentrations, typically up to 102! ions/cm?® [9]. These can be more
readily and directly index-matched to suitable glass cladding materials to obtain simple LMA structures, thus raising the
possibility of ultrashort fiber devices (~ few to a few 10’s of cm scale) to help mitigate nonlinearity. In particular, oxide
glasses in the silicate [10] or germanate [6] families offer much higher levels of rare-earth ion solubility than silica glass
and have thus attracted much attention in recent years. However the high phonon energy of silicate glasses (~1100 cm™!)
[11] results in fast multiphonon relaxation, which can lead to an undesirable reduction in quantum efficiency and in turn
to problems with thermal management (and ultimately damage) within a fiber laser cavity. By contrast, a germanate glass
host offers a comparatively low phonon energy (~845 cm™) [9] and hence a higher quantum efficiency, whilst providing
excellent Tm?* ion solubility, and higher IR transparency.

In this work we present our recent results on the optimization of Tm?" concentration in a novel germanate glass
composition. Note that this composition was one of the best produced germanate glasses in my recent work [12] but
without optimization of Tm** concentration. It showed the ability to withstand the double thermal cycle necessary for the
fibre fabrication without any sign of crystallisation. Now we perform the optimization and we report on the development
of a high Tm** doping concentration (8.5%10% ions/cm?) germanate fiber which is nearly 3 times higher than that cited in
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Ref. [12], at the same time achieving a low-NA (0.07), large mode area (core diameter of 17 um) and incorporating a
double cladding to facilitate application in cladding pumped fiber lasers and amplifiers operating in the 2 um wavelength
region.

IT Glass development and characterization

The glass samples used in this work were synthesized by the conventional melting-quenching technique using high
purity chemicals (more than 99.9%). A series of four samples with different Tm** concentration was preparedfrom the
chemical composition of 58GeQO;-15Pb0O-13Zn0O-4Nb,0s-7Na;0-1.5Si0,-1.5A1,0;. Figure 1.a depicts the absorption
spectra of these glass samples in the wavelength range from 200 to 2000 nm using a UV-VIS-NIR double beam Varian
Cary 500 spectrometer. As can be seen, there is no obvious change in the position of the Tm** absorption peaks, but the
absorption peaks increase in proportion to the amount of Tm;O3 used in the glass preparation. The good linearity between
the Tm*" concentration and the peak intensities reveals the excellent solubility of the Tm ions in the developed germanate
glass composition. Thanks to this high solubility we have measured pump absorptions at 1700nm of over 1500 dB/m,
which should enable amplifiers of lengths of ~10cm or less — ideal for many short pulse applications. Figure 1.b shows
the emission spectra from 1500 to 2050 nm of the four germanates glasses doped with different Tm3" concentrations. The
emission was measured at room temperature under 793 nm pump laser excitation through a multimode silica glass fiber
(200 pm core diameter and 0.22 NA). As can be seen, by increasing the TmO3 content the 1.8 pm emission from the *F4
— 3H, transition increases gradually. This phenomenon can be explained by the reduced distance between Tm*" ions,
which increases the cross-relaxation energy transfer probability (*Fs— 3Hs — *F4— 3F4) before attaining a maximum
value at a Tm*concentration of 8.5 X 10%° ions/cm®. The 1.8 um emission intensity decreases with further addition of
Tm>O; content which may be explained by the enhanced energy transfer rate from °F4 to OH— or impurities. The inset of
Figure.1.b shows the lifetime of the Tm*":3F4 level in the core glass measured at room temperature using a 793 nm laser
diode modulated with a 10-ms-duration square pulse. The fluorescence decay from the glass was collected using a
multimode fiber connected to an oscilloscope equipped with an InGaAs photodetector (PDA10D-EC 1200nm-2600nm).
It was measured to be 1.5 ms with the Tm*" doping concentration of 8.5x10?° ions/cm? showing a good fit with a single
exponential decay function.
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The core and cladding glasses (labelled as Ge-01 and Ge-02, respectively) were then produced and the core glass was
doped with Tm>" ions at the optimal concentration of 8.5x10%° jons/cm®. The detailed Ge-01 and Ge-02 glass
compositions were designed to provide both a low refractive index contrast for LMA single mode fiber operation and
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compatible thermo-mechanical properties for fiber drawing. For each glass composition, well-mixed precursor materials
were melted at 1230 °C for about 3 hours in a platinum crucible under a dry O2/N; atmosphere to reduce the OH™ content.
Thereafter, the molten liquid was cast into a stainless steel mold preheated to a temperature around the glass transition
temperature, T,. The cast glass was then annealed at T,-10 °C for 4 hours to remove internal stresses before it was cooled
to room temperature. After the annealing process, glass samples (12 mm in diameter and 4 mm thick) were cut and
polished for optical and spectroscopic characterization. For each glass composition, the glass transition (Tg) and
crystallization temperature (Tx) were measured by the differential thermal analysis technique using a PerkinElmer
Diamond TG/DTA instrument. Their refractive index was measured by ellipsometry using a MCO05-Woolham-
Ellipsometer. As we can see in Table 1, the glass transition temperatures were measured to be 485°C and 489° C for
glasses Ge_01 and Ge_02, respectively. Such high transition temperatures (for these glass compositions and as compared
to silicate glasses) make the fabricated glasses suitable for manufacturing glass lasing structures able of handling high
average powers. The NA we achieved was 0.07, which is a good starting point to make a large core SM fibre.

Table 1. Glass transition temperature (Tg), and refractive index (n) of the developed glasses

Density Ty (°C) Tx(°C) Refractive index @ 1.7 pm NA in fibre
(g/cm?)
Core (Ge-01) 5.38 485 745 1.8025 0.07
Cladding (Ge- 5.11 489 734 1.8012
02)

III Preform and fiber development

For the fabrication of Tm*" doped germanate LMA fiber, the Ge-01 glass rod (120 mm long and 11.5 mm in
diameter) was first drawn into a cane of 1.3 mm diameter. The Ge-02 glass billet was then extruded into an hexagonal
tube of 9.5 mm outer diameter (vs 2 opposites angles) and 1.8 mm inner diameter as shown in Figure 2.a. Note that we
have chosen a hexagonal shape for our double clad fiber to facilitate pump mode mixing as needed to achieve a high
pump absorption, and to provide for lower loss splicing to other centrally symmetric (e.g. circular cross section) fibers.
To extrude the cladding glass, a speed of 0.1 mm/min was used and the temperature was around 575-615°C in order to
have a force of 1.1-2.5 kN. Both speed and temperatures were chosen to avoid bending. The Ge-01 glass rod and Ge-02
glass tube were then co-drawn into an optical fiber using a rod-in-tube technique. A cross-sectional view of the fiber is
shown in Figure.2.b. The fiber core and cladding diameters were 17 = 0.5 um and 120 £ 1 pm, respectively. An outer
cladding made by a UV curable low index acrylate polymer was also added to provide mechanical protection and to
allow cladding pumping. The fiber loss was measured to be ~1.2 dB/m at 980 nm by a cut-back method over a length of
5.3 m. This is substantially lower than that of previously reported Tm3* doped lead silicate glass (7 dB/m) [13] and
germanate glass (3 dB/m) [14] fibers, and it confirms the absence of crystallization during the fiber fabrication. With this
new as-drawn fiber further improvements in the 2 um laser performance are expected comparing to our previous efficient
single mode fiber laser operating at 1952 nm(1.5 W output power with a slope efficiency of 55.9 % vs absorbed pump
power and using in-band pump absorption[12]).
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Figure 2.a) Cross sectional view of the extruded hexagonal inner cladding with the core rode inside. b). Optical
microscope image of the fabricated Tm doped Germanate LMA single mode fiber.

IV Conclusion
Highly Tm** doped germanates glass SM fibers with core diameter of 17 um and a hexagonal inner cladding (diameter of
120 um) were designed and fabricated by the rod-in-tube technique. A Tm3* doping concentration of 8.5 x 10%° ions/cm3
was achieved which is the highest Tm*" doping concentration reported to date in germanate glass fibers to the best of our
knowledge. As a result of paying careful attention to optimization of the glass material quality and to the control of the
fiber fabrication process a background fiber loss of ~1.2 dB/m, was achieved - the lowest value reported to date for a
germanate fiber. The results confirm that the as-drawn highly Tm?* doped germanate glass SM fiber possesses high pump
absorption (~1500 dB/m at 1700 nm), which make it a promising active medium for compact and efficient 2.0 um fiber
laser.
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I Introduction

Recently, interest in mid-infrared (MIR) light source for many applications, such asoptical coherence tomography,
metrology [1], and bio-photonic diagnostics [2] has been promoted rapidly. For these applications, a spatially coherent
light source is suitable to realize high spatial resolution imaging because it can be focused to a diffraction limited spot
size. To realize the high spatial coherent light source, supercontinuum (SC) generation in an optical fiber has been
receiving an attention. In this decade, researchers have developed various type of fiber such as photonic crystal fiber,
microstructured optical fiber, and rib-waveguide to obtain the MIR SC spectrum. However, intrinsic transmission
window of fused silica restrains the SC expansion beyond 3 um. To extend the SC spectrum beyond 3 pm, alternative
materials have been proposed, such as tellurite and fluoride glasses. These glasses have large advantages because of their
wide transmittance window, and high nonlinearity. In 2008, P. Domachuk ef a/. demonstrated SC generation beyond 4
pm by using a femtosecond pump source [3]. For obtaining the SC further into the MIR region, chalcogenide glasses are
attractive with a wide transmission window beyond 10 um. Many researchers have demonstrated SC generation in
chalcogenide fibers [4,5]. In 2016, Cheng et al. demonstrated MIR SC extending from 2.0 to 15.1 pm in a chalcogenide
step index fiber [6]. SC generation in the normal dispersion regime in soft glass optical fiber has been studied recently
[7].

There are other MIR light sources, such as quantum cascade lasers, cascaded Raman lasers, and fiber optical

parametric oscillators (FOPOs). FOPOs usually employ the degenerate four-wave mixing (DFWM) in fibers. In DFWM
process, two photons at the pump frequency (@p) are annihilated to generate signal and idler photons at the signal
frequency (@s) and the idler frequency (@), respectively. Wavelength conversion based on DFWM uses high-intensity
pump, which is much higher than the intensity of input signal and generates the idler at the frequency of @wi=2 wp- ws.
Recently, FOPOs in the MIR range have received attention. Generation of MIR light by DFWM have been demonstrated
in silica-based fibers [8,9]. However, the intrinsic transmission window and low optical nonlinearity of silica limit the
MIR light generation above 3 pum. To generate the MIR light, chalcogenide glass is an attractive candidate because of
their wide transmission window up to around 18 um and their high optical nonlinearity.
In the present study, we use chalcogenide As2Ss suspended-core fiber (Ch-SCF) to generate a MIR light via DFWM
using a 1.958 um pico-second pump source. We fabricate a Ch-SCF whose zero-dispersion wavelength (ZDW) is 2.12
pm. We also demonstrate far-detuned parametric wavelength conversion from 1.27 to 4.3 pm. To the best of our
knowledge, it is the first observation of MIR wavelength conversion whose detuning frequency is over 80 THz in an
optical fiber.
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Here, we demonstrate the highly coherent MIR SC generation using chalcogenide double clad fiber (Ch-DCF) with
the normal dispersion [10] and also demonstrate far-detuned parametric wavelength conversion from 1.27 to 4.3 pm
using a Ch-SCF [11]. We show the potential of chalcogenide optical fibers for the MIR coherent light generation in this
presentation.

II Mid-infrared Supercontinuum Generation in Chalcogenide Fiber

Figures 1(a) shows refractive index profiles of As2Ses3, AsSe2, and As2Ss glasses. Figure 1(b) shows a cross-section
photograph of the Ch-DCF. The core, first cladding, and second cladding are made of As2Ses, AsSe2, and As2Ss,
respectively. The diameters of core and first cladding were 7.8 and 30.7 um. Figure 1(c) shows a calculated chromatic
dispersion profile of the Ch-DCF. The Ch-DCF has a near-zero flattened chromatic dispersion in the normal dispersion
regime, from -20 to 0 ps/nm/km in the wavelength range from 3.8 um to the ZDW of 12.5 um. At the wavelength of 5.6
um, the chromatic dispersion closes to zero dispersion.

In the measurement, a difference frequency generation (DFG) unit which can deliver <200-fs pulse with a tunable
wavelength range from 2.5 to 11 pm was used as a pump source. The beam was free-space coupled into a 2.8 cm-long
Ch-DCF with a black diamond lens, anti-refractive coating in the MIR range, a focal length of 4.0 mm, and NA of 0.56.
The output from the Ch-DCF was collimated by a ZnSe lens that has a focal length of 12 mm, and was launched into a
monochromator to measure the SC signal with a liquid nitrogen cooled HgCdTe (MCT) detector. The signal was
amplified by a lock-in amplifier.

We measured MIR SC in Ch-DCF with a different pump wavelength of 8, 10, and 12 um. Averaged pump power for
each wavelength was 2.0, 1.5, and 1.2 mW that correspond to the peak power of 10, 7.5, and 6 MW, respectively.
Considering the Fresnel reflection and the geometrical losses, estimated maximum-coupled peak power was 1.8, 1.3, and
1.1 MW, respectively. Figure 2 shows the measured SC spectrum. When the pump wavelength was 8 um, the SC was
extending from 4 to 10 um at -50 dB and the small peak was obtained around 3 um. The broadening of SC spectrum is
dominated by self-phase modulation and optical wave breaking. The whole spectrum existed in the normal dispersion
regime. When the pump wavelength was 10 and 12 pm, the SC was extending from 2 to 14 um and from 4 to 14 pum at -
40 dB, respectively. The long wavelength side of the SC spectrum existed in the anomalous dispersion range.

Figures 1(a) shows refractive index profiles of As2Ses, AsSe2, and As2Ss glasses. Figure 1(b) shows a cross-section
photograph of the Ch-DCF. The core, first cladding, and second cladding are made of As2Ses3, AsSe2, and As2Ss,
respectively. The diameters of core and first cladding were 7.8 and 30.7 um. Figure 1(c) shows a calculated chromatic
dispersion profile of the Ch-DCF. The Ch-DCF has a near-zero flattened chromatic dispersion in the normal dispersion
regime, from -20 to 0 ps/nm/km at the wavelength range from 3.8 pm to the ZDW of 12.5 pm. At the wavelength of 5.6
pum, the chromatic dispersion closes to zero dispersion.
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Figure 3 shows the simulated first-order coherence with the pump wavelength of 10 um and coupled pump peak power of
1.3 MW. We can see the obtained SC is coherent in the whole spectral range.
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Figure 3. Simulated first-order coherence with the
pump wavelength of 10 um and coupled pump peak

Figure 2. Measured SC spectra by pumping at
the wavelength of 8, 10, and 12 pum.

III Near-infrared to Mid-infrared Wavelength Conversion in Chalcogenide Fiber

Figures 4(a) shows the refractive index and material dispersion curves of As2Ss glass. The ZDW of As2Ss glass is 5.2
um. Figure 4(b) shows a cross-section photograph of the Ch-SCF which was observed by an optical microscope. The
core diameter “d” was 3.25 um, and the width of the bridge “w” was 0.4 um. Figure 4(c) shows a calculated chromatic
dispersion curve of the fundamental mode in the Ch-SCF. The zero-dispersion wavelength (ZDW) was about 2.12 pm. In
the experiment, a mode-locked laser was used as a pump source. The pump pulse had a full width of at half maximum of
~ 2.7 ps, a repetition rate of 32 MHz, and an average power of 250 mW. The signal light was provided with the tunable
CW laser whose wavelength was fixed at 1.27 pm. The beams of the pump and the signal were combined by a beam
splitter. The combined beam was coupled into the Ch-SCF with an aspheric lens whose focal length and numerical
aperture were 5.95 mm and 0.56, respectively. The coupled average power of the pump beam was estimated to be 31 mW
with considering the Fresnel reflection on the face of Ch-SCF and the coupling efficiency of the lens. Fiber length used in
the experiment was 21 cm. The output beam from the Ch-SCF was coupled into the 30 cm-long large core ZBLAN fiber
and was measured with FTIR spectrometer and optical spectrum analyzer (OSA). Figure 5(a) shows a measured spectrum.
The long-wavelength side idler appeared at the wavelength of 4.27 um. A detuning frequency of the long-wavelength
side idler was about 83 THz which was almost same as the detuning frequency between the signal and pump wave.
Figure 5(b) shows simulated spectra in the experimental condition, which were calculated using a generalized nonlinear
Schrodinger equation (GNLSE). The GNLSE considered frequency dependent nonlinear coefficient. Blue curve
indicated the averaged output spectrum from the Ch-SCF. Individual simulated 20 spectra employed in the average
spectrum were also shown in gray curves. The long-wavelength side idler was obtained at the wavelength of 4.3 um. In
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the experiment, when the CW laser was not launched into the Ch-SCF, the idler wave was not obtained. This was also
shown in the numerical simulation. These results indicate that the idler wave at 4.27 pm in the experiment was generated
via wavelength conversion in the Ch-SCF.

Figure 4. (a) Refractive index and material dispersion spectra of As,Ss glass. (b) Cross-section photograph of the
Ch-SCF. (c) Chromatic dispersion spectrum of the fundamental mode in the Ch-SCF. The ZDW was located at
2.12 pm.

(a) (b)

Figure 5. (a) Experimental observation of the wavelength conversion when the pump wavelength is at 1.958 um
in the normal dispersion regime. Red and blue curve indicate measured spectrum with FTIR and OSA,
respectively. (a) Numerical observation of the wavelength conversion in the Ch-SCF. Blue curve indicates an
average spectrum. Individual realizations employed in the average spectrum are shown in gray curves.

IV Conclusion

We experimentally demonstrated the MIR SC extending from 2 to 14 pm in 2.8 cm-long Ch-DCF pumped with
femtosecond pulse pumping at 10 um. Most SC spectrum existed in the normal dispersion regime. The results indicate
that the Ch-DCF is a promising medium to generate the highly coherent MIR SC generation. We also demonstrated a
parametric wavelength conversion from 1.27 to 4.27 pm using a Ch- SCF with pico-second pulse pumping. The detuning
frequency from the pump frequency was about 83 THz. The experimental observation was confirmed by solving the
GNLSE which considered frequency dependent nonlinear coefficient. The result reported here is the first observation of
MIR wavelength conversion whose detuning frequency is over 80 THz in an optical fiber and indicates that the potential
of Ch-SCF for wavelength conversion from near-infrared to MIR.

Proc. of SPIE Vol. 11206 112060A-4



Acknowledgment

This work was partly supported by Japan Society for the Promotion of Science (JSPS) (15H02250, 17K18891,
18H01504). The author would like to acknowledge Dr. Takenobu Suzuki, Dr. Kenshiro Nagsaka, Dr. Hoang Tuan
Tong, Dr. Than Singh Saini and Dr. Xing Luo at Toyota Technological Institute for their collaboration.

Reference

[1] R. Su, M. Kirillin, E. W. Chang, E. Sergeeva, S. H. Yun, and L. Mattsson, “Perspectives of mid-infrared optical
coherence tomography for inspection and micrometrology of industrial ceramics,” Opt. Express 22, 15804-15819 (2014).

[2] M. Verdonck, A. Denayer, B. Delvaux, S. Garaud, R. De Wind, C. Desmedt, C. Sotiriou, K.Willard-Gallob and E.
Goormaghtigh, “Characterization of human breast cancer tissues by infrared imaging,” The Analyst 141, 606-619 (2016).

[3] P. Domachuk, N. A.Wolchover, M. Cronin-Golomb, A. Wang, A. K. George, C.M.B. Cordeiro, J.C. Knight, and F. G.
Omenetto, “Over 4000 nm bandwidth of mid-IR supercontinuum generation in sub-centimeter segments of highly
nonlinear tellurite PCFs,” Opt. Express 16, 7161-7168 (2008).

[4] C. R. Petersen, U. Moller, I. Kubat, B. Zhou, S. Dupont, J. Ramsay, T. Benson, S. Sujecki, N. Abdel-Moneim, Z.
Tang, D. Furniss, A. Seddon, and O. Bang, “Mid-infrared supercontinuum covering the 1.4-13.3 um molecular
fingerprint region using ultra-high NA chalcogenide step-index fibre,” Nat. Photon. 8, 830-834 (2014).

[5] B. Zhang, Y. Yu, C. Zhai, S. Qi, Y. Wang, A. Yang, X. Gai, R. Wang, Z. Yang, and B. Luther-Davies, “High
Brightness 2.2-12 um Mid- Infrared Supercontinuum Generation in a Nontoxic Chalcogenide Step-Index Fiber,” J. Am.
Ceram. Soc. 99, 2565-2568 (2016).

[6] T. Cheng, K. Nagasaka, T. H. Tuan, X. Xue, M. Matsumoto, H. Tezuka, T. Suzuki, Y. Ohishi, “Mid-infrared
supercontinuum generation spanning 2.0 to 15.1 pm in a chalcogenide step-index fiber,” Opt. Lett. 41, 2117-2120 (2016).
[7] M. Klimczak, B. Siwicki, P. Skibinski, D. Pysz, R. Stepien, A. Heidt, C. Radzewicz and R. Buczynski, “Coherent
supercontinuum generation up to 2.3 pm in all-solid soft-glass photonic crystal fibers with flat all-normal dispersion ,”
Opt. Express. 22, 18824-18832 (2014).

[10] K. Nagasaka, L. Liu, T. H. Tuan, T. Cheng, M. Matsumoto, H. Tezuka, T. Suzuki, and Y. Ohishi, “Supercontinuum
generation in chalcogenide double-clad fiber with near zero-flattened normal dispersion profile”, Journal of Optics, 19, 1-
9 (2017).

[11] K. Nagasaka, T. H. Tuan, N. P. T. Hoa, M. Matsumoto, S. Cho. T. Suzuki, and Y. Ohishi, “Near-infrared to Mid-
infrared wavelength conversion by chalcogenide suspended-core fiber”, CLEO2018, JTu2A.126 (2018).

Proc. of SPIE Vol. 11206 112060A-5



Invited Paper

Progress in Mid-IR Supercontinuum sources and their applications

— an overview.

Peter M. Moseund*?, Joanna Carthy?®, Laurent Huot?, Patrick Bowen®
INKT Photonics A/S, Blokken 84 - DK-3460 Birkered - Denmark

Abstract
In this talk we will summarize the areas where mid-IR supercontinuum has been applied and demonstrated its strength
since its commercial breakthrough two years ago and where we expect its application to grow in the coming years.

Keywords: Mid-IR, Supercontinuum, ZBLAN, Spectroscopy, Microscopy
*Pmm@nktphotonics.com; phone (+45) 4348 3900

I Introduction

We are now approaching the 50" anniversary for the first demonstration of supercontinuum generation 'and the
commercial introduction of visible supercontinuum generation one and a half decade ago has demonstrated how these
“white laser” sources can benefit a wide array of applications, especially within bio-photonics and metrology in the
visible spectrum. More recently mid-IR supercontinuum sources also made their commercial breakthrough about two
years ago after a decade of gradually increasing research activity. In this talk we will summarize the results achieved
with these new sources in the mid-IR and where we expect the main new applications to arise. We will mainly focus on
the areas of spectroscopy and imaging.

II Spectroscopy

One of the key advantages with operating in the mid-IR spectrum is the high number of chemically specific absorption
lines present in this range. This has lead the mid-IR to become the preferred region for a wide range of spectroscopy
applications but particularly for laser based gas spectroscopy which is able to achieve the highest sensitivities only in this
range. One of the advantages that laser based spectroscopy has, is that a collimated beam can have a long interaction
length with a gas and thus allow the detection of very small variations in absorbance. However, the monochromatic
nature of a laser also means that when one desires to perform spectroscopy on multiple species simultaneously one
typically require a new laser for every additional specie which has to be detected. As mid-IR lasers are generally
expensive this leads to a very high system cost for multispecies detection systems. Mid-IR supercontinuum sources
combine the beam quality of a laser with a ultra-wide spectrum and can therefore allow the probing of a wide range of
absorption lines with a single light source and through this approach broadband multi-species trace gas detection
spectroscopy reaching sub-ppm level sensitivity have recently been demonstrated and applied to the control of fruit
storage atmosphere?.

Beside the poor choice of high brightness light sources in the mid-IR another challenge for sensitive mid-IR
spectroscopy has been the low sensitivity and poor signal to noise ratio (SNR) of mid-IR detectors. A new method to
overcome this limitation has been the adaptation of sum-frequency generation based up-conversion detectors. Under
some circumstances these have demonstrated significantly better performance than traditional detectors and as they work
best with a highly directional, high peak power light source these are particularly suitable to be combined with SC
sources as has been demonstrated both in spectroscopy>* or imaging setups™°.
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I Imaging

The most important application area for visible supercontinuum sources has been imaging technologies, in particular
confocal fluorescence microscopy. It is therefore not surprising that imaging modes such as microscopy and OCT are
also some of the first application for mid-IR SC in particular as these imaging modalities greatly benefit from high
brightness light sources such as supercontinuum and there was previously very few practical high brightness broadband
light sources covering the mid-IR.

In the lack of more practical light sources mid-IR synchrotron beamlines have traditionally been applied to microscopy
for a number of proof of principle diagnostic and analytical applications. However recently, mid-IR SC sources have
been demonstrated to considerably surpass synchrotrons in brightness while also matching or surpassing them in signal to
noise ratio’. This has lead to mid-IR SC driven microscopy being proposed as a path to an in situ optical biopsy® where
absorption spectroscopy based high resolution imaging should provide equivalent or better diagnostic information than is
currently provided by the analysis of stained tissue biopsies.

Mid-IR SC is also being applied to imaging outside bioimaging particularly for nondestructive testing where for
instance mid-IR SC based OCT have been presented as a new method to gain 3D imaging inside samples which are non-

transparent or too scattering in other parts of the optical spectrum®!°.

IV Conclusion

Mid-IR Supercontinuum sources are still a very new technology and it is still unclear where they will eventually make
the biggest impact. However as presented they are currently being adopted in a wide range of applications and we are
confident that their unique characteristics of wide continuous spectrum and high brightness will lead to their mainstream
acceptance in the optical labs.

References

[1] Alfano R. and Shapiro, S. “Emission in the region 4000 to 7000 °A via four-photon coupling in glass,” Physical
Review Letters 24(11), 584-587 (1970).

[2] Eslami Jahromi, K., Pan, Q., Khodabakhsh, A., Sikkens, C., Assman, P., Cristescu, S.M., Moselund, P.M.,
Janssens, M., Verlinden, B.E., et al., “A Broadband Mid-Infrared Trace Gas Sensor Using Supercontinuum
Light Source: Applications for Real-Time Quality Control for Fruit Storage,” Sensors 19(10), 2334 (2019).

[3] Moselund, P. M. , Petersen, C., Leick, L., Dam, J. S. , Tidemand-Lichtenberg, P. , and Pedersen, C., "Highly Stable,
All-fiber, High Power ZBLAN Supercontinuum Source Reaching 4.75 pm used for Nanosecond mid-IR Spectroscopy,"
in Advanced Solid-State Lasers Congress, Optical Society of America, paper JThSA.9.

[4] Pan, Q., Jahromi, K. E., Abbas, M. A., Khodabakhsh, A., Cristescu, S. M., and F. J. M. Harren, "Towards Broadband
Multi-species Trace Gas Detection Using a Mid-infrared Supercontinuum Source,"in Conference on Lasers and Electro-

Optics,0OSA Technical Digest (online)(Optical Society of America, 2018), paper ATh30.2. (2018)

[5] Huot, L., Moselund, P. M., Tidemand-Lichtenberg, P., Leick, L.and Pedersen, "Upconversion imaging using an all-
fiber supercontinuum source," Opt. Lett. 41, 2466-2469 (2016)

Proc. of SPIE Vol. 11206 112060B-2



[6] Huot, L., Moselund, P. M., Tidemand-Lichtenberg, P. and Pedersen, C. "Pulsed upconversion imaging of mid-
infrared supercontinuum light using an electronically synchronized pump laser," Appl. Opt. 58, 244-249 (2019)

[7] Borondics, F., Jossent, M., Sandt,C., Lavoute, L.., Gaponov, ., Hideur, A. ., Dumas, P., and Février, S.,
"Supercontinuum-based Fourier transform infrared spectromicroscopy," Optica 5, 378-381 (2018)

[8] Seddon, A.B., Benson, T. M., Sujecki, S., Abdel-Moneim, N., Tang, Z., Furniss, D., Sojka, L., Stone, N.,
Jayakrupakar, N., Lloyd, G.R., Lindsay, 1., Ward, J., Farries, M., Moselund, P.M., Napier, B, Lamrini,,S. Meller, U.,
Kubat, 1., Christian, R. P., and Bang, O., "Towards the mid-infrared optical biopsy", Proc. SPIE 9703, Optical Biopsy
XIV: Toward Real-Time Spectroscopic Imaging and Diagnosis, 970302 (2016)

[9] Zorin, 1., Su,R., Prylepa, A., Kilgus,J., Brandstetter, M., and Heise, B., "Mid-infrared Fourier-domain optical
coherence tomography with a pyroelectric linear array," Opt. Express 26, p. 33428 (2018)

[10] Israelsen, N. M., Petersen, C. R., Barh, A., Jain, D., Jensen, M., Hannesschldger, G., Tidemand-Lichtenberg, P.,

Pedersen, C., Podoleanu, A., Bang, O., ” Real-time high-resolution mid-infrared optical coherence tomography “ Light:
Science & Applications 8, Article number: 11, (2019)

Proc. of SPIE Vol. 11206 112060B-3



Invited Paper

Optical devices based on chalcogenide fibers

Martin Rochette
Department of Electrical and Computer Engineering, McGill University, Montréal (QC), Canada, H3A 247
Author e-mail address: martin.rochette@mcgill.ca

Abstract: This talk features recent achievements of the Nonlinear Photonics Group at
McGill University towards the fabrication of chalcogenide-based mid-infrared optical fiber
components such as nonlinear gain fibers, optical fiber couplers and optical fiber filters.
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; Nonlinear optics, fibers;
(140.3070) Infrared and far-infrared lasers.

1. Introduction

In a quest for the fabrication of all-fiber optical fiber sources that operate in the mid-infrared, optical fiber
components such as gain media, optical fiber couplers, and optical fiber filters must be developed. Fiber
components made from chalcogenide glass are of high importance in this context, owing to their transparency
in the 1-13 pm wavelength range and their high-nonlinear gain. In this talk, I present recent achievements of
the Nonlinear Photonics Group at McGill University towards the fabrication of all-fiber nonlinear gain media,
optical fiber couplers, and optical filter compatible with the mid-infrared.
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Abstract
Suspended-core optical fibers are designed to be all-normal dispersive and single-mode by a proper sizing of a central
hole and the suspending struts. Realization strategies are discussed particularly regarding material composition and
fabrication sequence and finally tested.
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I Introduction

A current trend in supercontinuum (SC) generation is the realization of finite width, high power spectral density SC
for e.g. nonlinear spectroscopic applications. In this case, fibers based on fused silica with its low nonlinearity and high
damage threshold typically are most reasonable choice.

Based on fused silica photonic crystal fibers (PCFs) are so far the only established option to provide flexible all-
normal dispersion '. But despite their in theory flexible all-normal dispersion scientific work about supercontinuum
generation in pure fused silica PCFs is mainly concentrated around a pump wavelength of 1pm *°. The reason is a
vanishing light confinement for geometries that are dispersion-optimized for pump wavelengths above 1.2um.

We discuss an alternative silica-based fiber design, namely nanohole suspended core optical fibers, as a promising
option to provide both all-normal dispersion and continued light confinement up to a wavelength of 2pm and above.

II Results
Suspended-core fibers are micro-structured fibers having very few large air holes surrounding a central core as shown
in Fig. 1. Such a fiber is typically used for evanescent field sensing purposes. To provide all-normal dispersion a small
hole needs to be located in the center of the fiber core. The fiber geometry is described by the number of suspending
strands N and their thickness t, the incircle core diameter D and the incircle hole diameter d.

Figure 1: Scanning electron microscopy images of a) the full suspended-core fiber and b) the central section containing air

holes. Design parameters are depicted in c).
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Based on these design parameters all-normal dispersion can be created basically at any region within the transparency
range of fused silica (Fig. 2a). The main dispersion defining parameters are the core diameter D and the hole diameter d.
There are two main differences regarding the dispersion compared to PCFs. Firstly, there is a steep slope maintained at
the long wavelength edge and hence a dispersion maximum point is maintained up to 2um and above. Secondly, there is
a shoulder formation at the short wavelength side of the dispersion curve for geometries optimized around 2pm pump
wavelength extended the expected SC to shorter wavelengths. The light confinement capability is demonstrated in Fig.
2b. While for PCFs the mode area explodes for dispersion curves shifted above 1.2um demonstrating the vanishing
guiding capability, the mode area is kept small and hence light guidance is maintained in case of SCFs.

a) b)

Figure 2: A) Dispersion curves for various combinations of core and hole diameters for four suspending struts with a
thickness of 1/6™ of the core diameter. B) Effective mode area as a function of dispersion high point location also known as

maximum dispersion wavelengths.

The thickness t of the suspending struts only has a minor impact on the overall dispersion behavior. For this reason this
parameter can effectively be used to define the mode content of the SCFs (Fig. 3). While the SCFs are multi-modal with
thin struts and guide typically around ten polarization modes, all polarization modes except the two fundamental ones can
be delocalized using a strut thickness around 1/4™ of the core diameter.

Figure 3: Modal diameter simulation for the first nine modes (including polarization discrimination) for various strut
thicknesses. The fiber has a core diameter of 2um. Modes with significant larger diameter are not located in and hence
guided by the core.

For the realization of such fibers we combine pure fused silica capillaries with a highly Fluorine doped fused silica
cladding tube. The allows an overall viscosity increase of the central strut and core structure during processing and a
good control over the central hole size by the processing temperature. In addition an intermediate cane drawing step
assists the realization of comparable large struts thickness in combination with small core diameters.
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We report the application of low-bending loss fibres inscribed with fibre Bragg grating sensor arrays integrated inside a
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I Introduction

Hearing Loss is a rising global health issue which affects both young and old equally. The World Health Organization
has predicted that by 2050, 1 in 10 people will have disabling hearing defects. Cochlear implantation surgery is the
existing standard of reinstating hearing in deaf patients. A cochlear implant (CI) consists of an electrode array (EA)
which is implanted into the inner ear (cochlea) bypassing the missing or defective sensory receptors by directly
stimulating the auditory nerve and thereby, restoring hearing in patients suffering from hearing deficiencies. This
sensitive surgical process is solely dependent on the human tactile perception and the experience of the surgeons.

The accurate placement of the EA is not only crucial in reducing trauma, but also in future explantation and re-
implantation of the Cls. The lifetime of Cls is generally about 20 years; hence, replacement is necessary for several times
in a young person’s life. Rupture or any other damages to the delicate cochlear structures are usually irreversible and
may lead to losses in residual hearing. To reduce the trauma experienced by a patient during CI surgeries, a number of
different techniques have been reported. For instance, automated CI insertion tools with embedded force sensors! or
usage of optical fibre sensors in a CI2. The former fails to detect the contact force between the CI and the cochlea and the
latter uses standard 125 pm fibre which do not have adequate sensitivity nor sufficient flexibility, stiffening the CI and
making it unsuitable for the application.

In this work, we report the integration of a specially designed optical fibre with fibre Bragg grating array in the CI to
measure the contact force between the CI and the inner wall of cochlea. The intra-cochlear sensor scheme is preferable to
provide real-time force feedback, for in-vivo implantation of CI.

II Integration of FBG sensors in the cochlear implant

Figure 1(a) schematically illustrates the anatomic structure of a cochlea and the scala tympani (ST) inside the cochleal.
Figure 1(b) shows the image of an actual cochlear implant currently used in surgical implantation. The total effective
length with 22 electrodes is about 20 mm. Basically, the bending radii of the spiral ST varies from ~3 mm to ~1.5 mm.
Therefore, such extreme scenario requires special optical fibre with ultralow bending loss. In this work, an optical fibre
with 50 pm cladding dimeter and ~9 pum core is designed and fabricated. Smaller outer dimeter makes the fibre more
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flexible. The fibre was fabricated using “rod-in-tube” method by inserting a Germanium doped core rod in jacket tube.
The core is surrounded by a low index trench to reduce the bending loss. The measured bending loss is ~0.3 dB/turn for
2.5 mm bending radius. The schematic design of the CI with FBG sensors is shown in Fig. 1(c), where the FBG close to
the apex is used to measure the tip contact force when it touches the inner wall.

Figure 1. (a) Schematic figure of a cochlea with an implant system': 1) a speech processor, 2) internal receiver, 3) the electrode
array, 4) the auditory nerve. (b) The microscopic photo of an actual cochlear implant used for surgery. (c) The schematic figure
of the cochlear implant integrated with fibre Bragg grating (FBG) sensors. (d) SEM photo of the fabricated fibre.

Figure 2(a) shows the experimental setup of the in-vitro tests in the laboratory using ST models printed by 3D printers.
The shape and size of the ST models are identical to that of the human cochlea shown in Fig. 1(a). The CI integrated with
FBG sensors and electrodes fixed on a translation stage is precisely inserted into the ST phantom and an interrogator is
used to measure the Bragg wavelength change during the insertion. Figure 2(e) and (f) show the measured tip contact
force using an external force gauge and the internal FBG sensor. It is observed that the intra-cochlear FBG sensors can
measure the force precisely and give more details of the force change during the entire insertion process.

Figure 2. (a) Experimental setup used for the in-vitro tests, (b) a 3D scala tympani (ST) phantom printed by a 3D printer, (c) 2D
ST phantom, and (d) 3D ST phantom considering otologic positioning during surgery. (e) and (f) plot the measured tip contact
force using external force gauge and internal FBG sensor as a function of insertion length, respectively.

ITI Conclusion

In this work, we demonstrate a smart cochlear implant integrated with FBG sensors to provide real-time contact force
during CI implantation. The fibre is designed with ultralow bending loss to avoid too much signal attenuation and has
reduced stiffness. Such smart CI integrated with the optical fibre sensors is promising to avoid trauma to the inner tissue
of the cochlea by keeping the actual contact force below the rupture level during the implantation.
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I Introduction

It has been almost 50 years since optical fibers were first recognized as excellent candidates for sensing. As the possibility of
low attenuation optical fiber became a reality for telecommunications, researchers understood that optical fiber could also
provide very long and stable optical light paths with high sensitivity to external conditions. In particular, long spools of fiber
were used to measure acoustic signals and these spools also allowed for a new type of sensitive gyroscope. It was also
recognized that a long linear length of fiber could be used to measure temperature, strain, and other measurands, effectively
turning the length of fiber into a continuous sensor. Such sensors became known as distributed sensors, and today they form
a significant field of research in fiber optics and a growing commercial market for photonics. In addition to their unique
distributed sensing capability, other benefits of optical fibers include small diameter, no electrical connections or
susceptibility to electromagnetic interference, as well as resistance to corrosives, temperature, and high tensile strain.
Applications include monitoring of oil and gas wells, pipelines, civil structures, and security perimeters. While these
applications typically require sensing over hundreds of meters or more, there are also applications that require continuous
sensing over shorter lengths, such as fiber shape and position sensing in medical and other industries. In most applications,
access to a single end of the fiber is available and reflected signals are used to sense conditions along the fiber path. Various
reflected signals may be used, including Raman, Brillouin and elastic scattering from Rayleigh scattering or index
modulations added to the core after fiber draw. This paper will focus on elastic scattering in fibers which has been used in
several applications, including distributed temperature [1] and strain [2] sensing, as well as sensing of fiber bend and shape
[3,4]. It is known that elastic scattering may be increased through post processing of an optical fiber. In recent years there
has been a growing interest in extending UV post processing techniques similar to fiber grating exposure to distributed
sensors. While fiber gratings have been demonstrated as point sensors and in arrays since the 1980s, the use of continuous or
quasi continuous arrays in sensing is a more recent innovation. Such quasi continuous arrays act as a new type of enhanced
optical fiber suitable for sensing applications, typically by increasing the elastic scattering observed in the optical fiber. As
with discrete fiber gratings, it is possible to design the optical spectrum to suit a given application. Multi-core fibers have
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also been applied to various sensing applications, most significantly in fiber shape sensing. Shape sensing uses a fiber with
several cores to measure the state of bend and twist along a segment of fiber typically a few meters in length. This
information is used to reconstruct the shape and position of the fiber. Shape sensing often requires continuous or nearly
continuous sensing along the fiber length in order to produce accurate results.

UV post processing can greatly improve the signal to noise ratio (SNR) in many distributed sensing applications, both in
multi-core and single-core fibers [5,6]. Moreover, when compared with Rayleigh scattering, enhanced scattering can offer a
more easily interpreted back-scatter signal, making the optical interrogation schemes more stable. Continuous, very low
increases in scattering can act in a manner similar to Rayleigh scattering, providing an elastic scattering signal that can be
used to sense local strain and temperature. Typically, such sensor arrays are interrogated using swept wavelength
interferometry or optical time domain reflectometry.

In this work, we review advances in distributed sensing fibers with continuous enhancements in scattering over lengths
from a few meters to lengths in excess of 1 kilometer.

II Enhanced fibers

We first discuss enhanced multicore fibers. In recent years, a new type of distributed sensing has been developed to measure
the shape of a fiber [4]. In contrast to typical distributed sensing applications, which can require 1 km of fiber and have
meter-scale resolution, shape sensing typically requires only a few meters of fiber, but requires resolution at the mm scale.
Because these measurements are often continuous along the fiber, shape sensing is a type of short-range distributed sensing.
Fig. 1 shows the typical elements of a shape sensing application. A hexagonal array of seven cores is drawn with a
permanent twist of typically tens of revolutions per meter. The offset cores allow for a measurement of the fiber bend radius
at all points along the fiber. The introduction of a permanent twist into the fiber allows the interrogator to determine the
direction of the local twist state of the fiber. Both twist and bend sensitivity are required for a complete reconstruction of the
fiber shape. Continuous gratings are imprinted into all of the cores simultaneously and their local Bragg condition is
measured using optical frequency domain reflectometry (OFDR). As the scan length and range (bandwidth) determine its
resolution, OFDR is also referred to as swept wavelength interferometry. With scan ranges of several nm, OFDR can reach
sensor spatial resolutions of less than 1 mm over many meters. In Fig. 1b we show an array measured via OFDR using a
Luna OBR. Within the grating, the signal is a factor of more than 20 dB above the background Rayleigh scattering.
Moreover, the phase derivative of the signal is very smooth, with very little noise. This is expected, since the spatial phase
derivative is related to the local Bragg wavelength. The plot also shows a region with bare fiber that only exhibits the
inherent Rayleigh scattering. This signal is much lower, and the phase derivative is much noisier. While the Rayleigh signal
can also be used in continuous distributed measurements, the increased noise from these two factors can limit speed and
accuracy of measurements in a given interrogation scheme.

Fig. 1c shows an example of shape reconstruction [7]. The shape sensing fiber used was similar to that in Fig. la.
Grating arrays were inscribed over 10 cm of this fiber, and a set of reference and calibration measurements were performed
for all of the cores of the fiber. The fiber was then wrapped around a post. Such a helical path is inherently three-
dimensional and requires measurements of both bend and twist along the fiber. Signals collected from four of the cores were
then used to reconstruct the shape of the fiber using an algorithm similar to that in Ref. [8].
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Figure 1. (a) Shape sensing components: Single- to multi-core fanout, multi-core connectors, and shape sensor fiber. (b)
OFDR trace showing increased scattering (black trace) and improved signal-to-noise ratio of the spatial phase derivative

signal (red curve) in the shape sensor fiber. (c) Shape reconstruction: Fiber wound around a post (left); reconstructed shape
(right).
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Figure 2. OFDR trace showing more than 10 dB increase in reflected power over 1.1 km of UV processed fiber (black curve).

The blue curve shows the level of the native Rayleigh scattering in the bare fiber.

While meter-long sensor arrays are appropriate for many shape sensing applications, distributed acoustic sensing (DAS)
applications typically require fiber lengths in excess of 100 m. Using similar post processing methods, it is also possible to
inscribe very long lengths of fiber with continuous enhanced backscattering [9]. The enhanced scattering from such gratings
can improve various sensing applications, including distributed temperature, strain and acoustic sensors [5,6]. Importantly,
such arrays can be inscribed while maintaining relatively low attenuation in standard single-mode fibers. Fig. 2 shows an
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OFDR trace of a 1.1-kilometer-long fiber with continuously enhanced scattering. With differing levels of UV processing
intensity, it is possible to control the amount of enhancement of the scattering from a few dB to more than 20 dB above the
native Rayleigh scattering. Attenuation remains at a level close to that of a standard single-mode fiber. Such gratings have
been shown to improve the accuracy and speed of applications such as static and dynamic distributed temperature and strain
sensing that require a strong scattering signal along the entire length of the sensor fiber [6].

IIT Conclusion

Sensing applications that rely on optical backscattering can be greatly improved through the use of post-processing
techniques similar to UV processing through phase masks and other interferometric techniques. These methods can process
long lengths of fiber in excess of 1 km, providing enhanced SNR performance over long lengths. They also allow for the
creation of enhanced scattering in multi-core fibers. Such multi-core fibers are useful in applications that require sensing of
shape and position of optical fibers.

References

[1] D. K. Gifford et al., "Distributed fiber-optic temperature sensing using Rayleigh backscatter." ECOC Proceedings. Vol. 3.
511-512, 2005.

[2] M. Froggatt et al., “High-spatial-resolution distributed strain measurement in optical fiber with Rayleigh scatter,” Appl.
Opt. 37, 1735-1740 (1998).

[3] M. J. Gander et al., “Bend measurement using Bragg gratings in multi-core fiber,” Electron. Lett. 36, 120-121 (2000).

[4] R. G. Duncan et al., “High accuracy fiber-optic shape sensing,” Proc. SPIE 6530, 65301S-11 (2007).

[5] P. S. Westbrook et al., "Continuous multicore optical fiber grating arrays for distributed sensing applications," J.
Lightwave Technol. 35, 1248-1252 (2017).

[6] V. A. Handerek et al., “Improved Optical Power Budget in Distributed Acoustic Sensing Using Enhanced Scattering
Optical Fibre,” In Optical Fiber Sensors, OFS-26, paper TuCS, (2018).

[7] P. S. Westbrook et al., “Distributed sensing over meter lengths using twisted multicore optical fiber with continuous
Bragg gratings,” Furukawa Electric Review 48, 26-32 (2017).

[8] J. P. Moore and M. D. Rogge. "Shape sensing using multi-core fiber optic cable and parametric curve solutions," Optics
Express 20, 2967-2973 (2012).

[9] P. S. Westbrook et al., “Kilometer length low loss enhanced back scattering fiber for distributed sensing,” Proc. SPIE
10323, 25th International Conference on Optical Fiber Sensors, OFS-25 PD, 103239Q (8 June 2017).

Proc. of SPIE Vol. 11206 112060F-4



500°C-Rated Optical Fibers for High Temperature Applications

William Jacobsen®*, Abdel Soufiane, John D’Urso
AFL Specialty Fibers, 15 Centennial Drive, North Grafton, MA, United States
Abstract
Optical fibers for high temperature applications (> 300°C) have typically been metal-coated. These fibers suffer high

attenuation (> 10 dB/km), and are limited in length. This paper describes a low-attenuation metal-coated fiber
operating at temperatures up to 500°C.

Keywords: metal coating, harsh environment, DTS, supercritical geothermal, downhole

*bill.jacobsen @aflglobal.com; phone 1 508 890-7105

I Introduction

Silica-based glass optical fibers without coating can withstand temperatures greater than 600°C. However, glass
fibers need to be protected from the environment. Standard telecom fibers are typically coated with acrylate that allow
their use in temperatures up to 85°C. Specialty optical fibers can be produced with a polyimide coating, which allows
these fibers to be used in environments up to 300°C. This type of fiber has been used extensively in the oil and gas
industry to provide important communications and sensing functions for reservoir management.

For temperatures above 300°C, metal coatings would be attractive. Those produced to date have been deemed
unsuitable for geothermal well deployment due to high attenuation values at low temperatures!. Downstream oil
processing can also benefit from high temperature measurements requiring low attenuation fibers that perform beyond
300°C. This attenuation as well as significant attenuation changes during cycling is generally attributed to micro-
bending and the large mismatch of the coefficients of thermal expansion between the metal coating and the glass fiber?.
Among other things, thinner metal coatings could help to mitigate these issues; however, the production of long lengths
of high quality metal-coated fiber with controlled thickness of the coating is non-trivial®.

In this paper, a metal-coated fiber capable of withstanding temperatures up to 500°C will be demonstrated. In
addition, it will be shown that this fiber can be cycled between room temperature and 500°C, while maintaining low
attenuation even at low temperatures.

IT Fiber Design

It has been demonstrated since the early 1980s that hydrogen ingression in silica-based glass induces losses in optical
fibers at specific wavelengths due to the absorption of a variety of hydrogen related species®. Common silica fibers
used in communications such as standard single-mode (SM) and standard graded-index multimode (MM) suffer a
dramatic optical degradation in presence of hydrogen even at room temperature. The cores of these fibers are typically
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doped with refractive index increasing elements such as germanium and phosphorus. Depending on the temperature
and H» concentration, once hydrogen diffuses in the fiber core, it can migrate to interstitial sites of the structure and/or
bond with existing defects in the glass such as SiO, GeO and P-O. The overall fiber loss reaches hundreds of decibels
per kilometer, which makes it unusable for any light transmission applications.

AFL took an innovative approach to prevent the optical degradation of optical fibers immersed in a harsh
environment by modifying and optimizing the design of the glass component of the fiber itself. In particular, the
approach consists of eliminating the dopants that create more defects in the glass structure such as germanium,
phosphorus, and boron. The fiber is designed with only silica in the core, along with fluorine doping to achieve the
graded index profile of the multimode fiber*. This fiber is produced by AFL and is branded as Verrillon® VHM5000; it
isa 0.2 NA 50/125um GI-MMF.

VHMS5000 was the base fiber used with this metal coating. It had a gold-based coating with a wall thickness of
approximately 3 - 5 um which is well below the typical coating thickness of 15 — 25 um for commercially available
metal-coated fibers. A cross-sectional SEM image demonstrating the good concentricity and integrity of the coating
process is shown in Figure 1.

Figure 1: SEM cross-section of fiber produced using the current process

Metal-coated fibers can have optical losses in as-drawn condition as high as 20-100 dB/km at room temperature?.
Figure 2 shows the spectral attenuation of VHMS000 with a gold-based coating shown in Figure 1, at room

temperature, measured on 88m of fiber. Fiber was measured in a 300mm diameter loose coil.
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Figure 2: Spectral attenuation of VHMS5000 with gold-based coating, 88m long, 300mm diameter loose coil, room
temperature

The spectral attenuation of this fiber with a gold-based coating shows attenuation levels similar to standard acrylate
or polyimide coated multimode fibers, as opposed to the significantly higher levels shown by other commercially
available metal-coated multimode fibers.

Metal-coated fibers also have the tendency to ‘cold bond’ to other metals, or itself, at temperatures significantly
below their melting temperature. AFL has a patent-pending process which prevents these metal-coated fibers from
bonding. This process was applied to all the fibers in these tests.

IITI Results and Discussion

Figure 3 shows six temperature cycles of VHMS5000 with gold based coating, between room temperature and 375°C.
Data was acquired every 5 minutes using an OTDR. The fiber was in a 114mm loose coil, 40 meters in length. Each
cycle consisted of a 30°C / hour ramp to 375°C, the temperature was held at 375°C for 24 hours, and then it was ramped
down 30°C / hour until 60°C. At that point, the oven was allowed to return to room temperature, and then the next
cycle was started. 850nm was the wavelength that was monitored.
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Figure 3: VHMS5000 with gold-based coating, 40m long, 850nm attenuation, six temperature cycles between room
temperature and 375°C

43 meters of VHMS5000 gold-based coated fiber was put in a 500°C oven for 900 hours. An OTDR was connected to
the fiber at the conclusion of the 900 hours, and a 500°C cycle was run. Figure 4 shows this temperature cycle,
between room temperature and 500°C. Data was acquired every 5 minutes. The fiber was in a 114mm loose coil. The
cycle consisted of a 30°C / hour ramp to 500°C, the temperature was held at 500°C for 34 hours, and the oven was
stopped and allowed to return to room temperature on its own. 850nm was the wavelength that was evaluated.
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Figure 4: VHMS5000 with gold-based coating, 43m length, 850nm attenuation, 34 hours at 500°C after soaking at
500°C for 900 hours

IV Conclusions

A low attenuation metal-coated optical fiber capable of withstanding temperatures up to 500°C was demonstrated.
Performance was validated using an OTDR. Temperature cycling showed that the metal-coated fiber could withstand
the expansion and contraction of the metal coating repeated multiple times. Attenuation at both room temperature and
high temperature was significantly lower than any reported attenuation in metal-coated fibers. The 900 hour soak, and
subsequent evaluation of the fiber, showed that the fiber still performed well after long-term exposure at 500°C. In
addition, this process is capable of producing long length of fiber, up to 3.5km continuous.
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Carbon-Coated Optical Fiber Performance in Hydrogen
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Abstract
A study of the lifetime of carbon-coated optical fibers is presented. Multimode fibers are interrogated in a chamber
containing hydrogen, at three different temperatures. Lifetime results are calculated. Results show that carbon is

effective as a hydrogen barrier up to 150°C.

Keywords: optical fiber, harsh environment, carbon, hydrogen, hermetic, permeation time constant
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I Introduction

In the 1980s, it was realized that hydrogen ingression could cause significant losses in optical fiber. In 1985, AT&T
reported results for hermetic fibers with carbon coatings; the coatings were deposited by thermally decomposing
carbon-containing gases onto the fiber surface during fiber draw!. The time dependence of the concentration of
hydrogen in the glass fiber is given by LeMaire et al

Aa1,24(t,T)/ {A(11‘24(w,T) X P]—u} =[1- exp{-(t-ri)/rf}] (1)

where Aay.24(t,T) is the change in attenuation (at 1.24um) after the fiber has been exposed to a hydrogen environment
for time t at temperature T; Adai24(0,T) is the change in attenuation when equilibrium has been reached between the
fiber and the environment; and Py, is the hydrogen pressure. 7iis the time constant for initial lag (before any increase in
attenuation is observed), while 1 is the rate at which the attenuation increases at any given temperature T. Also for
relatively thin coatings, t;is generally much less than ;. For relatively short times, equation (1) becomes

Ao 24(t,T)/ {Acti24(0,T) X P2} = [t/11] @)

A plot of the left hand side of equation (2) vs. time “t” should yield a line with slope 1/t. tr and 1; contain all the
information of interest regarding the permeation characteristics of the carbon coating?. Since 1 is significantly larger
than T;, this paper concentrates on finding 17 for carbon-coated multimode fibers at three different temperatures. Once t¢
and the maximum saturation level of H; in glass are determined, fiber lifetime in H, can be predicted.

II Experimental Description
1. Optical Fiber
The fiber used in this test was a standard 50um core / 125um clad graded-index multimode fiber, containing only
germanium as a dopant (AFL Verrillon® VHM?2000). Both carbon-coated and non carbon-coated fibers used in this test
were produced from the same glass preform during the same draw run. The fiber had mid-temp dual acrylate coating
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applied, which is rated for service up to 150°C. Non carbon-coated fibers were required in order to determine what the
hydrogen saturation level was at each temperature.

2. Testing Apparatus

The apparatus consists of a stainless steel chamber with high-pressure optical fiber feed-throughs. An ANDO AQ-
4303B White Light Source is connected to a DiCon GP700 Optical Switch. Up to eight fibers can be connected to the
switch, although one fiber is used as a reference fiber. The switch is also connected to an ANDO AQ-6315E Optical
Spectrum Analyzer (OSA). A computer, using LabView, is used to interrogate the fibers, real-time, in user-defined
intervals. The chamber can be pressurized up to 102atm (1500psi) and heated to a temperature of up to 300°C. A
schematic of the system is in Figure 1.

Exhaust

Pressure
DAQ 4 Transducer

Light Source O

) _
O under

Optical Spectrum Analyser test
} Hydrogen
\3§ S— yarog
—
P
————
< > Fiber Feedthrough Thermocouple
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Figure 1. Real-Time Hydrogen Ingression Test Setup

3. Test Setup and Conditions

Three tests were performed at three different temperatures: 150°C, 135°C, and 120°C. For each test, there was one
50m loose coil of fiber without carbon, along with one 500m loose coil of fiber with carbon. Coils were 89mm in
diameter. The short 50m length without carbon was required to determine what the maximum amount of free H, that
could be incorporated into the fiber; 50m was long enough to get good data, taking into account the limitations of the
dynamic range of the OSA.

In order to make temperature the only variable, each test was initially loaded with different pressures of H>. The goal
was that once the chamber reached the temperature, the pressure would be the same for all three tests. For these tests,
the H, pressure at the temperature of interest was 84.7atm (1245psi). 84.7atm of pure H; is not a ‘typical’ harsh
environment; it was intentionally harsh in order to accelerate the test duration.

Fibers were interrogated by LabView every hour. Tests were run for different lengths of time; they were run until a
time where it was felt that 1; could be calculated accurately.
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IIT Results and Discussion

1. Determination of Maximum H Saturation

Fiber lifetime in H; is calculated based on induced loss at 1244nm, the molecular H, absorption peak. For the most
part, loss seen at 1244nm is due to free, unreacted H,. The 50m coils of non carbon-coated fiber were saturated with H
within hours after exposure; the induced loss seen for each of these coils at each temperature is critical to calculating
fiber lifetime. Figure 2 shows the induced loss at 1244nm of all three non carbon-coated fibers, at the same pressure of
pure Ha.
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Figure 2. Induced loss @ 1244nm of three non carbon-coated VHM2000 fibers, exposed to 84.7atm pure H» at
different temperatures

The results of the non-carbon coated fiber test illustrates a very important concept; that the solubility of H» in silica
decreases with an increase in temperature. This has a profound impact on the meaning of ‘fiber lifetime’.
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2. Determination of Hz Saturation Rate

In order to calculate fiber lifetime, 1/1¢, the change of induced loss over time for the carbon-coated fibers is also
needed. This value is required in order to determine how long it will take to completely saturate the fiber with Hy.
Figure 3 shows the induced loss at 1244nm of all three carbon-coated fibers, at 84.7atm (1245psi) of pure Ho.
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Figure 3. Induced loss @ 1244nm of 3 carbon-coated VHM2000 fibers, exposed to 84.7atm pure H; at
different temperatures

Based on the change in induced loss over time and the maximum amount of H; that can be absorbed into the glass at
that particular temperature, the following slopes (1/1r) and fiber lifetimes have been calculated in Table 1.
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Temperature Slope - Induced Loss / Time (1/ t) Max H: Induced Loss Fiber Lifetime
120°C 0.000359 dB/km/hr 463 dB/km 147.1 years
135°C 0.0008727 dB/km/hr 406 dB/km 53.1 years
150°C 0.002615 dB/km/hr 352 dB/km 15.4 years

Table 1: Slope (1/1) and fiber lifetime calculations for carbon-coated VHM?2000 fibers, exposed to 84.7atm pure
H> at different temperatures

It can been seen that at lower temperatures, it takes much longer for H» to penetrate the carbon layer and get into the
glass. However, once it gets into the glass, the glass can hold large amounts of H,. Conversely, at higher temperatures,
it does not take as long for the H, to penetrate the carbon layer, but the H, solubility is much lower. The fact that slope
and maximum H; induced loss are inversely related means that fiber lifetime gets much longer at lower temperatures.
The fiber lifetime is not a linear increase as a function of temperature.

3. Fiber Lifetime

The definition of ‘Fiber Lifetime’, as discussed in this paper, is the point where the carbon-coated fiber reaches
maximum saturation level of H,. Is this a realistic measurement of fiber lifetime? The answer is no.

The primary cause of optical loss is not due to the presence of ‘free Hy’ in the glass itself; it has to do with the
reaction of H, with dopants and defects contained in the optical fiber itself. Glass chemistry, along with the process
used to manufacture the preform, have the greatest impact on fiber lifetime in H,. In the case presented here, VHM2000
has a core doped with germanium only. However, the presence of GeOH, created by the reaction of H, and the defects
in GeO2, cause significant optical losses at the shorter wavelengths. As a result, many of the multimode fibers used in
harsh environments traditionally operate at 1064nm; this wavelength region has been shown to be most ‘immune’ to the
presence of Ho. Figure 4 shows the effect of H» on non carbon-coated VHM2000 fibers, at 1064nm.
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Figure 4. Induced loss @ 1064nm of 3 non carbon-coated VHM2000 fibers, exposed to 84.7atm pure H, at
different temperatures

It can be seen that the losses at 1064nm without carbon are still significant, even though 1064nm is a preferred
wavelength of operation in H, environments. It can also be seen that the maximum loss appears to stabilize, so a
maximum loss at 1064nm can be determined. Figure 5 shows the effect of H, on carbon-coated VHM?2000 fibers, at
1064nm.
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Figure 5. Induced loss @ 1064nm of 3 carbon-coated VHM2000 fibers, exposed to 84.7atm pure H» at different
temperatures

It can be seen that, in at least two of the three tests, the loss at 1064nm is slowly increasing over time. Given that the
maximum loss is known, the time it takes to reach maximum loss can be calculated. Table 2 shows these results.

Temperature Slope - Induced Loss / Time Max Induced Loss ~Time To Max Loss
120°C 0.00025 dB/km/hr 16 dB/km 7.5 years
135°C 0.00037 dB/km/hr 17 dB/km 5.1 years
150°C 0.000584 dB/km/hr 19.5 dB/km 3.7 years

Table 2: Slope and time to maximum loss calculations for carbon-coated VHM2000 fibers, exposed to 84.7atm
pure Hy at different temperatures, 1064nm

The results seen at 1064nm show a much different result versus performance at 1244nm. For example, a DTS
measurement device has a dynamic range at 1064nm of 14dB. If 2km of VHM2000 is deployed in a 120°C, 84.7atm
pure H» condition, it would function properly for about 3.25 years before it would be unable to take measurements. The
previous ‘Fiber Lifetime’ calculation, using 1244nm to show H, ingression, was 147 years.
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The loss at 1244nm, therefore, is more of an indicator of the presence of H> as opposed to a predictor of fiber
performance.

IV Conclusions

Germanium-doped multimode fiber (VHM?2000), with and without carbon, was exposed to 84.7atm of pure H, at
three different temperatures. Slope (1/tr) and fiber lifetime calculations were derived from the induced loss at 1244nm
(‘H2 Peak’). These results were examined by evaluating fiber performance at 1064nm; induced loss at 1064nm caused
by the reaction of H, with GeO defects was shown to have a more profound impact on fiber lifetime. Carbon is an
effective method of preventing H, ingression into glass; the conditions the fibers were exposed to were intentionally
harsh in order to get readings within a reasonable time frame. This study used an accelerated aging process and is not
indicative of real-life conditions due to the excessive partial pressure of H, used.
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Abstract
Photonic lanterns, applied in areas such as telecommunications, astronomical and biomedical instrumentation, provide a
way to bridge multimode and multicore channels. Here, we discuss the fabrication and potential uses of a six-mode mode-
selective photonic lantern.

Keywords: fibre post-processing, mode-selective photonic lanterns
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I Introduction

Recent interest in space division multiplexing has led to the development of mode selective photonic lanterns as a way
to couple light from several separate channels into the modes of a multimode fibre, or vice versa [1,2]. They therefore act
as a bridge between two regimes: the multicore and multimode. The simplest version of a mode selective photonic lantern
can be fabricated using three dissimilar core fibres. The fibres are threaded through a fluorine-doped silica capillary, and
heated and stretched together, forming a fused multimode core. The guided mode of each dissimilar core has a different
propagation constant. Therefore, in an adiabatic transition, light in each input core evolves into just one of the modes of
the fused output core in order of its respective propagation constant [2].

Figure 1. Schematic mode-selective photonic lantern made by fusing and tapering three dissimilar SMFs in an F-doped capillary.

IT Higher-order mode-selective photonic lanterns

For mode-selective photonic lanterns the adiabaticity of the transition is critical. In order to increase the number of
multiplex modes, either the transition length needs to be increased or the cladding diameter of each fibre needs to be
reduced [2,3]. As fibres with reduced cladding diameter are hard to handle, multicore fibres with dissimilar cores can be
used instead [3].
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Figure 2. (a) Schematic mode-selective photonic lantern made by tapering a multicore fibre with dissimilar cores in a fluorine-doped
jacket. (b) Cross-sectional micrographs of (left) the 6-core fibre, (centre) a point partway down the photonic lantern's taper transition

and (right) the lantern's multimode output.

We fabricated a multicore fibre with 6 dissimilar Ge-doped step-index cores (NA = 0.11), Figure 2(b). The core
diameters (11, 10.3, 9.5, 8.3, 7.3 and 6.5 um) were chosen to maximise their dissimilarity, with the largest core to be small
enough single moded at 1550 nm, and the smallest core large enough to have tolerable bend loss. The minimum core-to-
core separation was 26 um, calculated to ensure <0.1% crosstalk at 1550 nm. A photonic lantern was made by tapering the
fibre in a fluorine-doped capillary (numerical aperture NA = 0.22 relative to undoped silica), cleaved to yield a 6-moded
multimode core at 1550 nm. The taper profile was linear and 3 cm long. The taper ratio of 0.09 ensured that the V-values
of the residual single mode cores were <0.22: too small to guide light. Light from a supercontinuum source was butt-
coupled into each single mode core in turn from a small-core fibre. The near-field intensity distribution patterns in the
multimode output for 1550 nm light, Figure. 3, resembled the pure LP modes expected from excitation in each core,
confirming the mode-selective nature of the photonic lantern.

Figure 3. Near-field images of the output of a 6-mode photonic lantern for 1550 nm light in each input core in turn, the cores being
numbered 1-6 in decreasing order of diameter with the expected mode in parentheses.

IITI From telecommunications to the stars

Although mode-selective photonic lanterns have been developed for telecommunication applications, the first photonic
lantern was actually designed and fabricated for astronomical instrumentation [1]. In similar manner, mode-selective
photonic lanterns can be used in a variety of applications such as biomedical applications and astronomical instrumentation.
For example, in astronomical instrumentation, multimode fibre fed spectrographs are used to collect light from hundreds
of objects across the telescope focal plane [4]. A limiting factor for these spectrographs is the focal-ratio-degradation [5],
phenomenon resulting of mode coupling along the fibre. Due to energy transfer by mode coupling from lower-order to
higher order modes, the light that exits a multimode fibre has a lower focal-ratio (or higher numerical aperture N.A.) than
the input light. As a result, the spectrograph must be larger to accommodate the faster beam with increasing the cost of the
optics. In a complete mode-selective photonic lantern device (MSPL device, based on a multicore fibre with two adiabatic
transitions at each end), the light is guided in the multicore region for most of its length and so exhibits minimal coupling.
To obtain a fair comparison, the FRD behaviour is also investigated on a 6-mode step-index multimode fibre with the same
fibre length of 7 m.
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Figure 4. (a) Schematic of the FRD measurement experimental setup. (b) Output f-ratio versus input f-ratio measured for the 6-mode
step-index fibre (blue squares) and the 6-mode MSPL device (red points). Points are an average of five measurements with the

maximum and minimum values measured represented by the error bars.

To characterise the FRD of a multimode fibre and the MSPL device, the experimental setup as shown in Figure 4(a)
was built. A thermal incoherent light source was collimated, and passed through a bandpass filter (1550 nm £ 20 nm). An
adjustable graduated pinhole was used to control the input f-ratio. The f-ratio of the light exiting from the output of the
device was measured using an InGaAs camera placed on a translation stage and a virtual knife edge technique. Figure 4(b)
presents the evolution of the output f-ratio as a function of the input f-ratio for a 6-mode step-index fibre and a 6-moded
MSPL device, measured at 95% of the beam size. The use of mode-selective photonic lanterns clearly demonstrates, for
the first time, a way to control and mitigate FRD in fibre-fed spectrographs [6].

This is one example of the use of mode-selective photonic lanterns outside of telecommunications. We envisage many
other further applications including sensing and biomedical instrumentation.
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The discovery of a periodic refractive index change after laser laser exposure in optical fibers dates
back more than 40 years. These later on called “Fiber Bragg Gratings” (FBGs) were finding their use in
into many telecommunication and sensing applications. The talk will review historic and latest
advancements of FBG manufacturing in specialty optical fibers and their use in sensing technology.
Furthermore we will give an outlook on future sensing applications using specialty optical fibers.
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Wedge-shaped fiber lenses with CO; Laser glass ablation

Gongwen Zhu* and Wenxin Zheng
AFL, 260 Parkway East, Duncan, SC, USA 29334

Abstract
We present a novel method of fabricating wedge-shaped fiber lenses with CO; laser glass ablation. Compared with
conventional method of fiber polishing, CO, laser glass ablation is a chemical free, contamination-free, noncontact
manufacturing process which provides scratch-free microstructured fiber tips.
Keywords: Lensed fiber, CO> laser ablation, Microstructured fibers, optical coupling
*Gongwen.Zhu@aflglobal.com; phone 1 864 486-7099

I Introduction

Wedge-shaped fiber lenses are widely used in a number of applications such optical coupling [1-2], fiber sensors and
illumination, etc. Conventionally wedge-shaped fiber lenses are fabricated by fiber polishing which may introduce
contamination or involve using hazardous chemicals. CO; laser glass ablation, on the other hand, is a chemical free,
contamination-free, noncontact manufacturing process. In addition to the glass ablation, CO; laser can also polish the fiber
tips to efficiently reduce the scattered light. In this paper we present wedge-shaped fiber tips with CO; laser glass ablation
using LZM-120A+ glass processing system.

II Fabrication
The schematic of CO, laser glass ablation in LZM-120A+ is shown in figure 1. The CO; laser beam is first expanded to
about 10 mm, then focused to a small spot size with a diameter of roughly 60 pm. The focused laser beam will provide
enough power density to directly ablate the silica glass. The optical fiber can rotate continuously and move in the longitudinal
direction (parallel to the fiber) as well. The CO» laser beam can move both towards and perpendicular to the fiber, thus
creating fiber tips with different shapes. The movement of the fiber and CO; laser beam, and the lasing time can all be
precisely controlled.
The fabrication of wedge-shaped fiber lenses includes the following steps. This is a contamination-free process which does
not involve using any hazardous chemicals.
1) Prepare a cleaved fiber and adjust the CO; laser beam position so it focuses on the fiber. The focus adjustment can be
automated in LZM-120A+.
2) Move the fiber to a predefined position, transversally (perpendicular to the fiber) scan the fiber with the focused CO;
laser beam. The focused beam have enough power density to ablate the silica glass.
3) Move the fiber to a new position, transversally scan the fiber with the focused CO, laser beam. Then move CO, laser
beam closer to the fiber and scan the fiber again. Repeat step 3) until desired shape is achieved.
4) Rotate the fiber 180° and repeat step 2) and 3) to process the other side of the fiber.
5) Repeat 2) to 4) if necessary to get a smooth the fiber tip when necessary.
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Figure 1. The schematic of wedge-shaped fiber lenses based on CO: laser glass ablation. The green arrows show the rotating and

moving directions of the optical fiber; and the red arrows represent the moving directions of the COz laser beam.

III Results

A roughly 90° wedge-shaped fiber lens is fabricated with the described method and the results are shown in Figure 2. The
images are taken in two perpendicular directions with the splicer and a microscope respectively. The output beam profile is
elliptical as shown in Figure 2(e). The measured aspect ratio is about 1:4. Other aspect ratios can also be achieved by
precisely controlling the movement of the fiber and CO, laser beam, and fine tuning the process. The wedge-shaped fiber
lenses are ideal for coupling light from laser diodes to single-mode fibers.

Figure 2. (a) & (b) The images of the wedge-shaped fiber lens in the splicer; (¢) & (d) the images in the microscope; (¢) the beam

profile taken with a Gentec camera.
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IV Conclusion

In this paper we present a simple method of fabricating wedge-shaped fiber lenses based on CO, laser glass ablation with a
commercially available glass processing system LZM-120A+. This non-contaminating and chemical-free process is ideal for
fabricating many microstructured fiber optic components.
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Femtosecond laser inscribed gratings for monolithic MIR fiber lasers
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Abstract
We present our recent developments regarding monolithic fibre lasers, incorporating gratings as reflectors and
polarizing elements via the plane-by-plane femtosecond laser inscription method. Designs are considered for continuous
and pulsed laser operation in the mid-infrared wavelength range.
Keywords: monolithic fibre lasers, mode-locked lasers, femtosecond laser, Bragg gratings
*theodosiou.antreas@lumoscribe.com; kyriacos.kalli@cut.ac.cy

I Introduction

The advent of fibre lasers is undoubtedly the most important recent laser development. There are numerous
advantages on offer that make fibre lasers increasingly attractive, such as their high efficiency, excellent output beam
quality, compactness, low maintenance requirements, efficient cooling and spectral adaptability [1]. A more
sophisticated design for fibre lasers is the incorporation of the resonator mirrors, such as fibre Bragg gratings (FBGs)
written directly into the active fibre. In this way, the laser can be potentially improved in terms of durability, as there are
no splices to the FBGs that would otherwise result in device failure under high optical pump and/or laser signal power.
Currently, significant interest is devoted to fibre lasers operating ~ 2 um and further in the mid-infrared (MIR)
wavelengths. In this paper, we present our recent results regarding the inscription of uniform Bragg gratings in Thulium
doped fibre (TDF) for the demonstration of monolithic fibre lasers, and the inscription of a 45°degree tilted FBG (TFBG)
for mode locked MIR fibre lasers. All components are developed using the femtosecond laser, plane-by-plane (pl-by-pl)
inscription method.

IT Inscription and Results

For the continuous wave laser, a high reflectivity FBG (> 95.5%) was inscribed directly into the Tm-doped single
mode fibre (fabricated in-house: 3500 ppm of Tm** and 4.5 mol% of Al,O3), using the plane-by-plane femtosecond laser
inscription method [2,3] and we characterized the in-fibre laser configuration in terms of the power slope efficiency
(PSE). The laser cavity was formed using the high reflector FBG (HR-FBG) and the perpendicularly cleaved active fibre
at the output end, to produce a low reflectivity mirror through the Fresnel reflection (Fig. 1a). The initial length between
the HR-FBG and the fibre end was ~4 metres and was gradually shortened; the PSE was measured for fibre lengths from
3.8 to 0.42 m. The laser lines for individual fibre lengths are shown in Fig. 1b. The PSE varied from 53 to 58 %; this is
an improvement over previously demonstrated fibre lasers using FBGs in passive fibres.

A 45° TFBG was inscribed in order to perform sufficient selective polarisation dependent loss in a 9.3-m long all-fibre
TDF laser for a mode-locking. The TFBG was inscribed with total length ~10 mm and a grating period of ~2.69 um with
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PDL ~5 dB (Fig. 2a). The TFBG was fusion spliced with a TDF as shown in Fig. 2b. The experimental setup for the
demonstration of the mode locked laser shown in Fig. 2b. The optical spectrum of the laser was centred at 1875 nm with
a FWHM of 5.5 nm (Fig. 2¢), while the signal to noise ratio was > 45 dB (Fig. 2d) with very high stability for room
temperature operation. The autocorrelation trace of the mode-locked pulse train corresponding to pulse duration of 862 fs
and the RF spectrum at the fundamental frequency was found to be 22.34 MHz.

a) b)
Figure 1. a) Schematic diagram of the experimental setup, and b) output of Tm fibre laser.
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Figure. 2. a) Microscope picture of the TFBG inscribed using the pl-by-pl inscription method, b) schematic diagram of mode locked
fibre laser system. c¢) Optical spectrum of the laser output and d) RF spectrum at 100 Hz resolution.
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Fibre cladding filters through femtosecond laser inscription
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Abstract
We inscribe several in-cladding-fibre filters using the same key femtosecond laser parameters, via an “inscribe and
step”, plane-by-plane (PI-by-Pl) approach, leading to ultra-compact waveguides and Mach Zehnders (MZs) that can
support functional, integrated fibre Bragg gratings (FBGs).
Keywords: Femtosecond laser inscription, fibre Bragg gratings, optical sensing
*kyriacos.kalli@cut.ac.cy; phone 357 25002609

I Introduction

We use a femtosecond (fs) laser and single inscription recipe to simply create sensors located in the cladding of optical
fibres, such as cladding waveguides (CWGs), Mach-Zehnder interferometers (MZIs), both with integrated fibre Bragg
gratings (FBGs) as embedded waveguide Bragg gratings (WBGs), via the “inscribe and step”, plane-by-plane (Pl-by-Pl)
inscription approach [1-3]. We overcome a significant impediment to fs-laser inscription of optical components; namely
that waveguides and reflective components and combinations thereof require significantly different laser processing
parameters during fabrication. For example, waveguides demand high repetition rate (100kHz — MHz) inscription at low
laser pulse energies (~100-250n])/pulse), whereas point-by-point (PbP) fibre gratings require low repetition rates (kHz)
and relatively high pulse energies (>500nJ/pulse) for inscription. Both aforementioned cases are dependent on different
laser focusing conditions, and the numerical aperture of the final lens greatly affects the energy deposition for material
change. To resolve this issue we have developed a method that uses the same key laser-inscription parameters made
applicable to any type of miniature optical component, for which the focusing conditions and final inscription lens are
common throughout, ensuring reliability and repetition in component development. We show that the compound sensors
maintain their unique sensing capabilities, and that the sensor response can be tailored, e.g. for bend sensing.

II Results

All inscriptions were performed using a fs laser (HighQ laser femtoREGEN, A=517nm, pulse duration=220 fs,
repetition rate: 1-100 kHz), for a pulse energy of 110 nJ. The un-stripped fibres were mounted on an air-bearing
translation system (Aerotech) for accurate two-axis motion; synchronization of the laser pulse and stage motion proved
necessary for laser processing of the cladding waveguide (straight and curved) and the FBG. We increased or decreased
the number of pulses/um according to which component was required, using the direct-write, plane-by-plane (PI-by-PI),

“inscribe and step” method was used to build all components in a piece-wise process [1-3], Fig. 1a.
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Fig. la. Step 1: “Inscribe and step” Fig. 1b. Waveguide design (left) in the fibre Fig. lc. Microscope image of the
waveguide inscription in the fibre cladding. Output light profile of the waveguide, waveguide integrated WBG.
cladding. Step 2: Repeat for grating measured using a profilometer (right), with light

inscription on orthogonal axis. connected to the distal end of the fibre sample.

The cladding waveguides run parallel to the core, exchanging power through evanescent wave coupling, thereby
reducing loss and ensuring repeatability, Fig. 1b. The first and third sections are straight, the former coupling light from
the core to the cladding and vice versa, and the latter section incorporates the FBG (WBG); they are joined by an S-bend
that defines where the WBG will be located from the core region. The inscription procedure is repeated several times
with sub-micron translation steps perpendicular to the fibre axis between each cladding waveguide portion, building the
waveguide until the desired width is complete — an “inscribe and step” process (Fig. 1a). Fig. 1b shows light exiting the
inscribed waveguide, obtained for a 250-um coupling length and 0.3-um translation step between each plane,
respectively; for an index change of 4x10™. To inscribe the WBG, we used direct-write, Pl-by-PI inscription [1-3],
writing a uniform FBG transversely to the cladding waveguide as the second “inscribe and step” process (2000 planes
were written with ~2.18-um Bragg period for a 4™ order grating). Fig. lc shows a microscope image of the resulting
inscription. Fig. 2a shows the WBG growth in reflection during inscription for various grating lengths; the lower inset
shows the final grating reflection spectrum, for a length of 4.5 mm. The grating reflects at 1583.6 nm with a full width at
half maximum bandwidth of ~0.5 nm. The WBG’s effective refractive was n.;=1.4506.

Fig. 2a. WBG growth with increasing  Fig 2b. Bend response with sensor rotation: ~ Fig. 2c. Bend response with sensor rotation:
length. Inset: Final WBG spectrum. WBG at 25 um from the core; sensitivities WBG at 45 um from the core; sensitivities
are 53 pm/m” and —58.6 pm/m™. are 106.6 pm/m™ and —107.6 pm/m™.

Two similar CWG-WBG devices were inscribed and tested for their curvature response with respect to sensor rotation
angle, for waveguides and WBGs located 25 and 45 um from the fibre core, respectively (Fig. 2b & 2¢). The WBG bend
sensitivity is related to its angular position and location in the cladding and can be readily tailored. For the sensor located
25 um from the core, the maximum positive and negative bend sensitivities were 53 pm/m” and —58.6 pm/m™,
respectively; the WBG closest to the cladding edge (45 um from the core) displays a greater sensitivity with maximum
positive and negative values of 106.6 pm/m™ and —107.6 pm/m™, respectively. This is maximised when the WBG lies
along the vertical axis, breaking the fibre symmetry and thereby experiencing the largest degree of bend.
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Fig. 3a. Schematic of the MZI-WBG structure; Fig. 3b. Transmission spectrum of Fig. 3¢ MZI-WBG with and without
coupling from and to the fibre core is controlled composite MZI and WBG. the outer polymer jacket.
in Sections 1 and 3, respectively.

The MZI is similar to the CWG, and uses the same recipe, with the S-bend mirrored to recouple light back into the
core, Fig. 3a, and Fig. 3b shows the transmission spectrum of the combined MZI with WBG. The WBG strength is
tailored to match that of the MZI, so that both filters may be interrogated using the same high-resolution instrumentation.
The compound sensor has the advantage that each element maintains its basic sensing characteristics, as each sensor
operates in a fundamentally different way. When the outer coating of the fibre was removed the MZI transmission dips
shift by ~50 nm, indicative of a refractive index sensitivity ~107 nm/RIU; the wavelength shift of the WBG was only
0.2nm. To measure the MZI-WBG temperature and humidity response, the sensor was placed in a climate chamber. The
wavelength shift of the MZI fringe located at ~1530 nm gave a large negative wavelength shift of -490pm/°C, whereas
the FBG response was ~10.5 pm/°C, which is very similar to the response for an FBG inscribed in the fibre core.

We have presented fs-laser inscription applicable to critical filtering and wave-guiding components in optical fibres,
e.g. cladding waveguides (CWGs) and interferometers (MZIs), incorporating embedded waveguide Bragg gratings
(WBGs); all inscribed using the same key fs-laser parameters, via an “inscribe and step”, Pl-by-PI approach. The all-
fibre, ultra-compact optical components proved to be robust sensing devices. The inscription process offers several
advantages; ensuring a flexible, single inscription process, reliability and repetition in device manufacture. The method
provides immense and control in the grating fabrication parameters and for the customization of a sensing device and its
sensitivity, e.g. tailored bend sensing. This ensures that in contrast to other FBG inscription using a fs laser there is no
need to change the laser energy as the device type is changed. We consider that this is an important step for compact,
smart optical fibre sensors.
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Abstract
We developed a simple single-stage silica-based BDFA with 40nm gain bandwidth, 19 dB gain, 20 dBm output power,
5 dB noise figure and 20% power conversion efficiency (PCE). We demonstrated that the amplifier can be used to extend
400GBASE-LR-8 transmission distance beyond 50 km of G.652 fiber.
Keywords: Bismuth doped fiber amplifier, O-band transmission, LAN-WDM, Broadband optical amplification
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I Introduction

O-band is extensively used for low cost data transmission. The advantage of O-band is that the transmitter wavelength(s)
are located near the fiber’s zero dispersion wavelength (Ao), thus neither optical nor electronic chromatic dispersion
compensation is required. Recently O-band transponder aggregate bit rate was increased to 425 Gb/s, for example by using 8
LAN WDM 26.6 Gbaud/s PAM-4 modulated channels [1]. The use of WDM and complex modulation format reduces both
per-channel power at the receiver and receiver sensitivity, thus making optical amplification desired. Semiconductor optical
amplifiers (SOA) can be used to boost O-band signals but they introduce significant distortion due to self- and cross- gain
modulation [2] and although amplification of a large number dispersion broadened channels has been demonstrated [3],
SOAs are not suitable for transmission of intensity modulation formats like PAM-4 operating near Ao with relatively small
channel count. Praseodymium doped fiber amplifiers (PDFA) with 1280-1320 nm bandwidth were demonstrated [4], but
they require non-silica host glass that makes PDFA complicated and expensive.

In this paper we present a simple single-stage Bi-doped silica fiber amplifier (BDFA) with more than 80 nm 6-dB gain
bandwidth. The amplifier has up to 19 dB gain, 20 dBm output power, 20% PCE and 5 dB noise-figure, similar to an EDFA
of the same complexity. BDFA can extend 425 Gb/s 400GBASE-LR-8 transmission (LAN WDM 8x26.6 Gbaud/s PAM-4
channels) to 50 km distance with long-term measured BER of 6x10° BER.

II Amplifier design

To amplify the LRS signals we built a simple counter-pumped amplifier using 80 meters of silica fiber with core codoped
with bismuth and phosphorus, fused WDM and input optical isolator. WDM central wavelength was selected at 1272 nm to
induce up to 4 dB loss at long wavelengths, while 1195 nm pump wavelength was chosen to increase the gain of the short
wavelength channels [5]. Fig’s. 1(a,b) shows gain (G) and noise figure (NF) at 500 and 800 mW pump power respectively.
Over IEEE standardized 1272-1310 nm wavelength range [1], the amplifier has maximum 19 dB gain, 2 dB gain flatness and
5 dB noise figure with 5.5 dB peak value at around 1272 nm.

III Transmission performance over G.652 fiber

To evaluate the BDFA transmission performance a Finisar 400GBASE-LRS transceiver and a Viavi ONT-604 tester were
used. The tester generates 16x26.6 Gb/s 23!-1 PRBS OOK data lanes at the transmitter side and detects BER for each of 16
receiver side lanes. The LR8 combines 16 OOK data lanes into 8x26.6 Gbaud/s PAM-4 channels and transmit them using
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the set of eight directly modulated lasers. At the receiver side, eight WDM channels are demultiplexed, detected and
converted into 16 digital signal lanes. The transceiver signal (11.7 dBm) was launched into 40-55 km of G.652 fiber (loss
0.33 dB/km @ 1310 nm, A¢=1312 nm) and post amplified by the BDFA. The optical spectra after the transmitter, 40 km fiber
span and amplifier are shown in fig. 1(c). The average fiber loss was 14.6 dB (incl. connectors) while short wavelength
channels suffer up to 2 dB higher loss compared to the long wavelength channels. To investigate BER degradation from
OSNR and estimate link loss margin a VOA was inserted between the fiber and BDFA. The total receiver power was
maintained at optimal 6 dBm level with 3 dB difference between best and worst channels. It has been found, that for
transmitter power of 11.7 dBm and 40 km fiber span, up to 6.8 dB loss can be added to the link before KP4-FEC BER
threshold is reached (2.4x10* BER). Fig. 1(d) shows average BER vs total receiver power for 40-55 km G.652 fiber
transmission. Measured long term (>8h) BER for 40 km distance was 5x10 and it was possible to measure BER in all lanes
for up to 55 km’s, while the error floor increases with the distance to 1.3x10* level. To further increase the span length, the
signal was pre-amplified by another BDFA with the total output power of 20.8 dBm (pump wavelength and power are 1215
nm and 800 mW respectively). Only 8-15 data lanes were included in BER calculation while channels 1-4 where still
transmitted. The transmission distance was limited by performance of the short wavelength channels and measured 81.5 km
long-term error floor was 3x107,

In summary, we have presented a single-stage 80 m long Bi-doped fiber amplifier with 19 dB gain, 20 dBm output
power, and 5 dB noise figure. To the best of our knowledge, this is the first fiber amplifier operating over IEEE standardized
part of O-band (1272-1310 nm) with parameters comparable to commercially available EDFAs of the same complexity.
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Figure 1. (a,b) BDFA gain and noise figure for 500 and 800 mW pump power; (c) 40 km transmission spectra, note wavelength
shift was added to increase visibility; (d) BER vs power for 40-55 km distances.
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Abstract
This paper summarizes recent efforts in the development of core-pumped holmium sources. This includes the
development of high power single-mode thulium-pump lasers, components optimized for core-pumping and efficiency
optimization of core-pumped holmium fibres.
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I Introduction

In order to scale to higher peak powers in holmium doped fibres, it becomes increasingly important to manage various
limiting and deleterious nonlinear effects. Core-pumped configurations offer shorter fibre lengths in comparison to
cladding-pumped systems providing benefits for pulsed and narrow linewidth systems at power levels suitable for a
range of applications. However, in order to realise monolithic, high power operation of such a core-pumped amplifier it
is necessary to power scale the thulium-doped fibre pump laser, the pump and signal combiner, and optimize the
composition of the active holmium-doped fibre. This presentation will provide an overview of relevant nonlinear effects
in the CW and ns-pulsed regimes and discuss the power scaling of the various components required and the subsequent
core-pumped holmium sources.

II Limiting non-linear processes

Table 1 summarizes the three main non-linear mechanisms that apply for a 1 - 10 ns pulse with a peak power of 10 kW
propagating in a fibre with an effective mode-field diameter of 20 um (effective area of ~300 um?) [1]. The dominant
mechanisms are modulation instability and stimulated Brillouin scattering (SBS) with stimulated Raman scattering (SRS)
experiencing a reduced gain coefficient. The magnitude of the gain for the modulation instability, SBS or SRS depends
on the spectral bandwidth of the source.

Table 1: Summary of non-linear mechanisms for a pulse at 2.1 pm, with 10 kW peak power and propagating in a fibre with an
effective mode area of ~300 pm?. (g0 is the gain of the holmium fibre in the amplifier and will contribute to the gain of the various

nonlinear effects that are in the gain band)

Nonlinear mechanism Gain (dB/m) Comment
Very little can be done to directly suppress this effect.
Peak gain occurs within £15 nm around signal
Assuming that the fibre has an OH content of ~1 ppm
Peak gain occurs at 2.3 um with a 2.1 pm signal
1 GHz, (10 GHz) master oscillator bandwidth
Stimulated Brillouin Scattering 72 (7.2) + gno Inhomogeneous broadening can be used
Peak gain at ~8 GHz (0.1 nm) from signal

Modulation Instability 23+ guo

Stimulated Raman Scattering 6.5
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III Core-pumped architecture

Previous holmium-doped fibre experiments using pulsed sources in a cladding-pumped configuration resulted in an
output with an extremely broad spectral bandwidth — largely attributed to modulation instability [2]. Figure 1 shows a
schematic of an alternate forward core-pumped holmium-doped fibre amplifier configuration. Here a 2.1 um master
oscillator and a 1.95 pum pump laser are launched into the 2 inputs of a wavelength division multiplexer (WDM) and the
master oscillator is subsequently amplified in the holmium-doped fibre spliced to the output of the WDM.

2.1 pm master
ascillator

1.95 um/2.1 um WDM

Combined 1.95 um
and 2.1 pm radiation

1.95 pm thulium

I Holmium-doped fibre
pump laser

Amplified 2.1 um
radiation
—

Figure 1: Forward pumped, core-pumped configuration where the master oscillator and the thulium pump laser are coupled into the
fundamental mode of the core of a holmium-doped fibre via a fused biconic taper.

Such a configuration reduces the required length of the active fibre from the order of 5-10 m of a typical cladding-
pumped system, to <3 m. In addition, the mode-field diameters of the 1.95 um pump and the 2.1 um are very similar,

resulting in excellent spatial overlap. This architecture requires improved fibre efficiency to mitigate the higher heat load
associated with this reduction in fibre length.

IV Power scaling of pump sources and couplers

Figure 2: Slope efficiency of a 1.95 pm monolithic single mode thulium laser oscillator and the corresponding output spectrum.

In order to enable the power scaling of such core-pumped architectures it is necessary to power scale both the WDM
couplers and the 1.95 pm thulium-doped fibre pump lasers. Figure 2 shows the output power versus launched 0.79 pm
diode pump power of a 1.95 um thulium-doped fibre laser and the corresponding output spectrum [3]. It is essential for
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the output bandwidth of the thulium pump laser to remain sufficiently small (<10 nm) in order to be able to be efficiently
transmitted through the passband of the WDM coupler.

The WDM couplers were fabricated in-house based on a fused biconic taper configuration and operated at pump
powers of >150 W with no degradation in performance. To the best of our knowledge, this is the highest power operation
of a WDM in this wavelength region and the highest power operation of a robustly single mode thulium doped fibre laser
operating at 1.95 pm.

VI Core pumped pulsed operation

The core pumped architecture was demonstrated using a 5 ns master oscillator. Here the system was pumped up to 55
W and produced 17 W of output power. A slope efficiency curve is shown in Fig 3(a). The output pulse duration was 5 ns
and the repetition rate was 100 kHz producing a peak power of ~36 kW. Figure 3(b) shows the reduction of spectral
broadening that the core-pumped approach has enabled in comparison to previous attempts with a cladding pumped
system [2].

Figure 3: (a) Output power vs launched pump power from a pulsed holmium amplifier; Inset: Output pulse showing a 5 ns duration
and exhibiting significant gain shaping. (b) Output spectrum at 36 kW peak power showing the reduction of spectral broadening

comparing a previous cladding-pumped amplifier with a core-pumped amplifier approach.

VI Conclusion

With the development of the necessary components, we have been able to demonstrate the power scaling of core-
pumped holmium doped fibres in the ns-pulsed regimes. This has been enabled by the development of robustly single-
mode pump lasers, high power 1.95/2.1 pm WDM couplers and AR-coated end-caps. We will discuss recent results and
future opportunities for core-pumped holmium amplifiers in both the ns-pulsed and CW regimes, and their applicability
to a range of applications.
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I Introduction

Pursuing ultralow loss has been a long term goal in fiber optics. The loss record of silica glass fiber (SGF) almost
approaches the intrinsic Rayleigh scattering loss (RSL) limit (0.14 dB/km) [1,2], showing little space for further
optimization. Hollow-core photonic crystal fiber (HC-PCF) [3] has been considered as a potential candidate for achieving
ultralow loss below the fundamental RSL limit of SGF, since ~99.9% of light is guided in the air core. However, the
lowest demonstrated transmission loss of hollow-core photonic bandgap fiber (HC-PBGF) is 1.7 dB/km [4] (with one
mention of loss of 1.2 dB/km in [5]), which is intrinsically limited by the surface scattering loss (SSL) due to the frozen-
in capillary wave [5]. Furthermore, the usable bandwidth of this fiber is less than 20 nm, a main impediment in
applications. Though broader bandwidth (160-200 nm) HC-PBGF has also been fabricated in recent years, the loss level
is raised to 3.5-5 dB/km [6].

Recently, the appearance of hollow core negative-curvature fiber (HC-NCF), which originates from the Kagome type
broadband HCF in 2002 [7], reignites the hope of achieving ultralow loss. Since the discovery of the important negative-
curvature (or hypocycloid) core wall shape [8], great progresses have been made in the design and fabrication of low loss
HC-NCEF, pushing the loss of HC-NCF to the same level of HC-PBGF, e.g., 2 dB/km at 1512 nm in the conjoined-tube
NCF [9] and 1.3 dB/km at 1450 nm in the nested NCF [10]. Although these results are still one order of magnitude higher
than silica’s RSL, it is possible to beat the RSL limit at visible wavelengths because the loss in NCF follows the scaling
law of X! while the RSL follows A ™. Here, we review our recent progress in conjoined-tube NCF (CTF for short) in both
the near-IR and visible. Several CTFs are fabricated in our group with losses of 2 dB/km at 1550 nm, 2.7 dB/km at 1150
nm, 3.8 dB/km at 680 nm and 4.9 dB/km at 558 nm respectively. The loss in the visible stay beneath the RSL limit of
SGF.
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II Results and Discussion

Fig. 1 shows three fabricated CTFs. Fiber @ has a core diameter of 30.5 um. The average glass wall thicknesses of ¢, £,
and #; are 1.12 ym, 1.06 pum and 1.16 pm respectively. The loss spectrum is obtained by a cut-back measurement from
330 mto 5 m. A supercontinuum (SC) source is butt-coupled to the 330 m long CTF, which is looped on the drum during
the measurement with bending radius of 16 cm. The output of CTF is coupled to an optical spectral analyzer (OSA) using
a magnetic clamp bare fiber adaptor. Multiple cleaves at the output end show little variation in spectra for both 330 m and
5 m long fiber respectively. Fig. 1(b) shows the measured loss spectra of 2 dB/km at 1512 nm, 3.7 dB/km at 1550 nm, and
13.4 dB/km at 1310 nm. The usable bandwidth with the loss lower than 16 dB/km spans from 1302 nm to 1637 nm,
covering half of the O band, and full E, S, C, L telecom bands. Spectral oscillations probably stem from slight
inconsistence of the AR conditions for different glass layers which could be optimized by more sophisticated control of
the glass membrane thicknesses. Other trivial oscillations distributed over the whole transmission band are a result of the
Fano resonances introduced by the glass web connections.

Fig.1. Ultralow loss CTFs. (a, ¢, f) Scanning electron microscope (SEM) image of fiber a, b and ¢ respectively. (b, d, e, g, h)
Measured loss spectra. The gray stripes in (d) and (g) outline the RSL range of SGF. The star symbols represents the loss

level of commercial SGF.
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Fiber b has a core diameter of 25 un and the average glass wall thicknesses of #;, > and #; are 0.84 ym, 0.75 pm and
0.82 pm respectively. The loss spectrum is obtained in similar manner with fiber a. Two transmission bands are manifest
in Fig. 1(d&e). In the first band, from 960 nm to 1276 nm, corresponding to the 2" order AR band of all the glass
membranes [11], the minimum loss of 2.7 dB/km appears at 1150 nm [Fig. 1(e)], and a number of loss peaks can be
attributed to Fano resonance induced extra losses [12]. The 3™ order AR band, from 653 nm to 706 nm [Fig. 1(d)],
exhibits a much smoother loss spectrum with those Fano resonance induced loss peaks fading out. In this red-guiding
band, the propagation attenuation is measured to be 3.4-4.6 dB/km, the same level of the RSL of SGF.

For fiber ¢, the core diameter has decreased remarkably to 18 um , while the glass wall thicknesses are 0.98 um (¢;), 0.7
um (z2) and 0.84 um (#3), respectively. The minimum losses in the two bands are 30 dB/km at 790 nm and 4.9 dB/km at
558 nm, respectively. This fiber far surpasses the RSL limit in the 555 - 564 nm wavelength region. At 558 nm, the loss
(4.9 dB/km) is 2 dB lower than the RSL limit of SGF, indicating that fiber ¢ undoubtedly breaks a long-sustained optical
fiber loss limit set by silica glass material. It should be also noted that commercial SGFs typically have higher
attenuations than the above figures, e.g., 8-10 dB/km at 680 nm and 20-30 dB/km at 558 nm (labeled as star symbols in
Fig.1), which are 2-5 times higher than our CTFs.

III Conclusion

In conclusion, since SGF cannot exceed the fundamental RSL limit, HCF undertakes the task of extending the range of
possibilities in optical fibers. In this work, by leveraging the higher-order-band light guidance and the X! wavelength
dependence of the CL, along with employing our celebrated CTF geometry, we reviewed several ultralow loss HCF. In
particular, an optical fiber loss beneath the RSL limit of SGF by 2 dB at green wavelength was fabricated for the first time.
Apart from the fundamental interest of conquering the RSL limit of SGF, an ultralow loss fiber also gains great
momentums from the application aspect.
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I Introduction

Mid-infrared lasers are widely used in sensing, medical, and defense applications [1]. The invention of hollow-core
fibers and their ability to host gases for long interaction lengths and micrometer-scale mode areas made possible the use
of new gas-filled hollow-core fiber lasers at mid-infrared wavelengths [2]. Using a pump at 1.5 um, emission at around
4.5 um has been realized in hollow-core fibers filled with H, or N,O gases [3-5]. Recently, negative curvature fibers
with a broad bandwidth and low loss have drawn much attention because it is possible to fill the fibers with gas or liquid
[6-9]. It has been shown that negative curvature fibers that are made with chalcogenide glass have lower loss than
negative curvature fibers made with silica glass if the wavelength is longer than 4.5 um [10]. In this paper, we
computationally study the leakage loss in the negative curvature fibers made with As>S3 chalcogenide glass. We change
the tube thickness and gap between the cladding tubes to find the optimum structure that can simultaneously provide low
transmission loss at wavelengths of 1.5 um and 4.5 um. We study negative curvature fibers with both six and eight tubes.

II Simulation and results

1. Negative curvature fiber with six cladding tubes

We first simulate the leakage loss as a function of gap and tube thickness for negative curvature fibers with six
cladding tubes. In our simulation, the core diameter is 100 um. The refractive indices of As,S3 glass are 2.44 and 2.41 at
wavelengths of 1.5 um and 4.5 um, respectively [11]. The material losses of As>S3 glass are 2 dB/m and 0.15 dB/m at
wavelengths of 1.5 yum and 4.5 um, respectively [12]. Figure 1(a) shows the loss at wavelength of 1.5 um. When the tube
thickness increases from 0.5 ym to 2.5 um, there are several high loss regions and low loss regions, which correspond to
resonant and antiresonant conditions, respectively [13]. In the low transmission region, when the gap increases from 2
um to 30 um, the loss decreases first, and then increases, which means that an appropriate gap should be selected to
realize low loss transmission [14]. Figure 2(b) shows the loss at wavelength of 4.5 um. For a larger wavelength, we see
less loss peaks as thickness changes from 0.5 to 2.5 um, which agrees with the resonant condition, 2¢(n*~1)!2 = mi,
where ¢ is the tube thickness, 1 is the resonant wavelength, and m is the order of resonance [13,15].
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Figure 1. Contour plot of leakage loss at wavelengths of (a) 1.5 um and (b) 4.5 um using negative curvature fibers with six
cladding tubes. (c) Contour plot of sum of leakage loss at wavelengths of 1.5 um and 4.5 um. The white circles indicate the
parameters that give low sum losses. (d) Loss as a function of wavelength for a fiber with a tube thickness of 0.6 um and a
fiber with a tube thickness of 1.6 um, corresponding to the white circles in Fig. 1(c). The gap is 20 um. Inset shows a

schematic of the cross section of the fiber with six cladding tubes.

In order to find a gap and a tube thickness that can realize low loss for both wavelengths of 1.5 ym and 4.5 ym, we sum
the losses for wavelengths at 1.5 ym and 4.5 um and show the new contour plot in Fig. 1(c). In the hollow-core fiber
lasers filled with Ha or N>O gases, the pump light propagates in the fiber at 1.5 um before the conversation of light at 4.5
um. Hence, the sum of the loss at the wavelengths of 1.5 um and 4.5 um gives a good indication of the overall loss of the
fiber laser. Both the high-loss pattern features of Figs. 1(a) and 1(b) can be observed in Fig. 1(c). There are several low-
loss regions when the tube thickness changes. We use two white circles to mark the fiber parameters that give low loss in
Fig. 1(c), which can provide low loss transmission for both wavelengths of 1.5 ym and 4.5 ym. We further ran
simulations for fiber loss as a function of wavelength using the optimum fiber parameters that are marked with white
circles in Fig. 1(c). In Fig. 1(d), we show the result with a gap of 20 um. The blue solid curve and red dashed curve show
the losses for the fibers with tube thicknesses of 0.6 um and 1.6 um, respectively. For both fibers, the losses are about of
1073 dB/m and 1072 dB/m at wavelengths of 1.5 um and 4.5 um, respectively. At a wavelength of 1.5 um, a fiber with a
thinner tube wall of 0.6 um, corresponding to lower order of antiresonance, yields a significant wider bandwidth of 0.8
pm than a narrower bandwidth of 0.1 um for a fiber with a thicker tube wall of 1.6 um, corresponding to higher order of
antiresonance. Here, we evaluate bandwidth as the transmission window with a loss below 102 dB/m.
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Figure 2. Contour plot of leakage loss at wavelengths of (a) 1.5 um and (b) 4.5 um using negative curvature fibers with eight
cladding tubes. (c) Contour plot of sum of leakage loss at wavelengths of 1.5 um and 4.5 gm. The white circle indicates the
parameters that gives a low sum loss. (d) Loss as a function of wavelength for a fiber with a tube thickness of 0.6 um and a
fiber with a tube thickness of 1.5 um, corresponding to the white circles in Fig. 2(c). The gap is 12 um. Inset shows a

schematic of the cross section of the fiber with eight cladding tubes.

2. Negative curvature fiber with eight cladding tubes

We now study the leakage loss for negative curvature fibers with eight cladding tubes. Figures 2(a) and 2(b) show the
loss at wavelengths of 1.5 um and 4.5 um, respectively. Figure 2(c) shows the sum of leakage loss at wavelengths of 1.5
um and 4.5 um as a function of gap and tube thickness. Again, the fiber parameters that yield low loss are marked with
white circles in Fig. 2(c). Figure 2(d) shows the loss as a function of wavelength for both two fibers with a gap of 12 um.
The blue solid curve and red dashed curve show the losses for the fibers with tube thicknesses of 0.6 um and 1.5 um,
respectively. Both fibers yield a loss that is lower than 0.1 dB/m at wavelengths of 1.5 ym and 4.5 um. When the
wavelength is 1.5 um, the losses in a fiber with a tube thickness of 1.5 um is 40 times higher than the fiber loss in a fiber
with a tube thickness of 0.6 um. When the tube diameter is small, a thick tube does not serve as an antiresonant layer well
and cannot confine the light well at a shorter wavelength [10].

IIT Conclusion

In conclusion, we study negative curvature fibers with six and eight cladding tubes in order to simultaneously obtain low
loss transmission at wavelengths of 1.5 ym and 4.5 um. Using six cladding tubes, negative curvature fibers with tube
thicknesses of 0.6 um and 1.6 um yield a similar loss at both 1.5 um and 4.5 um. However, the fiber with the thinner tube
thickness of 0.6 um yields a broader bandwidth of 0.4 um by contrast to the fiber with the thicker tube thickness of 1.6
um that yields a narrower bandwidth of 0.1 um. Using eight cladding tubes, a negative curvature fiber with a tube
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thickness of 0.6 um yields a 40 times lower loss at wavelength of 1.5 um than does a fiber with a tube thickness of 1.5
um. Our study shows that it is possible to realize low loss transmission for wavelengths at 1.5 ym and 4.5 um using one
negative curvature fiber, which is crucial for gas-filled fiber lasers that require low-loss transmission of both pump and
lasing wavelengths.
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Abstract
We report low loss, wide bandwidth, tubular anti-resonant hollow core fibers with a low macro- and micro- bend
sensitivity tailored for gas sensing using visible wavelength Raman spectroscopy. The fibers show record low bend
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I Introduction

Hollow core fibers (HCFs) have been extensively investigated for use in gas detection via various techniques in
applications ranging from environmental and industrial process monitoring to early stage disease detection through
breath analysis [1,2]. As gas can be loaded into the hollow core region of HCFs and interact with the light guided there
over very long path lengths (determined only by the fiber’s length or attenuation) HCFs can provide enhanced
sensitivity. Optical gas detection through Raman spectroscopy is a very promising gas detection technique allowing
simultaneous detection of multiple gas species, as Raman scattering from the molecules in a gas sample produces a
spectrum with distinct features which can be directly correlated to the gas composition. While Raman scattering in gas is
very weak, this can be overcome by the long path length provided by a HCF, enabling high sensitivity gas detection, as
well as multi-species identification. So far, the lowest limit of detection reported is 0.2 ppm for methane gas [3].

In most published work on Raman sensing using HCF, the fiber used was a hollow core photonic bandgap fiber (HC-
PBGF) along with a visible wavelength pump laser, as the Raman scattering co-efficient scales with A*. However, in this
spectral region, HC-PBGFs have three key drawbacks for Raman gas sensing applications: firstly, the core size is
typically very small (~5 um [4]) which limits how quickly the fiber can be filled with gas; secondly, HC-PBGF
attenuation scales with A% [5] and thirdly, the fiber’s low loss bandwidth is usually limited to ~50 nm in the visible [4],
limiting the range of Raman signals (and hence gas species) which can be simultaneously detected.

Recently, anti-resonant HCFs (AR-HCFs) have emerged as true competitors to HC-PBGFs for many applications. In
2018 an AR-HCF with a record low loss for any HCF design was reported (1.3 dB/km at 1450 nm [6]). As well as
reduced attenuation, AR-HCFs can provide wider operating bandwidths and larger core diameters than HC-PBGFs.
Possible drawbacks include higher bend sensitivity and lower Raman capture efficiency. Currently, state-of-the-art
visible-guiding AR-HCFs have demonstrated low attenuation (13.8 dB/km at 539 nm [7]) but these fibers are more bend
sensitive than the fibers described here, which could limit their suitability for practical deployment. Gao et al. [8], have
reported a “conjoined tube” fiber, where each tubular unit consists of two tubes joined together resulting in fiber with a
very low loss of 3.8dB/km at 680nm, showing that the low loses demonstrated in these more structurally complex fibers
can scale to the visible wavelength range.

Here, we report the fabrication and characterization of two tubular AR-HCFs, designed for Raman sensing, which
rival the optical properties of state-of-the-art tubular fibers, when considering attenuation, macro- and micro- bend loss,
moving these fibers closer to deployment in practical devices.
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II Fiber Design, Fabrication and Characterization

1. Fiber Design and Fabrication

For this work we chose to use a 7 element tubular HC-ARF as modelling indicates this is the best compromise between
loss, macro-bend loss, and higher order mode suppression [9] for this fiber type. We also chose to limit the core diameter
to around 20 um, as this appears to be a good balance between overall attenuation (limited by confinement loss, which
decreases with core size) and bend sensitivity (which increases with core size, for a given wavelength). Furthermore, this
core size is substantially larger than that of a visible wavelength HC-PBGF, enabling faster gas filling times [10]. For the
Raman sensing application, we use a 532nm pump laser. The largest Raman shift we aim to detect is for the vibrational
hydrogen Stokes line, which, for this pump wavelength, is at 683nm. Hence, we chose to design our fiber to operate in
the second anti-resonant transmission window in order to provide the required bandwidth, without the complexity of
targeting fundamental window operation, which for visible wavelengths requires very thin glass membranes and that
represents a far harder fabrication challenge.

The two fibers reported here were fabricated in a multi-stage process. Hereaus F300 tubes were initially drawn into a
series of uniform capillaries. These were then stacked and fused into an initial preform with a diameter ~ 2cm. This stack
was then drawn into millimeter-scale canes, and these canes jacketed to make a final fiber preform. During fiber drawing
a multi-zone pressurization system was used to control the fibers’ final structure [11]. Both fibers were drawn from
nominally identical canes, with only the dimensions of the jacket tube (and hence fiber glass outer diameter, OD)
changing.

Figure. 1 SEM images of fibers A and B
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Table I: Key structural and optical parameters of fibers A and B (reported here) compared to state-of-the-art tubular

fibers from the literature [7, 12].

Fiber A Fiber B Fiber C [7] Fiber D [12]
Minimum Loss 35.9 dB/km 23.6 dB/km 13.8 dB/km 80 dB/km
(wavelength) (619nm) (570nm) (539nm) (532nm)
Loss at 532nm 65.7 dB/km 26.0 dB/km ~ 17 dB/km 80 dB/km
3dB bandwidth 62nm 71nm ~40nm ~45nm
Macro-bend loss 0.1dB/m 0.12dB/m ~1.4 dB/m 0.2 dB/m
(16cm bend diameter, 532nm) (at 15cm diameter)
Core diameter (um) 20.5+0.2 20.6+0.1 41 26
Cladding tube gap (um) 35+04 3.8+0.6 2.2-4 7
Membrane thickness (nm) 440 £ 10 428+30 610 210
Fiber outer diameter (pm) 140 223 Not Available in 200

Literature

2. Fiber Characterization
(1) Structural Characterization

The physical dimensions of fibers A and B were measured from scanning electron micrograph (SEM) images (see Figure
1) taken using a Phenom ProX desktop SEM system. The key structural parameters are detailed in Table I. As expected
the features of the microstructure are very similar (as the fibers are from similar canes). One small difference is that the
membrane thicknesses in fiber B are slightly thinner, which results in the transmission window shifting to shorter
wavelengths.

Figure 2. The transmission (red and black curves) and loss (blue curves) are shown for fiber A and B respectively, purple lines have
been added to show the 532 and 683nm wavelengths as a guide to the eye. The obvious step feature at 600nm is due to the OSA
switching gratings at that wavelength. Inset are beam profile images.

(2) Transmission and Loss Measurements

The fibers’ transmission and loss (Figure 2) were characterized using a NKT SuperK COMPACT super-continuum laser
system and a Yokogawa AQ-6315A optical spectrum analyzer (OSA) using an SMF28 launch fiber. As expected, the
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transmission window of fiber B is shifted ~40nm towards shorter wavelengths. Fiber attenuation was measured using the
cutback technique; fibers A and B were cut from 348m and 402m respectively to 100m, to ensure the modal content was
consistent between both lengths and to enable comparison between the two measurements. During the measurements the
fibers were spooled on ~30cm diameter bobbins under 20g of tension. The key loss values for both fibers are summarized
in Table I.

The beam profile images inset in Figure 2 were recorded using a silicon CCD camera (Spiricon Scorpion, SCOR 20)
and aspheric collimating lens (Thorlabs C260TME). The fibers were illuminated with a 632.8nm HeNe laser (Melles
Griot 05-LHR-151-181), which was directly launched into the core of the HCF using another aspheric lens (Thorlabs
C260TME).

The low-loss bandwidth of these fibers is essential for their use in Raman spectroscopic gas measurements as it
enables the simultaneous detection of multiple species that is a key feature of this technique. An example of this is shown
in Figure 3, where a 10m length of fiber A was filled with 3 bar of 3% hydrogen in nitrogen gas, and then pumped with
145mW, and clearly shows the vibrational Raman emission (1 Stokes) lines of both the nitrogen (at 2330cm™) and
hydrogen (at 4160cm™), along with some trace oxygen (580nm/1556cm™) and water vapor (OH- at 660nm/3645cm™).

Figure 3. Results of a Raman measurements made with fiber A showing the nitrogen and hydrogen vibrational Raman emission (1%
Stokes) lines at ~2330cm™ (N2) and 4160cm™! (Hz).

(3) Macro-bend Measurements

Macro-bend measurements were made using a series of precision inscribed grooves in an acrylic plate. Light from a
halogen lamp was launched into the fiber using an SMF28 patch cable mounted on a micro-positioning stage. The
transmitted power was measured using the same OSA as above. As the fiber length used was only ~4m, and the modal
content of the fiber was not directly measured, the reported bend-losses represent the worst case scenario, as higher order
modes are expected to be more bend-loss sensitive than the fundamental.
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The results of the macro-bend measurements are shown in Figure 4 at 532nm and 683nm, the extremes of our
desired operating wavelength range. The results show that down to bend diameters of 13cm, fibers A and B show very
low bend sensitivity. Furthermore, in Figure 4, the macro-bend performance of two state-of-the-art tubular ARFs from
the literature, fibers C and D [7, 12] are also shown. Comparing fibers A and B with these state-of-the-art fibers, shows
that fibers A and B demonstrate much lower bend sensitivity.

Figure 4. Macro-bend loss vs. bend diameter for fibers A-D. The data for fibers C and D were taken from ref. [7] and [12].
(4) Micro-bend Measurements

Micro-bend sensitivity is another important fiber loss mechanism, and relates to losses induced by subjecting a fiber to
millimeter and sub-millimeter lengths scale bends. The dynamics of this mechanism are different to those of traditional
macro-bending (induced by centimeter or larger length scale bends) and hence this needs to be evaluated separately [13].
It can become a factor when a fiber is being deployed in a non-ideal environment, outside the lab for example, where the
fiber may end up pressed against a rough surface or point strains may induces localized fiber distortions.

Micro-bend measurements were made using a purpose built system with structural perturbations at a fixed spatial
frequency over which fibers can be tensioned. Set amounts of stress were applied to 100m of each fiber (in roughly
25MPa steps) and the transmission through the fiber measured at each step. The transmission set-up used for these
measurements was identical to that used for the cutback measurements. The results for both fibers are shown in Figure 5.

As can clearly be seen in these measurements, fiber B is substantially less sensitive to micro-bend, as it is necessary
to apply nearly 50MPa of fiber stress (200g of tension) before any transmission degradation is seen, whereas the
transmission of fiber A starts to degrade when even minimal amounts of fiber stress/ tension are applied. This effect is
further magnified as the smaller glass dimension of fiber A (compared to B) mean even a minimal tension (of the order of
10-20g) is sufficient for performance degradation to occur.
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Figure 5. Micro-bend measurements of Fiber A (left) and Fiber B (right). The linear feature at 650nm is due to the OSA switching

gratings at that wavelength for this measurement range.

Although the fibers reported here perform well, it is likely further improvements can be made in terms of loss
without compromising their low bend sensitivity through design and fabrication optimization. This is an area that to
explore in future through efforts to further optimize the combination of core diameter, tubular element gaps and size, and
fiber OD, to see how far we can push this technology. Ultimately, the introduction of nested elements (an additional tube
within the existing tubular elements) during fabrication seems a more complete solution to the problem of realizing low
loss fibers with excellent bend-loss performance, albeit at the expense of greater fabrication complexity [6,8,14].

IV Conclusions

We report on work towards realizing practical, low loss, wide bandwidth HC-ARFs with reduced bend sensitivity for the
visible spectral window. Two fibers are reported, A and B, which have minimum losses of 35.9dB/km and 23.6dB/km
respectively and exhibit record low bend sensitivity for visible-guiding tubular AR-HCF. This performance makes these
fibers highly attractive for a wide range of applications, including Raman spectroscopy. As structurally the key difference
between the two fibers is the glass cladding thickness, the micro-bend performance has been characterized and it was
found that, due to the thicker cladding of fiber B, its micro-bend sensitivity is substantially reduced; this likely also
accounts for the difference in the two fibers overall attenuation. Apart from demonstrating progress in HCF fabrication at
these wavelengths, these results also demonstrate the need for thorough HCF characterization beyond simple attenuation
measurements (when in a loosely spooled condition) to fully assess their suitability for deployment in practical devices,
which is very timely considering recent breakthroughs in the fabrication of low loss HCFs.
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Abstract
We report modeling and fabrication of chalcogenide antiresonant hollow core fibers aimed at laser delivery in the mid-
IR (4.5-11um). The results indicate that, with further improvements in fiber’s structure, very promising performances

could be achieved.
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I - Introduction

The delivery of mid-IR laser radiation in a flexible optical fiber and with good beam quality would be beneficial for
several applications, such as laser cutting, medical laser surgery [1], non-linear imaging microscopy [2], and additive
manufacturing [3]. Antiresonant hollow core microstructured fibers (AR-HCFs) [4] are a promising candidate for such
tasks due to some unique properties: very simple design (amenable to fabrication using different techniques), extremely
low overlap of the fundamental optical mode with the cladding material (down to 2-5x107), ultra-low nonlinearities, low
scattering, high damage threshold, excellent beam-quality, and potentially very low-loss and effectively single-mode
operation [5]. AR-HCFs made of silica glass can exhibit low-loss when operating at wavelengths (1) as large as ~4.5 pm
[6,7]. At longer wavelengths, the attenuation of silica ultimately limits the achievable losses to several dB/m. A different
glass is required to reduce such losses and extend the fiber’s operation further into the mid-IR. Unlike silica, mid-IR
transmitting glasses are usually not available in tubes, making preform assembly via the stack-and-draw technique more
challenging. Besides, they have inferior mechanical strength compared to silica, and considerably steeper viscosity vs
temperature curves. Consequently, the fabrication of mechanically robust microstructure fibers made of these materials,
with transversally regular and longitudinally uniform structure, is noticeably challenging [4,8]. Here, we present our
initial work on the fabrication of low-loss AR-HCFs made of chalcogenide glass (IG3, GesoAsi3Ses,Ters) for laser
delivery applications in the mid-IR (4.5-11 pum). The use of a single step preform extrusion allows reproducible and
regular preform fabrication, while the incorporation of a fluorinated polymer coating co-drawn with the fiber helps to
improve its mechanical properties as strength and flexibility, protects the glass from the external environment, and
addresses safety concerns due to the toxicity of the glass.

II - Results and discussion

The AR-HCF preforms were fabricated by extrusion from commercial billets of chalcogenide glass 1G3
(GesoAsi3SenTers - Vitron [9], 28 mm in diameter and 33 mm in height). High quality preforms with no visible
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crystallization and symmetric structures, as seen in Fig. 1(a), were obtained after the optimization of the die design and
the extrusion parameters (temperature and load). The preform shown in Fig. 1(a) has an outside diameter (OD) of 14 mm,
a core diameter around 6.5 mm, a usable length of 25 cm, and six capillary elements. The capillaries have ODs varying
from 1.6 to 1.9 mm and thicknesses varying from 470 to 650 pum, indicating that more work is needed to improve the
regularity of the die and the extrusion process. The chalcogenide preform was inserted in a FEP (Fluorinated Ethylene
Propylene) polymer tube with an ID=15 mm and an OD=17 mm to enhance its mechanical strength, allowing fiber
drawing under moderate/high pulling tension, which is required to avoid undesired deformation of the fiber’s structure.
The co-drawing of the 1G3 glass and FEP polymer, which is not trivial and has been previously established by our
research group in the fabrication of mid-IR fiber bundles [10], considerably improves the mechanical strength and
flexibility of the drawn fibers. Before the fabrication attempt of the fibers, COMSOL Multiphysics was employed to
study the optical loss (including both confinement and glass absorption) of different IG3 AR-HCF structures. Figure 1(b)
shows the target AR-HCF that resulted from numerical optimization. The fiber has six non-touching capillaries with a
thickness of 7.5 um (OD=115 pm, ID=100 um), a core diameter of 190 um and an overall OD= 500 um. According to
Fig. 1(c), our proposed structure exhibits five transmission bands between 4.5-11 um with the following overall losses of
the fundamental mode: 0.04 dB/m at A=5 um, 0.02 dB/m at A=5.8 um, 0.05 dB/m at A=7 um, 0.02 dB/m at A=8.4 um,
and 0.06 dB/m at A=10.6 um (blue curve). Such expected losses are very promising, particularly at A=10.6 um, where a
loss about two orders of magnitude smaller than the smallest measured loss reported in the literature for AR-HCFs made
of mid-IR glasses seems possible [11].

Figure 1. (a) IG3 AR-HCF preform fabricated by extrusion of a cylindrical IG3 billet. The preform has OD=14 mm and
length of 25 cm. (b) Our proposed structure targeted for low-loss performance in the mid-IR (4.5-11 pm). (c) Material loss of
bulk IG3 glass (black dash line), simulated overall losses (material + confinement) of our proposed structure (blue curve),
fabricated fibers (green dot — Fig. 1(d), red square — Fig. 1(e)), and the modified structure of Fiber 2 (capillaries with
constant thickness of 5.25 um - inset). Cross-sectional images of the IG3 AR-HC fibers fabricated pressuring the inside of

the capillaries of the preform seen in (a) with 2 mbar (d) and 6 mbar (e).
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In the first fabrication attempted of our proposed structure, the six capillaries of the preform seen in Fig 1(a) were
pressurized with argon during the drawing (T~360 °C), while the core of the preform was kept at atmospheric pressure.
Fiber 1 (Fig. 1(d)) was achieved applying 2 mbar of pressure, resulting in an AR-HCF structure with a core diameter
~285 um, capillaries with IDs varying from 52 to 65 pm, and thicknesses varying from 14 to 17 um. Fiber 2 (Fig. 1(e))
was achieved by applying 6 mbar of pressure, resulting in an AR-HCEF structure with core diameter ~160 um, capillaries
with IDs varying from 60 to 85 pum, and thicknesses varying from 7.5 to 4.5 um. In both cases, mechanically robust and
longitudinally uniform fibers of several meters to tens of meters were obtained, indicating that the draw process is stable
and reproducible. Numerical modeling of both fibers from the fabricated cross-sectional images indicates a fundamental
mode loss of 47 dB/m (Fiber 1) and 26 dB/m (Fiber 2) at A=10.6 um (green dot and red square in Fig. 1(c), respectively).
As expected, Fiber 1 exhibits high loss due to the large thickness of the capillaries and the large lateral gaps between
them, which results in the need to operate in very high order (hence lossy) antiresonant window and with high
confinement losses, respectively. Surprisingly, Fiber 2 also exhibits a high loss in spite of its high symmetry, small
thickness of the capillaries (mostly varying from 5-6 pm), and a small gap between the capillaries (~35-40 pm). To
clarify this high loss, we also simulated a modified version of Fiber 2 containing capillaries with a constant thickness of
5.25 pm (inset of Fig. 1(c) and red curve). Contrary to the Fiber 2 structure, this modified version exhibits noticeable
transmission bands between 4.5-11 pm with the following overall losses of the fundamental mode: 1.10 dB/m at
A=5.2 um, 0.38 dB/m at A=5.75 um, 0.20 dB/m at A=7.4 um, 0.63 dB/m at A=10 um (red curve in Fig.1(c)). At
A=10.6 um, the modified Fiber 2 exhibits loss of 7.2 dB/m, which indicates that the non-uniformities in the thickness of
the capillaries of Fiber 2 are responsible for part of the deviation of the loss in comparison to our proposed/targeted
structure. The remaining deviation of the loss between the modified Fiber 2 and our proposed fiber is probably due to a
combination of two issues: the core diameter (160 pum instead of the 190 um of the proposed structure) and the high
contact area between the capillaries and the glass jacket. A further numerical study is in progress to fully clarify this.

III — Conclusion

We have demonstrated the successful fabrication of symmetric IG3 AR-HC preforms (25 cm long) obtained by direct
extrusion. Initial fabrication attempts pressurizing the six capillaries in the preform resulted in two sets of reasonably
symmetric AR-HC fibers. Whilst their structure is still far from the optimized target, the stability of the fiber draw and
the mechanical robustness of the achieved fibers, resulting from the incorporation of a polymer coating, indicate that the
proposed fabrication approach has the potential to produce high performance fibers. Numerical modeling indicates that
the loss of the fabricated fibers at A=10.6 um is still high, probably due to the sub-optimum core size, to variations in the
thickness of the capillaries along their circumference, and the high contact area between the capillaries and the glass
jacket. Future work will focus on the improvement of the preform extrusion (more symmetric capillaries with smaller
contact area with the glass jacket), on fine-tuning of the fabrication parameters and the full characterization of the fibers
in the mid-IR.
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Abstract
Non-invasive whispering gallery mode spectroscopy is applied to measure the internal microstructure of a hollow-core
fiber with cladding capillaries. The capillaries are measured with sub-micron accuracy in sub-cm steps along the fiber.
Keywords: hollow-core microstructured fibers; photonic crystal fibers; fiber drawing
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I Introduction

Single-ring hollow-core photonic crystal fiber (SR-PCF), consisting of a ring of thin-walled glass capillaries
surrounding a central hollow core, can offer remarkably low transmission loss [1], and is finding applications in, e.g.,
wavelength conversion and pulse compression in gases, and high-power beam delivery. We recently presented a novel
technique for continuously measuring the capillary diameter (from which all other structural parameters can be
deduced) during fiber drawing in real-time [2]. This is expected to improve the yield of useful fiber lengths, as well as
offering better control of structural uniformity along the fiber. The technique relies on exciting whispering gallery
modes (WGMs) in the capillary walls, measuring the spectrum, and fast data analysis to extract the capillary
circumference. We here report the use of the technique for post-draw measurements in carefully studying variations
between capillaries at a fixed cross-section of a SR-PCF, as well as in quantifying fluctuations in capillary size along
the fiber in sub-cm steps.

II Whispering gallery mode spectroscopy
Analysis shows that the frequency spacing between successive WGMs fulfils the condition:

on, (v)j] e 1

- - - 2
ov nd.v ng, (V)

(nm V)+v
v rmdyv #dy

where ngn is the group index, vg, the group velocity, v and A the optical frequency and wavelength, ¢ the vacuum
velocity of light, d. the mean diameter of the capillary and n, the frequency-dependent effective index of the m-th
waveguide mode in the capillary walls, which can be calculated using standard planar waveguide theory [3]. Figure
1(a) shows how WGMs can be excited by simply illuminating the fiber from the side with a collimated beam. The
WGM spectrum can then be measured by collecting the light exiting the fiber at an angle specific to the capillary.
Using a fixed collection angle (~60° shifted from the input beam) and rotating the fiber, we measured the sizes of all
the capillaries in a SR-PCF while also scanning along the fiber (~60 cm length), as shown in Fig. 1(b).
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L - |
Figure 1: (a) Path of a ray refracting at point P, which at point Q excites a WGM inside a capillary. The ray exits the fiber
at a specific angle, allowing detection of the WGM spectrum of the selected capillary. (b) Setup used to scan along a fiber
length while rotating the fiber to selectively measure individual capillaries.

Figure 2(a) shows a SR-PCF with 10 capillaries of varying size as well as two gaps, which were used to uniquely

identify each capillary in the 360° rotational scan WGM-measurement shown in Fig. 2(b). Figure 2(c) shows the result

of tracking one particular capillary along the fiber length.

(1]

(2]

(3]

Figure 2: (a) Scanning electron micrograph (SEM) of the SR-PCF. The effective diameter of each capillary, estimated
from the SEM, is notated in the diagram. Comparison with (b) shows that each capillary can be identified with good
agreement. (b) An example of the scattered signals detected during a measurement in which the SR-PCF was rotated. The
angle was scanned in steps of 0.1°. (c) Diameter of a single capillary along a 550 mm length of SR-PCF, obtained by
finding the vertex of a parabola fitted to the V-shaped signals (Fig. 2(b)). The fiber was scanned in 5 mm steps. Two

measurements are shown, the second being made after turning the fiber end-to-tail in the set-up.
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Microgravity Fiber Processing for Future Optical Networks
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Abstract
The growing demand for higher capacity data links defines the need for increasing the bandwidth of optical fiber
communications. Microgravity processing of challenging glass compositions with potentially lower insertion loss at
longer wavelengths is explored.
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Introduction

Optical fibers carry the bulk of the modern data transmissions. The continuous increase of the bandwidth demand sets
the pace for the increase of the transmission capacity for the data links. The projections of the power consumption for the
multi-Tbit/s transmission line of the near future with the current generation of the technology would exceed 10kW and
the bandwidth of the transmission will be limited by the nonlinear effects in the optical fibers that will set the nonlinear
Shannon limit of the transmission capacity!'). While the growing complexity of nonlinearity mitigation techniques is
addressing the immediate needs of the data management the ultimate solution for the next generation of optical data links
requires new optical fibers with lower insertion loss. Photonic crystal fiber structures are promising candidates for
demonstrating the lower insertion loss; however the resonant structure of the design makes it challenging to achieve the
desired transmission properties across the broad spectral regions that will be needed for high bandwidth communications.
The presence of physical boundary with corresponding defects in the optical path makes the photonic crystal fibers
susceptible to environmental conditions and challenges their use as the high bandwidth media of the future. The
remaining alternative is the use of the low phonon energy glass materials for the optical fiber links. The fluoride glass
compositions have the promise of insertion loss that could be an order of magnitude lower than silica fibers”. The proper
processing of such glass materials however is challenging. In addition to the challenge of purification of the glass
producing materials these glasses react with moisture, have fairly narrow processing temperature range and demonstrate
phase separation with formation of crystalline phase. One of the suggested ways to improve the quality of the glass
processing is to produce the optical fibers in microgravity environment"!. The initial tests of the fiber processing in the
microgravity of the parabolic airplane fight confirmed the validity of the approach!™. The fabrication of long fiber spans
would require longer durations of uninterrupted microgravity environment and therefore suggesting the fiber
manufacturing tests on the orbital platform of International Space Station (ISS) I\,

Approach: Optical Fiber Fabrication on International Space Station

In our first set of experiments we focused on evaluation of drawing the optical fiber from fiber preform in microgravity.
The manufacturing hardware for the orbital platform of ISS has to comply with restrictions of size, weight and power
limitations of the delivery and return from the orbit. Additionally the hardware operation on board of the station has to
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meet the strict safety requirements of operation in the station environment that is the habitat of the station’s crew. The
challenge of processing fluoride glasses inside the high humidity environment of ISS is that the reaction of the fluoride
glass with water vapor can release hydrofluoric acid. The manufacturing process requires three levels of containment to
ensure the safety of the crew. The containment has to be developed as a part of the manufacturing payload design since
the facilities of the station are not designed for hydrofluoric acid barrier.

The resulting fiber manufacturing payload represents the 12x11x32 inches container with 25 kg weight and two fiber
manufacturing experiments with processing capacity of up to 50 km of fiber. FOMS team launched two payloads to ISS
on NG-11 mission and executed four remotely operated experiments in April of 2019. The results are shown in Figure 1.

a b c
Figure 1. (a) Fiber ma(m)lfacturing payload by FOMS Inc. inside Mic(ro)gravity Science Glovebox on board of IS(S,)(b) unpacking
of two manufacturing units in Houston, TX after returning back to Earth, (c) fluoride optical fiber produced in microgravity.
The fiber draw process was initiated on the ground and then re-started in space. The challenges included the mechanical
failure of the fiber connection, the compensation of the crucible position for the microgravity conditions, the correction of
the operating temperature settings with suppressed convection and the remote control of the experiment from the ground.
The team successfully completed the calibration of the manufacturing hardware and demonstrated the first optical fiber
manufacturing on the orbit. The microgravity fiber demonstrated better uniformity than the fiber produced on the ground.

The team is planning the follow up missions that will define the path towards volume manufacturing of optical fibers in
space. This development is supported by ISS National Lab (CASIS) grant and NASA SBIR program.
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Abstract
Shaping optical fiber preforms utilizing CO, laser ablation is able to significantly reduce process times, improve

surface qualities and facilitate fabrication of complicated cladding geometries including convex and concave surfaces.
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I Introduction

Double clad optical fiber for use in high power laser systems consist of a core material doped with a laser active ion,
an outer cladding glass into which the pump is coupled and a low index outer polymer that guides the pump.
Unfortunately using circular shaped outer claddings leads to some modes of the pump experiencing poor overlap with
the core, and as such poor absorption. This can be readily improved by shaping the outer cladding in order to scramble
the pump modes. This promotes better overlap, and subsequently absorption, of the pump light by the core. This shaping
is traditionally undertaken via diamond or ultrasonic milling of the outer glass into an octagon or hexagon. This process
often leaves a rough surface that is subsequently fire polished. We report on our developments in utilizing a CO, laser to
ablate the preform in order to customize the fiber cladding shape [1]. This approach is shown to allow fabrication of
novel cladding structures, which can include diameter reduction, concave and convex surfaces. This allows the
fabrication of novel cladding structures that are not feasible with classical fabrication techniques [2,3]. This is coupled
with a significant increase in the processing speeds and removal of necessity of fire polishing prior to fiber drawing.

II CO; Laser Preform Processing System

(a) (b)

Figure 1 (a) Showing a conceptual schematic of the COz preform processing system. The preform itself is mounted within a
rotation stage mounted onto x-y translation stages. The QCW pulsed COz laser is directed via a focusing lens onto the top

surface of the preform. (b) An example of a 12mm diameter preform shaped to an octagonal outer profile.
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Figure la shows a conceptual schematic of the CO, preform processing system. A silica clad preform of typical
diameter of 6-25mm is mounted with two high temperature gaskets within a rotation stage mounted onto an x-y
translation stage. The x stage is a high speed linear motor with translation speeds of up to 300mm/s, and the y stage is a
slower stepper motor driven stage for repositioning of the preform between high speed machining passes. The output
from a CO; laser (Coherent Diamond G100 10.6um) is directed to a focusing lens mounted above the preform providing
a focused spot on the surface of the preform. The focusing lens is mounted onto a translation stage so that the position of
the focal spot can be adjusted to control the spot intensity on the preform surface. An extract is employed to safely
remove the ablated silica from the work-piece and to avoid reconsolidation of silica soot onto the preform during
processing. The CO; laser is operated in a QCW (Quasi Continuous Wave) mode providing pulses with peak power of
~300W with a rise and fall time below 90us. The laser is modulated at a speed of up to 3KHz with the QCW pulse length
utilized to control the amount of material removed per machining pass. Fully automated generation of raster scanning
profiles to machine the circular preform to the desired cross section are employed based on a Bresenham based algorithm
to discretize the preform [4].

I CO; Laser Preform Processing Benefits

Figure 2. (a) Image of a 300mm long preform shaped into three sections with varying outer cladding geometries. (b) End
face image of a fiber drawn from a CO: laser shaped preform, (c) End face image of a fiber drawn from a 7 sided Reuleaux

polygon CO:z laser shaped preform.

1. Surface Quality
Figure 1b shows an example of a 12mm outer diameter preform shaped to an octagonal cladding utilizing the CO,
preform processing system. This shows the surface quality directly from the machining system and shows an optically
transparent polished surface with significant improvements over traditional milling approaches and allows drawing
without further fire polishing prior to drawing.

2. Processing Speed
Shaping of a circular preform to an N sided polygon is fully automated. Significant speed improvements over mechanical
milling are reported due to primarily an increased machining speed and additionally no requirement for remounting the
preform between machining of each facet due to low mechanical stress. As a result a 12mm outer diameter preform of
180mm in length takes less 90 minutes to octagonalize.
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3. Novel Geometries

As well as providing traditional polygon shaping it is possible to customize the raster scan profile in order to produce
more complicated cladding shapes, such as convex and concave surfaces, as well as creating multiple shaped sections in
a single preform. Figure 2¢ shows such a fibre drawn from a part of a preform shaped into a 7 sided Reuleaux polygon.
This shape is of particular interest as Reuleaux polygons are of a mathematical class of shapes that have a constant
diameter despite not being circularly symmetric. As such the fiber profilometers on the draw tower measure constant
diameters irrespective of Reuleaux fiber orientation, allowing easier automation and more accurate diameter drawing of
shaped fibers.

IV Conclusion

In this talk we review our developments in utilizing CO, laser based ablation processing for shaping the cladding
geometries of optical fiber preforms. Improved surface qualities, significant process speed improvements and novel
cladding geometry fabrication are reported. Improving draw diameter accuracy, shaping of close core to cladding area
fibers and reduction of OH contamination in cladding glasses will also be reported.
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Abstract
Recently, we proposed low-noise graded-index plastic optical fiber (GI POF) utilizing distinctive mode coupling owing
to microscopic polymer properties. Here we develop a low-noise GI POF to realize indoor optical wiring for next-
generation broadcast and communication in home and building.
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I Introduction

Recently, ultrahigh-definition (UHD) broadcastings are being introduced in some countries [1]. The UHD broadcast
signals are received with antennas, frequency-down-converted, and multiplexed with other broadcast signals to be
transmitted through cables into homes, buildings, and broadcasting stations. Moreover, in houscholds, the next-
generation wireless local-area and mobile networks (e.g., IEEE 802.11ac, 5G) are being introduced [2,3]. In these
wireless communications, carrier frequencies tend to be increased, decreasing cell sizes of the wireless networks. These
trends are demanding indoor optical wiring to transmit various radio frequency (RF) signals based on radio over fiber
(RoF). On the other hand, UHD device connections require uncompressed video transmission at bit rates exceeding 100
Gb/s.

A GI POF has been a promising transmission medium for indoor applications because of its flexibility, safety, and
high bandwidth [4,5], which enables 40-Gb/s data transmission through a 100-m GI POF. Recently, we proposed a low-
noise GI POF to achieve significantly stable and robust data transmission [6—8]. This stabilization is mainly attributed to
strong mode coupling closely related to the core-material properties of the GI POF. Here, we demonstrate that
transmission quality of baseband and subcarrier transmission (RoF) can be significantly improved by using our
developed graded-index plastic optical fiber (GI POF).

II Low-noise GI POF

Figure 1. (a) Schematic of distinctive mode coupling in low-noise GI POF. (b) Frequency response of the GI POF. measured
data (black closed circles) were fitted to calculated curve (red solid line) using our developed coupled power equation for the
GI POF. Insets show near-field patterns of VCSEL and, output beam from 1-m Silica GI MMF and 1-m GI POF

Polymers are composed of significantly large polymer coils. This microscopic structure of polymer result in
hierarchical density fluctuations. In low-noise GI POFs, random mode coupling is strongly induced by the microscopic
inhomogeneities and is pronounced even for optical fiber lengths below several meters. We fabricated a low-noise GI
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POF with a core diameter of ~50 um, NA of ~0.2, and GI profile index-exponent of ~2.0, which are almost the same as
those of a reference silica GI MMF, by the co-extrusion method. Using our developed coupled power equation for the
distinctive mode coupling in the low-noise GI POFs, we estimated average power coupling coefficient taken over all the
guided mode pairs at 7.6x10-> m’!. This mode coupling of the low-noise GI POF is pronounced even for a fiber length of
1 m, as shown in the inset of Fig. 1 (b). The GI POF has an attenuation of ~ 6.5x102 dB/m and a bandwidth of ~750
GHz'm, whereas the silica GI MMF has an attenuation of ~ 2.3x10-3 dB/m and a bandwidth above 2650 GHz'm (device
limit of the component analyzer).

Figure 2. Constellation map for signal transmitted through 100-m silica GI MMF and 100-m low-noise GI POF. Carrier
frequencies are (a) 1 GHz, (b) 2 GHz, and (¢) 3 GHz.

We composed an optical link of a 100-m fiber, an 850-nm multimode vertical-cavity surface emitting laser (VCSEL),
and a 12-GHz GaAs photodiode (PD) without amplifiers, where coupling loss and modal noise can be ignored [8]. We
evaluated constellation maps and modulation error ratios (MERs) of a RF signal transmitted through the low-noise GI
POF and silica GI MMF. The modulation format and Nyquist bandwidth of the transmitted signal are 64 QAM and 5.3
MHz, respectively. Signals detected with the PD were amplified by a 20-dB built-in preamplifier of the signal analyzer.
As shown in Fig. 2, the low-noise GI POF allows for higher quality RF transmission than the silica GI MMF despite its
higher attenuation for all the carrier frequencies. This can be attributed to strong mode coupling of the low-noise GI POF,
which can decrease interferometric noise including reflection noise [6].

Figure 3. BER as functions of received optical power for MMF links with silica GI MMF and low-noise GI POF.

Furthermore, to evaluate baseband transmission through the low-noise GI POF, VCSEL is directly modulated at a bias
current of 5 mA with a 10-Gb/s non-return-to-zero (NRZ) data (23!-1 PRBS pattern length) to evaluate the transmission
qualities of the MMF link. BERs of transmitted data through a low-noise GI POF and a silica GI MMF were measured
for a low modulation voltage of 0.1V. Both fiber lengths are 1 m. In these experiments, we used a PD with a
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transimpedance amplifier. Figure 3 shows BERs for silica GI MMF and low-noise GI POF as functions of received
optical power. In silica GI MMF, the optical-feedback-induced instabilities degrade transmission qualities [5]. However,

low-noise GI POF significantly decreases BERs for all the received optical powers because of its strong mode coupling
or noise reduction effect.

IIT Conclusion

We developed a low-noise GI POF to achieve higher-quality subcarrier and baseband transmission than conventional
multimode fibers. Our developed GI POF will realize indoor optical wiring for next-generation broadcast and
communication in home and building.
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Abstract
The elaboration of chalcogenide microstructured optical fibers (MOFs) permits to combine the mid-infrared
transmission of chalcogenide glasses up to 18 um to the unique optical properties of MOFs due to the high degree of
freedom in the design of their geometrical structure. In this context, we have shown that chalcogenide preforms can be
obtained by an original additive manufacturing process, and that such as-prepared preforms can be drawn into
chalcogenide optical fibers. Those results open a new way for the elaboration of chalcogenide MOFs, especially for hollow-
core chalcogenide MOFs

Keywords: chalcogenide glasses, microstructured optical fibers, 3D printing

| Introduction

In recent years, a growing interest has settled for optical materials and fibers for the mid infrared (mid-IR) region. This
interest originates from societal needs for health and environment for instance, and also from demand for defense
applications. Indeed, the mid-IR spectral region contains the atmospheric transparent windows (3-5 um) and (8-12 um)
where thermal imaging (military and civilian) can take place. Furthermore, the infrared window is well-suited for sensing
(bio)-molecules, whose fingerprints are located at wavelengths between 2 and 15 um. The development of mid-IR
transparent materials and optical fibers is essential. Chalcogenide glasses are good candidates for the realization of new
and innovative mid-IR systems. In this context, chalcogenide fibers have attracted great interest in the field of versatile
mid-IR fiber transmission, supercontinuum generation , and sensing [1].

An original way to obtain fibers is to design microstructured optical fibers (MOFs). Such fibers present unique optical
properties thanks to the high degree of freedom in the design of their geometrical structure. The elaboration of
chalcogenide MOFs permits to combine the mid-IR transmission of chalcogenide glasses to the light propagation
properties of MOFs. Different methods for the realization of chalcogenide preforms and microstructured fibers have
been reported, such as the stack and draw method [2], drilling method [3], extrusion processes [4] and molding method
[5].

We have investigated an alternative way for fabricating complex microstructured preform by using an original 3D
printing process. It has been shown recently that bulk As2Ss can be obtained by additive manufacturing process [6]. In
the present study, we have 3D-printed a holey chalcogenide preform, and shown that this preform can be drawn into a
chalcogenide optical fiber that can transmit light. The attenuation of the printed fiber will be compared to the optical
transmission of chalcogenide fiber drawn from a classical melt-quenched preform.
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Il Elaboration of chalcogenide preform and fiber by 3D printing

1. 3D manufacturing of the preform

A new method has been investigated for producing preform for mid-IR fibers: the additive manufacturing. This method
can be implemented with Tez0As30Seso glass (TAS), which is very stable against crystallization. Likewise, its low glass
transition temperature (Tg) facilitates its shaping at low temperature and makes it a good candidate to explore 3D printing
of chalcogenide glasses

The thermal properties of TAS, i.e. Tg around 140°C and an extrusion temperature. around 270-300°C are close to the
ones of commercial printable polycarbonate (Tg around 140-150°C and extrusion temperature. around 260-310°C). In
order to manufacture TAS glass preforms, a customizable commercial RepRap-style 3D printer (Anet A8) has been
modified accordingly with a copper hot end (nozzle diameter = 0.4mm) that can reach printing temperature up to 400°C
and a sodalime glass bed that can be heated slightly above the TAS Tg for adhesion purpose. 400-mm long TAS rods (1.75
and 3 mm in diameter), produced by the fiber-drawing method, were utilized to supply the feeding mechanism especially
customized for brittle materials. As a proof of concept of the printability of chalcogenide glass preforms, a basic tube of
glass has been elaborated, at first. The material is deposited uniformly layer by layer in a continuous circular motion at
constant linear speed and extrusion rate under ambient conditions. The resulting piece has an external diameter of 8.2
mm and an internal diameter of 3 mm for a height of 15mm. The tube surface is bright, suggesting that neither
crystallization, nor defects are discernible to the naked eye. Only the stripes due to the different layers of the additive
process are clearly visible, as can be seen in Figure 1.

Fig 1. Photos of the chalcogenide glass hollow preform obtained by 3D printing.

2. Drawing and optical characterizations of the “printed” fiber

The printed preform has been drawn into a hollow-core fiber by using a drawing tower especially built for soft glasses
such as chalcogenide glasses. Few meters long samples with an inner diameter around 70 pm and an outer diameter
around 280 um (Fig2a) have been produced. The attenuation curve of the “printed” fibers has been recorded and
compared to the attenuation losses measured in the TAS glass cane used for printing the preform (fig 2b). The
measured optical losses for the “printed” fiber are much higher than the initial optical losses, by nearly a factor of 4
in the 7-8 um region. The additional losses are mainly due to scattering effects induced by the presence of bubbles
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(fig 2) and also water and oxygen pollution during the 3D printing that takes place in air. One can note that the initial
glass used for this first attempt was not a high purity chalcogenide glass.

100
— Initial glass
—— Printed glass fiber

Attenuation (dB/m)

Wavelength (um)

Fig 2 : 3D-printed chalcogenide hollow fiber : (a) fiber cross section, (b) : Optical loss of the chalcogenide (black) and the printed hollow
fiber (red).

Those results open a new way for the elaboration of chalcogenide MOFs, especially for the preparation of hollow core
chalcogenide MOFs.
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(4]

(5]
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Abstract

The role of internal capillary on structured optical fibre drawing is explored. A single-capillary function modified to cater for
multi-capillary structural constraint within a larger single capillary draw is proposed and shown to give reasonable fits with experiment.

Keywords: Structured Optical Fibre (SOF); photonic crystal fibres, Structure formation; Drawing condition; Experimental

investigation; Simple modelling.

I. Introduction

The structure of structured optical fibres (SOF) [1-7] is
usually characterised by periodic arrays of microscopic air-holes
running along its entire length. Changes in the size and
distribution of the air-holes can significantly alter the optical
properties of SOFs. This provides flexibility in design and
allows for the development of SOFs with important features,
including endlessly single-mode [5], high-nonlinearity [7] and
temperature-independent high-birefringence [8]. The design and
fabrication of SOFs are of interest in telecommunications [9],
optical fibre sensing [10, 11], and fibre lasers [12, 13]. The final
structure of SOF depends on the drawing process which involves
a complex interplay between furnace temperature, pressurisation,
drawing tension, feeding rate and drawing speed. Changes in
these parameters or conditions directly affect the viscosity flow,
surface tension, and shear force. They can significantly alter the
air hole geometry and hence the properties of the fibre.

Although numerous papers describe the fabrication process
of SOFs, there have been only a few research studies attempted
to rigorously investigate the effects of drawing parameters [14-
17]. Several models based on the Navier-Stokes and convection-
diffusion equations have been developed to describe the fluid
flow in the neck-down region at the drawing process [18-20].
Fitt et al. [19] used a simplified model to describe the drawing

process of a hollow fibre with a single axisymmetric hole,
relating it to an idealized single capillary. They compared their
solutions with the experimental results of drawing a single
capillary to verify their model at different drawing pressures.
Later, a number of studies have been conducted using this single
capillary analogy to purportedly predict the fabrication process
of SOFs. A fundamental problem with this approach is that the
arbitrary fitting of a single capillary model to experimental data
has no clear physical justification because there is no reason why
the internal multi-capillary structure of the SOF can be ignored.

This paper aims to extend the simple capillary model to
make it suitable for analytical SOF studies by taking into
account the internal structure and the role of pressure. The SOF
studied is composed of four hexagonal rings of air-holes
surrounding the solid-core. A comparison between the
experimental and predicted results is presented. The effect of a
net counter-pressure from the surrounding holes on an air-hole
within the drawn SOF is the likely explanation for the difference.
A simple intuitive correction of the Fitt’s single capillary
approach, using a structural constraint to capture the role of the
multiple-capillary structure within the SOF, is shown to be
sufficient opening a pathway to quantify constraint and optimise
actual SOF design.

I1. Design and Fabrication of Structured Optical Fibres

There are several methods to fabricate SOFs including
stacking of capillaries [14-17], extrusion, [21], sol-gel casting
[22], drilling [23-25] and potentially the most disruptive and
flexible of all, 3D printing [26, 27]. The capillary stacking
technique, the most widely adopted method, is used in this study.
Stacking allows relatively fast, low-cost, clean, and flexible
fabrication although it has significant limitations on design
flexibility beyond periodic arrays. The SOF we draw for this
work is made up of capillaries (inner diameter 2¢. = 1.56 mm)

stacked to form a hexagonal pattern, inserted into the jacketing
tube (Figure 1(a)). The interstitial spaces situated between the
capillaries were removed by fusing on a modified chemical
vapor deposition (MCVD) lathe. The fused preform was drawn
into SOF's using an optical fibre drawing tower (furnace hot zone
length L = 4 cm). Feeding rate, drawing speed, furnace
temperature, and drawing pressure were adjusted to control the
shape and structure of SOFs. Drawing pressure controlled air-
holes’ dimensions by adjusting collapse or expansion.

III. Single Capillary Draw Analogy

Fitt et al. [19] used a simplified closed-form Navier
Stokes expression and convection-diffusion equations that

govern the viscous fluid flow in the neck down region of a
furnace drawing capillary (Figure 1(b)).
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Figure 1 Illustration of (a) an SOF structure with the inner capillary diameter 2¢.; (b) a single capillary with inner diameter, 2 ¢
at the neck-down region; (c) a fabricated hexagonal structured optical fibre, SOF with inner diameter 2¢note.

The model takes into account the interplay between furnace
temperature, pressurisation, drawing tension, feeding rate, and
drawing speed. According to this single capillary model, the
inner radius of the drawn capillary ¢noe (m) is defined as a
function of drawing parameters by [19]:

Prote) = exp(r — P exp (X)) exp(P)
x —ﬁu
— G _
[eew ( i
+ Pexp (_Tﬁu)> du

where G = y/(2,uvf),,8 = log(vd/vf), P= LPd/(Z[?/wf), u
(N-s'm?) is viscosity, y (N-m™!) is surface tension and v (m-s™")
is preform feeding speed, va (m*s™) is the drawing speed, and P4
(N'm?) is the drawing pressure applied to the air-holes within
the preform , L (m) is the furnace hot zone length whilst @sc (m)
is the inner radius of the capillary and x (m) is the distance along
the axis of a capillary from the start point of the neck-down
region. The surface tension of the silica is y = 0.3 N/m. The
viscosity of the silica is approximately given by p = 0.1 x
10~624+26900/(T+273) where T is the drawing temperature (°C)
[28]. In this model, the length of the hot zone is assumed to be
much larger than the radius of the outer capillary, goc, SO ¢oc/L
<< 1. Theoretically, there exist two pressure thresholds, collapse
Pgcou and expansion Py .yp, that determine capillary collapse

(1

(Pg < Pycou) and expansion (Ps > Pgyeyp), respectively,
satisfying [19]:

x —fu  LPycon —pu
Gf exp| —+————ex (—) du
. p( 2L 2puv; P\TL o
=¢ ex LPd,coll
sc €Xp Zﬁ,uvf
Yy . Buvr (3)
P, > —+
PP e L

An obvious difference between the SOF and the single
capillary model is the role of the multi-capillary internal
structure inside the main outer capillary structure of the fibre —
this difference exists because each capillary expands in its own
right against each other creating a cylindrical web with an
effective counteracting pressure that should lead to an overall
pressure differing from that of the single capillary analogy. Here,
we quantify the difference between the single capillary and the
actual SOF without making assumptions on parameters to obtain
an arbitrary fit. More importantly, this difference should be a
direct measure of the degree of constraint in the structure since it
is what causes the deviation from a singular capillary of similar
dimensions.

IV. Experimental and Predicted Results and Discussion

To study the relation between the drawing conditions and
the final air-hole dimensions/structures of SOFs, drawing
temperature, 74, drawing pressure, P, preform feeding speed, vy,
and drawing speed, va, were adjusted. Velocities vy and va were
set at vr= 0.5 mm/min and v = 15 m/min to produce a hexagonal
pattern of air-holes in the fibre with outer diameter ¢y~ 125 um.

The air-hole size in a SOF can be tuned by adjusting Ps and/or
Ta. Paq can also be changed indirectly through vs which changes
drawing tension and therefore internal pressure via Poisson’s
ratio. The response of control by 74 is slow but that by Py is fast.
Therefore, Ps is explored as a suitable parameter for
controlling the eventual air-hole structure of SOFs.
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Figure 2. Experimental vs predicted results of the single capillary model at 72 = 1860 °C, P4 = (0.1-16) mbar: (a) Ignoring Pex and

(b) with Pew = 0.2P4.

To maintain a desirable level of surface tension, whilst
not making the fibre brittle at too low 74, the furnace
temperature had to lie between 1855 <7< 1880 °C. Here, Tu =
(1860 — 1870) °C and Ps= (0.1 - 16) mbar were considered.

Scanning electron microscope (SEM) and optical
microscope were used to image the SOFs. Image analysis
characterised the fibre geometry and determined the air-hole
size. The average size of the air-holes in the first ring from the
core is used for comparison (Figure 1(c)). One would expect the
changes in dimension here to be approximated by a constrained
single capillary with a diameter close to that of the ring diameter.
Figure 2(a) shows the experimental results from the SOF drawn
and also the results for a single capillary analysis (CM) under
different drawing pressures at 7¢ = 1860 °C. The expansion
pressure thresholds of a single drawn capillary were calculated
from Eq. (3). Within experimental error there is good agreement
between experimental and predicted results prior to rapid
expansion (i.e. when the effective ring of holes starts to expand
rapidly). However, when Pa¢ >Pgexp, the size of the air-hole
predicted by the Fitt model deviates significantly from that of the
experimental results.

To model the system in its entirety using a multi-capillary
model would be extremely complicated. Considering that the net
effect of the structure is to oppose the expansion from the
beginning, we can introduce an external pressure Pex to quantify
the net counter-pressure to a hole’s expansion from the lattice
holes in the SOF structure. The value of Pexw depends on the
position of the air-holes in the SOF, the size of the holes, and the
internal drawing pressure. Hence in a multiple air-hole SOF, the
effective draw pressure, Paef (Pdeff = Pa - Pex) determines a

hole’s size, corresponding to Pz in a single capillary structure.
By applying this Psey we introduce a modified single capillary
model (MCM) for SOF, providing a simple, intuitive and direct
measure of multiple capillary structure contributions, which
define a so-called structural constraint parameter, SC, that can be
used to optimise designs. In terms of the normalized pressure
parameter P :

P =L(Pd_Pext)
sc —Zﬁlwf

Based on this modified single capillary model, the external
pressure Pex Will increase the expansion limit by:
Yy |, Buvy

Pd,exp > _+T+Pext (5)
sc

4)

in which Pgeyp, is the internal drawing pressure leading to
expansion of the entire structure. From the experimental results,
this external pressure can be defined as a function of the internal
drawing pressure and predicted to be Pexr = 0.2P4, as shown in
Figure 2(b).

Furthermore, Figure 3 (a) and (b) show the experimental
results and the predicted results from the SOF (fused inner
capillaries diameter 2¢. = 1.45 mm) at different drawing
conditions 74 = 1865 °C and 1870 °C, vy= 0.5 mm/min, va = 16.5
m/min, respectively. Seen from Figure 3, good agreement is also
observed between the experimental and predicted results by
using Pex= 0.2Pq.
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Figure 3. Experimental vs predicted results of the single capillary model (CM) and the modified single capillary model (MCM) at

Pa=(0.1-16) mbar: (a) Tu= 1865 °C and (b) Ta = 1870 °C.

V. Conclusion

Using an extended single-capillary function, a simple
analytical approach to model SOF structure with regard to
drawing parameters and conditions is reported. A single capillary
analogy alone is insufficient because it ignores the expected
contribution from an effective counter pressure arising from the
multi-capillary interior. However, in order to retain the
simplicity of the single capillary approach whilst being able to
describe the actual pressures for a multi-capillary system of the
type in a SOF, the single capillary model has been extended to
include a structural constraint parameter arising from the internal
capillary structure. This assumes the dominant force on the fibre
remains the net expansion of the entire system with the structure
acting as a constraint, consistent with observations. An effective
external pressure was defined and added to the single capillary
model leading to generate agreement between the experimental
and predicted results here, when external pressure is close to ¥
of drawing pressure. The model retains simplicity but has

physical meaning supporting it with structural constraint as a
direct measure of interest for the study of SOFs. It explains the
origin of hole flattening often observed in the drawn fibre.

The model can be used to explore and quantify the
variations in more complex structures and obtain information
that will relate to the ability to tune, for example, stresses and
strains in the final fibre. In our experiments, SOFs were
fabricated under different drawing conditions and the structure-
related results are shown to give agreement with the simple
analytical fit. Further refinements are possible by closely
studying the regime below rapid expansion in more detail and
exploring the impact of different hole sizes and designs. More
complex asymmetric profiles can be modeled using axially
variant models. This work suggests the impact of hole flattening
and so on can be controllably increased or reduced, if not
eliminated, by optimising the temperature and drawing pressures
that influence the magnitude of constraint.
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Inverse modelling of microstructured optical fibre drawing
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Abstract
Drawing of a fibre with desired structure is a difficult inverse problem, requiring determination of preform
geometry and draw parameters. A mathematical model is described which enables solution of this inverse
problem in a very efficient way. An excellent prediction of preform and draw parameters for a desired fibre may
be obtained reducing the need for expensive experimental trials.
Keywords: microstructured optical fibres, inverse problem, mathematical modelling, asymptotic methods,
free-boundary problem, extensional flow.
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I Introduction

We consider the drawing of a microstructured optical fibre from a preform, containing a pattern of air channels, as
depicted in Figure 1. We take the x-axis to be directed vertically downwards along the axis of the preform/fibre.
The preform, with cross-sectional area .S;,, enters a heater at © = 0 at a slow feed speed U,,,. Between x = 0
and x = Lj, heat is applied so that the preform becomes a deformable viscous fluid thread, and from x = Lj, to
x = L > Lj, the thread cools to a solid. At x = L the thread is pulled at a much larger draw speed U,,; by a
take-up roller. Over the so-called neck-down region 0 < x < L the preform deforms greatly to form a fibre, due
primarily to the draw ratio D = Uyyt/Uspn > 1 which results in reduction of the cross-sectional area S with x.
By mass conservation, the cross-sectional area of the fibre at © = L is Syt = Sin/D. However, surface tension
and/or any pressure applied within the channels, also deforms the geometry. Thus, in order to manufacture
a fibre with some desired geometry it is necessary to determine a preform geometry and the draw parameters
that will yield the desired fibre. The crucial draw parameters are the draw ratio D, the pulling tension 7 and
the constant pressure py applied within the channels. The effect of gravity is negligible and, hence, is not
considered.

This is a difficult inverse problem. Starting with an initial estimate/guess for the preform and draw pa-
rameters, an experimental trial-and-error process might be used to iteratively find a satisfactory answer, but
this is costly in both time and resources. Similarly, a trial-and-error process employing numerical simulation,
as in [10], might be used but, again, this is costly in terms of computational resources and is not yet practical
for fibres with many air channels. However, noting that the neck-down geometry is often slender, such that
the parameter € = /S;,/L is much less than unity, the authors and coworkers have exploited this property
and used asymptotic methods to obtain an extensional-flow model that may be solved very efficiently for fibres
with any internal geometry. The modelling approach is described in [3, 11] (building on earlier work including
[5, 6, 7, 8, 9]), while numerical techniques that enable efficient handling of arbitrary internal geometry are
described in [1, 2]. Importantly, the model enables direct solution of the inverse problem. Furthermore, it gives
understanding of the key parameters that may be used to control the result.

IT Asymptotic mathematical model

The fibre drawing process described above is, essentially, a steady-state viscous flow problem and we assume
that the softened fibre material (typically a glass) behaves as an incompressible Newtonian fluid with viscosity
1, that depends on temperature, and constant surface tension . Application of asymptotic methods to the
flow and temperature equations (see [3, 11, 12] for details), shows that the axial velocity v and temperature
are uniform in any cross section and so change with axial position x only. Since the viscosity p depends on
temperature it is also a function of x only. Furthermore the model becomes a 1D problem for the change in
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neck-down region —,
«—— heater —

Figure 1: Schematic diagram of the neck-down region, 0 < x < L, over which the initial cross-sectional area of
the thread x?, reduces to that of the fibre x2,, due to the large draw speed U, relative to the feed speed Us,,.

cross-sectional area due to axial stretching and a 2D cross-plane problem for the deformation in the cross-section
due to surface tension and channel pressurisation.
For the purposes of modelling we define the scaled cross-sectional area as
X2 = S/Sin

where x is the square root of the dimensionless cross-sectional area and y = 1 at x = 0. We also introduce
scaled pulling tension, channel pressure and surface tension parameters, denoted by asterisks and given by

T bH S’in 7[1
e Ay N ALY R — -
67V Sin ol K 1Uin\/ Sin

u:L/ALM(lx)dx

is the harmonic mean of the viscosity over 0 < x < L which is used to scale the viscosity, i.e. u* = pu/f. Then
X is given by the ordinary differential equation

where

— = —=xI'=-T", x(0)=1, (1)

where 7 is a new independent variable related to the scaled axial position «* = /L by

dr

*
=t o=, 2)
and x(7)I'(7) is the sum of the lengths of all boundaries in the cross-section at position (7). In addition, from
Sout = Sin/D, we have the boundary condition x = 1/\/5 at z* = 1, which is used to determine the tension
parameter 7*. We define 7,,; as the value of 7 for which z*(7) = 1.

The function I'(7) is determined from a scaled cross-plane problem which removes the change in cross-
sectional area due to the draw ratio and models the change in the geometry of a cross-section of unit area,
due to both surface tension and channel pressurisation, over 0 < 7 < 7,,;. This is a classical two-dimensional
free-boundary Stokes-flow problem driven by unit surface tension and channel pressure P*. The equations for
conservation of mass and momentum in the fluid are

vyt w, =0, vy + v =Dy, Wyy+ W =Dy, (3)
with boundary conditions
GY + G +wG? =0, (4)
(—p +20,)G) + (v, +w,)GY = — (kD + PO)GP, (5)
G (v +wy) + GO (—p + 2w.) = — (kO + POX)GD, (6)
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Figure 2: Schematic of the preform geometry. The preform outer diameter is 3.93 mm. The six internal holes are
each described by their diameter d and their position (z,y), where the centre of the outer boundary is (z,y) =
(0,0). Clockwise from top right the six holes are (d,z,y) = (611,484, 822), (469,968,1.12), (458,477, —828),
(611,477,823), (468, —966, —0.986) and (459, —477,827) um. Reprinted, with permission, from Chen et al., J.
Lightwave Tech. 34(24), 5651 5656 [4, fig. 4].

where v and w are the velocities in the y and z directions, respectively, p is the pressure in the fluid region,
GO (1,9, 2) = 0 is the external boundary subject to external pressure PO =, G(i)(T, y,2)=0,1=1,...,N,
are the N interior boundaries subject to the channel pressure P() = P* i=1,..., N, and k¥ is the curvature
of the ith boundary. Here subscripts denote differentiation with respect to the subscript variables. The solution
of this cross-plane problem yields both I'(7), as well as the evolution of the cross-sectional geometry. We note
that if the channels are not pressurised (P* = 0) the cross-plane problem completely decouples from the axial
stretching problem and may be solved first but, otherwise, there is full coupling and both problems must be
solved simultaneously.

A variety of methods can be used to solve the cross-plane problem depending on the geometry. There is an
analytic solution for an unpressurised tube [11] and an efficient computational routine is available where the
shape of the channels is restricted to be ellipses [2]. For very general channel shapes a spectral method [1] can
be used to compute their evolution efficiently.

IIT Model validation

The validity of our model is demonstrated in [4] which describes a comparison of results from our model
with experimental results and 3D finite element simulations of Luzi et al. [10] for the six-hole preform shown
in Figure 2, which has a cross-sectional area of S;, = 1.088 x 107°m?2. The feed and draw speeds were
Uin = 3.333 x 107*ms~! and U,y = 3.117 x 10~ ms™!, for a draw ratio of D = 935. The silica glass used
for the preform had a surface tension of v = 0.3Nm™', the neck-down length was taken to be L = 0.1m and
the harmonic mean of the viscosity over the neck-down was calculated to be 17 = 1.13 x 106 Pas. We solved
our model numerically using the spectral method of [1] for the cross-plane problem. Figure 3 overlays the fibre
geometries yielded by our model, the experiments and the 3D finite-element simulations for the values of pulling
tension T and channel pressurisation py there shown. Our model performed extremely well and better than the
finite-element simulation. This provides excellent validation of the asymptotic modelling approach. For further

details see [4].

IV  Solution of the inverse problem

Given a desired fibre geometry, what preform and draw parameters will yield it? This is an inverse problem
which is of great practical importance. To solve it we specify the fibre geometry, rather than the preform
geometry, and run our model backwards for some choice of the draw parameters to find the preform geometry
that is required for the choice of parameters. The choice of the draw ratio immediately gives the cross-sectional
area of the preform from the cross-sectional area of the fibre while the pulling tension and channel pressurisation
determine the difference in shape between the preform and fibre.
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py = 0mbar, T =85.65¢g pg = 150mbar, 7 = 85.66 g
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py = 250mbar, T = 85.67g pp = 300mbar, 7 = 85.68¢g

(100Pa=1 mbar)
Figure 3: Experimental microscope images of the fibre cross-section, overlaid with the finite element simulation
of [10] (pale blue transparency) and the results of the new asymptotic simulation (thin red lines). Shown are
the four values of pressurisation from [10, Fig. 3]. For each example the pressurisation applied is shown in the
caption above the image, along with the fibre tension as calculated by the iterative scheme. (©) 2016 IEEE.
Reprinted, with permission, from Chen et al., J. Lightwave Tech. 34(24), 5651— 5656 [4, fig. 4].

Figure 4: (a) Desired geometry of the fibre which has cross-sectional area S,,; = 2.39 x 1078 m?. Required
preform geometry when using a pulling tension 7 = 35¢g and channel pressurisation (b) py = 0, (¢) py =
3000 Pa. The remaining parameters for the displayed solutions are D = 3000, S;, = 7.18 x 10~°m?, U;,, =
233 x 10 2ms ' and y = 0.23Nm™*.
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Figure 4(b,c) shows two preform geometries that may be used to obtain the fibre geometry shown in Fig-
ure 4(a) which has cross-sectional area Sy,; = 2.39 x 10~8 m?. The draw ratio has been set at D = 3000 so that
the preform has cross-sectional area S;, = 7.18 x 107> m?. A tension of 7 = 35 ¢ is required and there must
be no channel pressurisation for preform (b) while, for preform (c¢) the channel pressure must be pg = 3000 Pa.
Not surprisingly, the size of the preform channels decreases as the pressurisation is increased. A benefit of pres-
surising the channels is that they are (nearly) circular in the preform which may render the preform more easily
manufactured. These solutions were computed using the elliptic pore model [2] for the cross-plane problem.
For more detail on this example see [3].

V Conclusions

Asymptotic methods have been used to obtain an efficient model of drawing of microstructured optical fibres
containing many air channels. The model comprises a 1D problem for the change in cross-sectional area due
to stretching and a 2D problem for the deformation in the cross-section due to surface tension and channel
pressurisation. The model may be used to determine the fibre geometry given a preform geometry and draw
parameters (the forward problem) or to solve the inverse problem of determining a preform geometry and draw
parameters for a desired fibre geometry. The crucial parameters that control the draw are the draw ratio
D, which determines the change in cross-sectional area from preform to fibre, and the pulling tension 7 and
channel pressurisation py which determine the deformation of the cross-sectional shape. The model has been
demonstrated to be accurate where the geometry through the neck-down region is sufficiently slender.

It is noteworthy that the crucial parameters required to draw a given fibre from a given preform may be
determined without the need to know anything about the temperature of the fibre material or the exact neck-
down length; see [11] for a detailed discussion of this. When using a draw tower fitted with a tension-measuring
device, the furnace temperature can be adjusted to yield the required pulling tension. This is of great practical
value since determining the temperature and, therefore, the viscosity, through the neck-down region is extremely
difficult, if not impossible. We also note that there is not a unique viscosity, hence temperature, profile for a
given fibre draw. Rather, the model indicates that all temperature profiles which yield viscosity profiles with the
same harmonic mean through the neck-down region give the same fibre from a given preform. The temperature
profile affects the evolution of the geometry along the neck-down region but not the end result. Should the
geometry through the neck-down region be important, or the draw tower not provide for measurement of pulling
tension, then a temperature model must be coupled to the flow model discussed herein. This is considered in
[12].
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Within the present talk, we review the main activities that are presently taking place in Israel
in the field of specialty fibers and fiber lasers. We start by presenting the objectives and
infrastructure of the newly built Israel Center of Advanced Photonics (ICAP). An example of a
recent ICAP activity concerning fs inscription of Fiber Bragg Gratings (FBGs) will be presented.
The objective of this activity was to inscribe an FBG through the polymer coating, without
stripping the fiber, while maintaining the coating functionality, especially in double clad fibers.
Next, we review the main activities within the ALTIA Consortium, with an emphasis on the
newly developed high power UV and Green lasers for micromachining applications. Examples
of laser micromachining applications of the consortium partners will be presented. Next, we
present the high power Raman fiber laser development at Soreq, which aims to reach more
than 5 kW from a single fiber source. So far 1.2 kW output power has been achieved with good
beam quality and significant brightness enhancement compared to the pump source. Finally,
we present two novel Yb-doped double clad fiber designs. The first is a large area multicore
fiber with six doped cores which was designed and fabricated jointly by BGU and NTU, and the
second design is a very large mode double clad fiber where the amplification takes place in
the clad.
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Abstract

This presentation will report on recent progresses and discuss current challenges in research and development of 3D
silica lithography based new fabrication technologies for future doped and structured optical fibers.
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1. Introduction

Chemical vapor deposition (CVD) based silica fiber
fabrication has been the prevailing traditional optical
fiber fabrication way and produced most of commercial
optical fibers and fiber amplifiers so far. As the Internet
evolves into a so-called ubiquitous “Internet of things,” or
10T, the role of optical fibers is expanding from a mainly
passive telecommunications transmission medium to
multifunctional host for fiber sensing, fiber devices and
lasers, and beyond. This is creating a great demand for
optical fibers of diversified materials and sophisticated
Nevertheless the traditional
fabrication, based on CVD as well as rod-and tube

structures. silica fiber
stacking, has limited capability in both material and
structure flexibility for diverse and custom-designed
functionalities. The recent research and development of
3D silica lithography using digital light processing and
related technologies show a new pathway to future doped
and structured optical fibers [1].

3D printing technology allows new possibilities in
fiber fabrication [2]. The early work in this field was on
3D printing plastic fibers [3]-[6]. The recent development
of 3D silica printing lithography [7]-[11] for glass
applications shows enormous potential in fabricating
silica with greater freedom in both structure and material
formation, while highly possible with superior optical
transparency. Although 3D polymer fiber work can be

easily applied to lower-temperature soft glasses such as
borosilicate or chalcogenides, silica is a very high-
temperature material could mean more significant
challenges. High purity silica is also extremely difficult to
shape and dope, something presently inaccessible to 3D
printing. As of the time of writing, there are no reports of
3D printed silica optical fiber preforms or fibers although
there are recent works toward 3D printing optical glasses
[12].

Here we reported our progress in demonstrating the
first successful 3D printed step-index silica optical
preforms and the fibers drawn from these preforms.
Although the quality and design are far from desirable so
far, we believe that 3D printing based technology could
offer great potential to produce new silica fibers for
future applications.

II. 3D Printed Silica Preform Fabrication

Our new pathway to manufacture silica optical fibers is
to use Digital Light Processing (DLP) or Stereo
Lithography (SLA) based 3D printing technology, as
depicted in Figure 1. This pathway will include several
steps:

1. Material preparation and processing: UV curable

solution doped with nanoparticles, rare earths and /
or other functional dopants;
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2. 3D printing of structured and / or doped silica
preform;

3. Sintering and consolidation of silica preform;

4. Drawing optical fiber from the 3D printed and
thermally processed preform.

By incorporating 3D printing into traditional fiber
technology, one could realise both structured and doped
fiber fabrication, and may produce specialty silica fibers
that require custom design structures and material
compositions.

, |

tion

Figure 1. 3D lithography-based new pathway to silica optical fiber fabrication.

In terms of material preparation for silica
stereolithograohy, proper material formulation is needed
for conditioning photo- or thermal polymerization for
optimization of 3D printing speed and resolution, as well
as polymer debinding and silica sintering processes.
Researchers in Karlsruhe Institute of Technology (KIT)
initiated and demonstrated very effective techniques [7]-
[9]. They reported the first SLA-based 3D printed,
transparent fused silica glass with several millimeter scale
and micrometer resolution, achieved by suspending
in ultraviolet (UV)

nanoparticle silica sensitized

monomer.

We used material preparation processes similar to that
reported by KIT, although our debinding and, especially,
sintering processes are quite different. In our first 3D
printed silica optical preforms and fibers [13]-[14], we
used amorphous silica nanoparticles (Aerosil OX50 from
Evonika) with a mean diameter of 40 nm and dispersed
them into initiated monomers to form a UV curable resin.

The UV curable resin is a mixture of 2-hydroxyethyl
methacrylate (HEMA), 2-phenoxyethanol (POE),
tetra(ethylenglycol) diacrylate (TEGDA), diphenyl(2,4,6-
(DPO) and
hydroquinone (Hyd). Compositions of the printing resin
are tested with varying amount of SiO2, up to 40wt% of
Si02 nanoparticles, which can mix well with HEMA (up
to 40 wt%), POE (~20 wt%), TEGDA (5~8 wt%), DPO
(~0.2 wt%) and Hyd (~0.1 wt%o).

The mixed resin can work well with our Digital Light

trimethylbenzoyl)  phosphine  oxide

Processing (DLP) 3D printer (Asiga Freeform Pro 2)
Taking advantage of 3D printing and selecting proper
writing parameters, different designs and arbitrary
structures of special fiber preforms can be printed, such
as multicore or photonic crystal fibers. Figure 2 shows
two samples of the 3D printed fiber preforms with high
concentrations of silica nanoparticles. This shows that
silica fiber preforms can be 3D printed to required
structures of good quality.
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5cm

Figure 2. Raw silica fiber preforms fabricated using the UV

curable resin with a DLP 3D printer.

Figure 3 and Figure 4 show two samples of the 3D
printed fiber preforms before and after their sintering at
different temperature in oven. Since our sintering is a
process that temperature increases progressively and
slowly, the sintering temperature mentioned here and
hereafter stands for the final stage temperature in a full
sintering process. Evidently these preforms experience
significant changes in materials and sizes through the
sintering process. In general, sintering at 800 °C or above
the polymer contents, and monomer residual if any, will
be removed. For sintering at 1200 °C or above the

(a) before sintering (b) after sintering
Figure 3. 3D printed silica fiber preforms before and after

sintering at 600°C for about 4 hours.

(a) before sintering (b) after sintering
Figure 4. 3D printed silica fiber preforms before and after

sintering at 1300°C for about 4 hours.

vitrification of silica will become significant. However,
as seen in Figure 4 in the case that, after the preform is
sintered at 1300°C for about 4 hours, the vitrification of
silica remains incomplete that the preforms are opaque
and could contain air bubbles. Hence we investigated
further with various sintering conditions and processes.
3D printed preforms sintered at 1600°C for 20 ~ 30
minutes, are shown as examples of incomplete or non-
ideal vitrification cases in Figure 5. How to minimize and
remove possible non-ideal defects or air bubbles remains
a great challenge in this regard.

Figure 5. Sliced 3D printed silica fiber preforms showing non-ideal and incomplete cases of silica vitrification. The preforms are

sintered at 1600°C for 20 ~ 30 mins.
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III. Step-Index Silica Optical Fiber from 3D
Printed Preform

We have demonstrated the feasibility of the proposed
pathway by successfully drawing the first batch of step-
index silica optical fibers from 3D printed preform
recently [14]. In this drawing, 3D printed silica preforms
were first thermally processed to get polymer removed
and silica partially sintered. The processed preforms were
then inserted into a fused silica tube (Heraeus F300)
which would be drawn together with the 3D printed
preforms and becomes the outer cladding of fiber. To
avoid possible

crystallization at high sintering

temperature, the final sintering process at higher
temperature is carried out within the furnace at fiber draw
tower and just before fiber drawing. We inspected the
remaining preform left from fiber drawing and figured
out how the 3D printed silica preform had progressed
through the final sintering stage before fiber drawing. We
established that we have achieved good vitrification of
the 3D silica preform through the final ‘on-tower’

sintering process as expected.

Figure 6 shows the measured refractive index profile of
the fiber tip at the start of fiber drawing. This tip is
thicker than all other sections of the optical fiber and its
index profile can be measured using our preform index
analyzer (Photon Kinetics PK2600). As seen from Figure
6, there exist three distinguishable layers: the outer
cladding layer formed by fused silica tube; the 3D printed
inner cladding (the region within the blue dot - dash line)
and the higher index core.
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Figure 6. Index profile of the fiber tip at the start of fiber draw.

The fiber’s geometry was inspected using a desktop
optical microscope. The near field photo of a silica fiber
sample drawn from one of the 3D printed preforms is
shown in Figure 7. The cross section as seen from Figure
7 is uniform with good waveguide structure and free from
air bubbles. The diameter of this fiber sample is 147um.
The core is partly deformed and its diameter is about 8
pm.

F190715 12s OD=147um

Figure 7 The near field photo of a fiber sample.

We have examined the fiber’s light transmission,
simply using a 532nm laser as shown in Figure 8.
Although the fiber sample guides light with proper
waveguide structure, as clearly seen in Figure 8, the light
scattering is quite significant and bright spots are
scattered along fiber length. Figure 8 indicates that the
fiber is not very uniform and has high scattering loss. The
far field from the fiber is projected onto a screen through
a lens. The far field is seen as a green multimode beam
/spot which is included in the inset of Figure 8.

Figure 8 The light transmission of the optical fiber when
launched with 532nm. The inset is the far field pattern
of the fiber.

The spectral attenuation of a few fiber samples draw
from the 3D printed silica preforms has been measured.
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All the fiber samples tested have shown high attenuation
and high scattering loss. A typical example of the spectral
attenuation is shown in Figure 9. The fiber sample tested
shows a very high loss coefficient, ~ 6 dB/m, at 1550 nm.
In addition, high loss of ~ 20 dB/m is observed at 1380
nm which is attributed to the OH overtone.
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Figure 9. Measured spectral attenuation of one of the 1% step-index

fiber draw from 3D printed silica preforms.

Several short 3D printed preforms were drawn in this
1™ successful fiber drawing which is achieved after a few
failed earlier attempts. In total over 2km of the fibers
were produced. Based on our initially test and

assessment, fiber quality (structure, material and
transparency), rather than quantity, is the key remaining

challenge in future development.

IV. Doped Silica Optical Fiber from 3D Printed
Preform

Following a similar process to the fabrication of the
undoped 3D step-index fiber, we have successfully made
the first bismuth and erbium co-doped silica optical fibers
from 3D printed preform.

In our preliminary experiment, both bismuth and
erbium related emission features have been observed as
shown in Figure 10. Both the emission around 1430 nm
that is related to bismuth active center related to silicon
(BAC-Si) and the emission around 1530 nm that is from
Er’" are quite typical. They are similar to that from Bi/Er
codoped fiber made from solution doping based on
conventional CVD

technology. The experimental

observation of typical emission characteristics of Bi and
Er indicates good possibility and feasibility for us to
achieve optical amplification and lasing from the Bi/Er
codoped fiber drawn from 3D printed preform.

300

BEDF under 830nm pump (0 — 73 mW) /
250 3+

Er .,'

L
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Figure 10. Spectral emission from one Bi/Er co-doped optical fiber
draw from 3D printed silica preform.

In this first doped fiber draw from 3D silica preform,
the dopants are directly and conveniently mixed into the
UV curable resin. This is the first experimental
demonstration of doping directly in UV curable resin, -
one of the two options proposed in the pathway depicted
in Figure 1. We believe that the new pathway through 3D
printed preform can make the fabrication of doped silica
optical fibers substantially easier and more controllable.

V. Future Work

The development of 3D silica lithography or 3D silica
printing brings about great opportunity by enabling both
custom-design structure and material in special optical
fiber fabrication. We have successfully demonstrated the
first silica optical fiber preforms, step-index fibers and,
Bi and Er co-doped fibers based on 3D silica lithography.

Though there remain many significant challenges, such
as high background loss, high OH absorption and
significant structure deformation, these preliminary
progresses suggest good feasibility and flexibility and
show great potential of the new pathway through 3D
silica printing for future custom-design special optical

fibers.
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Abstract
Single crystal (SC) fibers combine the superior material properties of crystals with the advantages of a fiber geometry,
and offer have great potential in harsh environment sensing as well as high-power laser gain media. Advances in the laser
heated pedestal growth of SC fibers are discussed, along with results in various passive and active fiber applications.
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I Introduction

Single crystal (SC) fibers present an interesting alternative to conventional glass fibers for both active and passive fiber
applications. Glass fibers are not stable at the high temperature or energy fluences associated with applications like harsh
environment sensing or high-power delivery systems respectively. In high power active fiber applications, limitations in
power scaling in silica glass fibers arising from thermal lensing, onset of nonlinear phenomena, thermal shock and
degradation of the fiber core, etc. hinder performance at high power densities. Since these inadequacies are related to the
amorphous structure of the silica glass in the fiber medium, there has been a considerable push to move the harsh
environment sensing fiber and the fiber laser architecture to a crystalline material medium. SC fibers grown from materials
like sapphire or yttrium aluminum garnet (YAG) are thermally, chemically and mechanically more robust compared to
conventional glass fibers, making them ideal for sensing applications in boilers, jet engines and nuclear reactors[1].
Additionally, high thermal conductivity and low nonlinear gain coefficients of the crystalline material, coupled with the
high surface-area-to-volume ratio of the fiber geometry make SC fibers suitable for application involving high optical
power density[2].

II Fiber Growth
Among the processes available for growing crystals with high aspect ratio, the laser heated pedestal growth (LHPG)
technique is the most suitable for growing small diameter crystal fibers with very long lengths[3]. LHPG, in essence, is a
modified optical float-zone technique for growing single crystals where the melt is created by focusing a high-power laser
on the tip of the starting feed rod. A seed crystal fiber is dipped into this melt and drawn up, forming a single crystal fiber.
For a sustaining growth operation, both the fiber and the source feedstock must be simultaneously and continuously moved
in the same direction to maintain a zero-mass accumulation in the molten zone. The diameter of the fiber is monitored by
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a non-contact micrometer and its instantaneous value is controlled by varying the speeds of the fiber and the source rod
automatically by utilizing a PID loop. The principal advantage of the LHPG technique over other crystal fiber growing
techniques is the absence of a crucible, avoiding the possibility of contamination due to the refractory material of the
crucible. However, due to the absence of a crucible, the molten zone is held together by surface tension and hence, is
susceptible to mechanical perturbations during growth.

Figure 1: Schematic of Laser Heated Pedestal Growth Set-up

A pair of zinc-selenide transmissive axicons convert the output beam from an amplitude stabilized cw CO, laser to a
collimated ring. This collimated ring is then focused on top of the source rod by a parabolic mirror to form the melt from
which the SC fiber is grown. The stability and the uniformity of the molten zone is very critical to the quality of the single
crystal fiber that is grown. Hence it is crucial to control and stabilize the CO; laser of the LHPG. The output power of the
laser is controlled by varying the operating current through a PID feedback loop. The position of the melt is kept constant
while the seed and the source feedstock are moved out and into it respectively. Two sets of independent pulling
mechanisms are required for the translation of the source pedestal and the growing SC fiber respectively. As the fiber is
pulled continuously from the melt, the source pedestal must be fed simultaneously and continuously in the region of the
focus of the laser beam to maintain a zero-net mass flux in the melt.

III Fiber Quality

While SC fibers have theoretically shown a lot of promise, in practice the high background losses in such waveguides have
been a major obstacle in fabricating highly efficient SC fiber-based devices. Previously losses in YAG SC fiber
waveguides have been reported to be about 3 dB/m to several dB/cm. Attenuation losses of such magnitude severely limit
the length of fiber that can be used, and thereby constraining real-life applications. However, over the years, improvements
in the growth process have helped in significantly reducing attenuation losses. Simulation aided careful alignment of the
optical components of the growth apparatus have led to the development of fibers of record low losses[4, 5].

For sensor applications, along with low attenuation losses, fibers of significant lengths are desirable. While a single 10 cm
source rod can theoretically yield about 900 cm of crystal fiber, in practice, the length obtained is much smaller as
perturbations during the growth process can lead to significant localized scattering spots which can force the termination
of fiber growth. In recent years, improvements in the growth process control algorithms have been developed to combat
this issue and now automatic growth control can not only erase regions of local diameter fluctuations but also stitch fiber
growths without introducing significant losses, leading to the possibility of “endless SC fibers”[6].
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Figure 2: Total attenuation losses for a 1 meter long 330 pm diameter YAG SC fiber at different wavelengths

IV Doped Crystal Fibers
One of the major driving forces in the resurgence of the research in crystal fibers has been due to the interest in developing
high-power solid-state lasers[7, 8]. YAG SC fibers doped with various rare-earth ions are being extensively investigated.
Due to similar size of the yttrium ion compared to most lanthanides, varying levels of the dopants can be introduced into
the YAG matrix. Fiber lasers constructed with doped crystal fiber gain media have demonstrated excellent lasing
characteristics.

Figure 3: Slope efficiency of Ho:YAG SC fiber[9]

The output characteristics of a solid-state laser depends strongly on the concentration of dopants in the gain medium. If
the dopant concentration is too low, the pump does not get sufficiently absorbed while if the concentration is too high, a
part of the output is reabsorbed by the laser active ions. The background losses in YAG SC fibers is still considerably high,
limiting the maximum length of the fiber gain medium. Hence varying the concentration of dopant for a given length is
the more practical approach to optimizing the output gain of the SC fiber gain medium. While ceramic rods of tailored
dopant concentration can be fabricated in-house, the binders required to make these materials contribute to significant
increase in attenuation losses. A new hybrid method to grow high purity SC YAG fibers with varied RE dopant
concentrations using a low cost, low temperature sol-gel based method has been developed. A sol-gel derived layer of a
suitable RE dopant was deposited on a 330 um diameter previously grown SC fiber by dip-coating, which was then
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regrown to SC fibers with diameters of about 120 um, to introduce the RE ions into the YAG matrix. Not only can the
dopant concentration in these fibers was changed by varying the thickness of the sol-gel derived layer, the several dopants
can be simultaneously introduced by dipping into different sol-gel materials.

Figure 4: Slope efficiency of Ho:YAG fibers grown from a preform with different number of HoAG layers[10]

Control of diffusion is difficult to achieve during the growth of the SC fibers, hence complicating efforts to obtain a graded-
index fiber through a rod-in-tube approach[11]. However, it has been observed that certain dopants have the tendency to
move towards the central axis of the fiber after growth. This effect is likely due to the thermo-capillary and convection
currents in the melt zone during growth. In YAG, larger dopant ions like Nd3* ions move towards the center whereas
smaller ions like Cr*" ions move towards the periphery[12, 13].

a) b

Figure 5a: Radial auto-segregation of ions in Nd, Ho:YAG; Figure 5b: Cross-section and radial auto-segregation in Nd:YAG

V Crystal Fibers with Post-Cladding
For various sensing applications, in order to survive harsh environments such as boilers, turbines, gasifiers, etc., the
cladding material should be thermally stable, chemically resistant and strongly adherent to the sapphire fiber over a wide
range of temperature. Several strategies have been suggested for cladding single crystal fibers, of which wet chemical
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based post-cladding technique provides a valuable platform for experimentation[14]. Under this scheme, a cladding layer
would be deposited on the crystal fiber via sol-gel dip-coating and subsequent thermal treatment. For a cladding, the
material should be refractory material, with a refractive index lower than that of sapphire and have a CTE similar to
sapphire. Magnesium aluminate spinel is one of the very few materials which meets these stringent requirements.

Figure 6: Spinel coated sapphire fiber. Magnified image showing the spinel film on fiber.

It has been demonstrated that despite the increase of solubility of alumina in spinel at high temperature, the deposited
cladding layer still remains mostly intact for extended periods at temperatures up to around 1200°C. The spinel cladding
layer also offers improved resilience to the detrimental effects of coking on these fibers. This is evident from the fact that

carbon monoxide gas at high temperatures do not have an irreversible effect on spinel clad fibers compared to bare sapphire
fibers.

Figure 7: Normalized transmission spectrum for spinel-coated and uncoated fiber for gas exposure test[15].

VI Conclusions
Significant improvements in the LHPG technique have led to the growth of low-loss YAG SC fibers of consistent excellent
single-crystalline quality, leading to the reporting of lowest attenuation values for SC fibers. Several methods for growing
crystalline cladding for SC fibers were attempted with varying degrees of success. Magnesium aluminate spinel cladding
was applied on to sapphire SC fibers, which led to improved resilience towards coking in harsh sensing environments.
Using a simple low-cost sol-gel based approach, SC YAG fibers with varied dopant ion concentrations have been grown
and lasing characteristics have been demonstrated.
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Improvement of the mechanical reliability of fibers deployed under tight bending can be achieved through addition of
TiO; to the outermost layer of the fiber cladding. Optimization of the layer thickness and composition can lead to
performance enhancement relative to traditional silica clad fibers.
Keywords: titania, optical fiber, fatigue

*bennettkw(@corning.com; phone 1 607-974-9000

I Introduction

The use of an outer layer of TiO>-Si0, doped glass has long been known to impact the fatigue performance of optical fiber.!
Recently interest in this material system has experienced a resurgence as data center applications have transitioned to ever
greater speeds and higher physical densities. Packing ever greater numbers of fibers and associated terminations in smaller
and smaller footprints leads to designers looking to implement tighter bending radii in their component designs. Additionally,
as connections are reconfigured the patch cords can become tangled leading to unintentional bends that are beyond the
recommended deployment conditions for traditional silica fibers. Fibers with optical profiles compatible with tight bends are
readily available. As the mechanical space constraints become tighter a look into mechanical design guidelines is warranted.

IT Body
When an optical fiber is bent stress and strain are imparted upon the glass. The stress, oy, is related to Young’s Modulus of

the material, E, bend radius and fiber radius and can be shown to be g, = E% where E = E (1 +23 %), Eo=10.2x10° psi (70.3

GPa) for silica, r is the fiber radius and R is the bend radius, see Figure 1 for imparted stress versus bend radius for optical
fiber. Fiber is proof tested to eliminate the weakest flaws at typical levels of 100 or 200 kpsi. Deploying fiber at stresses higher
than 1/5™ the proof stress leads to the probability of finding a flaw that will fail due to fatigue during a 25-year lifetime of the
fiber.
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Figure 2. Imparted Stress as a function of bend radius for a 125 um diameter fiber.

Fatigue in glass follows an exponential crack velocity behavior. This means that it is initially a slow process where an
existing crack will grow slowly for a long period of time and then rapidly fail.>* The main requirements for fatigue to occur
are an applied stress, a flaw (crack), moisture and time. Remove any one of the required elements and fatigue is stopped.
Dynamic fatigue is an experimental technique used to characterize the resistance of a material to fatigue. A material is tested
to failure using a constant stressing rate and the stress at failure is recorded. Several stressing rates are tested, and the data is
plotted on a log-log plot in stressing rate versus failure stress. At higher stressing rates there is less time for fatigue so the stress
at failure will be higher. The slope of the resulting curve is equal to 1/(n+1) where n is the dynamic fatigue parameter. A
higher value of n gives greater resistance to fatigue. Traditional silica clad fiber has a n value of about 20.

IIT Results and Discussion

Adding TiO; to SiO- as the outer cladding layer of optical fiber has three main effects that impact the mechanical performance
of the fiber. First TiO, lowers the Young’s modulus relative to pure SiO; resulting in less imparted stress at the same bend
radius. The Young’s modulus is about 10% lower than Silica at §Wt% TiO; and higher levels of TiO, will further reduce the
Young’s modulus. Second, TiO; reduces the coefficient of thermal expansion relative to Silica. A layer of TiO, doped Silica
on the outside of the fiber imparts a residual compressive stress. The combination of layer thickness and doping level will
determine the actual compressive stress. Third, TiO» increases the dynamic fatigue parameter, n. Figure 3 shows the impact
on fatigue as the concentration of TiO> is increased.
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Figure 4. Fatigue resistance as a function of TiOz in the cladding.

Given a set of proposed deployment conditions and a targeted lifetime, it is possible to develop an optimal design by using
a combination of each of these three effects in concert with other design parameters such as glass diameter. Combination of
both a bend resistant optical design with a robust mechanical design will lead to improved performance and reliability of the
optical network.
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Abstract
The in-situ radiation-induced degradation and recovery of the output optical power of actively pumped erbium-doped
fiber amplifiers, during and after radiation exposure, has been studied to improve their radiation tolerance in the space
environment. Significant progress has been made using nanoparticle doping and by incorporating specific dopants to reduce
Er ion clustering and improve efficiency. Statistical kinetics modeling has been used to predict on-orbit performance.
Keywords: erbium doped fiber, radiation effects, space radiation, laser communications
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1. Introduction

Space-based laser communication is based on erbium-doped fiber (EDF) because of the availability of reliable pump laser
diodes from the telecommunications industry, as well as highly developed EDFs. However, two issues that are specific to the
space environment need to be addressed: on orbit radiation exposure, and higher power. Radiation-induced degradation of
EDFs occurs because of the generation of color centers associated with dopants that are incorporated to increase Er ion
solubility in the silica glass matrix and reduce clustering. If the inter-ion separation is too small, excited energy transfer
processes such as upconversion and quenching occur, which results in significant loss of efficiency. Progress has been made
in reducing the radiation-induced attenuation in EDFs by co-doping with Ce[1,2], hydrogen loading[3], nanoparticle (NP)
doping[4,5] and other techniques, but only a few studies have addressed active fibers. Furthermore, clad pumping of double-
clad fibers is required for higher power to distribute pumping along the length of fiber and decrease thermal loading. The Er
concentration of these fibers must be significantly increased because of the areal dilution factor (ratio of the areas of the core
to the pump cladding).

In this study, we have measured the degradation of output optical power from Er-doped fiber amplifiers (EDFAs) configured
as a master oscillator-power amplifier (MOPA). The measurements were made in-sifu while the active EDF was exposed to y-
irradiation and for a significant recovery period afterwards. In addition to Al, we have incorporated co-dopants such as La and
Yb, which further reduce Er ion clustering and improve efficiency[ 6]. Measurements have been made using both 980 and 1480
nm pump wavelengths. (Yb is optically inactive in the latter case.)

Laboratory measurements can be used to characterize the radiation tolerance of EDFs, but typical laboratory dose rates are
many orders of magnitude greater than those encountered during space deployment. Although simplistic models can be used
to compare fibers and predict the end-of-life performance, they are incapable of incorporating variations in temperature or dose
rate, such as might occur due to the spacecraft transiting through the van Allen radiation belts or periodic solar flares. We have
used a sophisticated statistical kinetics model previously developed for establishing system reliability through accelerated

Sixth International Workshop on Specialty Optical Fibers and Their Applications (WSOF 2019),
edited by Liang Dong, John M. Ballato, Proc. of SPIE Vol. 11206, 1120614 - © 2019 SPIE
CCC code: 0277-786X/19/$21 - doi: 10.1117/12.2552535

Proc. of SPIE Vol. 11206 1120614-1



lifetime testing to predict the degradation of EDFA output in various orbit scenarios, including geosynchronous orbits where
the primary radiation experienced is due to periodic solar flares[7].

I1. Experimental

NP dispersions were synthesized as described in reference 8, while solutions were prepared by dissolving salts of Er, Al, La
or Yb in methanol. Preforms were fabricated using in-situ solution or NP doping on the MCVD lathe, and fibers were drawn
on the conventional NRL silica fiber optic draw tower. The preform and fiber refractive index profiles were measured with a
Photon Kinetics P104 preform analyzer and an Interfiber Analysis IFA-100 fiber measurement system, respectively. The Er
content was determined from the absorption of the Er peak at 1.532 pum using an Agilent broadband EELED source and Ando
Optical Spectrum Analyzer and compared with electron microprobe analysis. Optical absorption spectra and cutoff wavelength
were measured with a Photon Kinetics 2300 Fiber Measurement System to determine background loss and hydroxyl content
from the 1.38 um second OH overtone peak.

Active measurements were made with a master oscillator power amplifier (MOPA) consisting of a 12 mW signal laser diode
at 1.55 um combined with 0.5 — 1 W pump laser at either 0.98 or 1.48 um. A sharp cutoff long pass filter was inserted between
the fiber output and power meter to eliminate unabsorbed pump. Prior to radiation exposure, the optimum EDF length was
determined by cutback measurements; typical lengths were ~3 m. For consistency and comparison between the fibers, a
standard length of 3 m EDF was used for the active radiation experiments. The 3-m sample coil of each EDF was fusion spliced
to ~10 m leads connected to the MOPA and power meter inserted into a sealed sample can which was lowered into the ®Co y-
ray pool source. The output power was measured prior to, during, and after radiation exposure using a LabView program, and
the degradation is expressed as dB loss. Typical radiation exposures were 100 Gy (10* rad) and recovery times were ~70 h (2.5
x 10° s).

End-of-life extrapolation was first made using a simplistic n-order kinetic model where ~70 h recovery data following
exposure was fit to the model. In the empirical n'"-order reaction kinetics model, the annealing of the radiation-induced loss is
based on standard chemical rate theory. During recovery, the induced attenuation 4(#) can be described by

_ —[1/(1-n)]
AN = (4~ A )1+ ey g (1)
where
c=/0)[2"" -1],

and 4; is the initial induced attenuation at the end of the exposure, 4, is the permanent induced attenuation, if any, z is the half-
life of the induced attenuation and # is the order of the reaction, or kinetic order. Having fit the recovery data to equation (1),
it is then possible to calculate the EOL loss A(tr) for tr = 10 y, for example. Although this model was developed for and has
been demonstrated on passive fiber radiation-induced attenuation, it is equally applicable to the radiation-induced degradation
in output power of an active device.

The more sophisticated statistical kinetics model[7] requires both active amplifier data and passive optical absorption spectra
(1.25 — 1.75 um) data acquired using a design of experiments with different total doses, dose rates and temperatures. Because
of the large input data requirement, the model was only used on one of the fibers.
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II1. Results

Table 1 contains a summary of selected fibers that were fabricated for this study, together with the Er concentration, Al,O3
mol%, and core effective areas. All fibers were doped with Er with the exception of All, which contained only Al,O3 and silica.
The 2 fibers with an S in their label were prepared from solution-doped preforms, while all the others were doped with NPs. In
the 3 cases where two MOPA pump wavelengths were used for a fiber, they are designated as either 0.98 pm or 1.48 pm. If not
specified, the experiments were done with 1.48 pm pumping.

Table 1. Effective core area, Er concentration, radiation-induced loss and recovery for fibers.

For reference, [Er] = 1 x 10%/m? corresponds to an Er peak height = 11.9 dB/m at 1.532 um.

A Er conc. Loss dB  Loss dB Loss EOL Loss

Fiber um? X102 /i ALO; 100Gy @8000s  (norm) dB
mol%

@8000s 10y
ErAll 94.3 1.58 2.08 5.83 5.19 0.89 3.77
ErAl4 200.0 0.81 2.7 7.98 7.23 091 5.76
ErAl6 104.8 1.90 3.08 4.84 4.29 0.89 3.19
ErAl7 60.8 241 391 3.8 3.31 0.87 2.63
ErAI8 71.0 291 2.78 527 4.60 0.87 3.00
LaErAll-1.48 441 2.27 2.73 10.45 6.81 0.65 1.01
LaErA11-0.98 547 3.10 0.57 0.61
LaErAl2 63.2 1.97 3.82 11.44 7.80 0.68 1.66
LaErAl3 51.8 1.59 1.96 13.21 8.88 0.67 2.54
LaFErAlS1 92.8 0.97 1.69 25.39 18.59 0.73 4.37
GelLaErAll-1.48 50.9 2.16 3.07 5.99 3.72 0.62 1.01
GeLaErAl11-0.98 3.48 2.15 0.62 0.46
GeLaFErA12-1.48 55.6 1.83 2.81 3.01 2.07 0.69 0.94
GelLaErA12-0.98 23 1.32 0.57 0.18
YbErAIS1 67.5 1.60 1.95 2.36 2.29 0.97 2.12
All 403 6.76 0.82 0.70 0.86 0.49
ErAIS2 55.9 2.99 4.22 5.05 4.30 0.85 2.74

Figure 1 shows an example of increase in loss of the output optical power during radiation exposure and the recovery following
irradiation for a selection of EDFs. It is apparent from Figure 1(a) that: 1) the loss experienced during exposure can be
significant; 2) the induced losses are higher in the EDFs co-doped with La; and 3) there are considerable variations in loss due
to differences in fiber core composition. In contrast, the normalized recovery data shown in Figure 1(b) indicate little variation
among EDFs with similar dopants, while the recovery of the loss is much greater in EDFs co-doped with La than in those with
just Al.

Table 1 also contains the peak radiation-induced loss of optical output power and the amount of recovery that was measured
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after 8000 s. The loss values (dB) after 8000 s of recovery are the actual reduction in optical output power. Because of the
differences in peak losses, the recovery has also been normalized to the peak value to elucidate the kinetics and facilitate
comparison between the fibers. Note that because the loss has been normalized to the peak induced loss, larger normalized loss
indicates less recovery i.e., for fiber ErAll the normalized loss = 0.89 means that only ~0.11 of the radiation-induced loss has
recovered in 8000 s.

(2)

(b)

Figure 1. Example data of the (a) growth and (b) recovery of the loss of 1.48 pum pumped MOPA output optical
power for various EDFs. Because of the differences in peak losses, the recovery has been normalized to the peak value.

Figure 2. Recovery of the radiation-induced loss (points) and fits to n-order kinetics (lines).
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The recovery data of all the fibers were fit to n®-order kinetics, e.g., Eq. (1), and the data and fits for some fibers are shown
in Figure 2. It is apparent that there is excellent agreement between the data and fits, at least in the first 70 h or 2.5 x 10° s. The
parameters from the fits were used to perform end of life extrapolation for a nominal lifetime of 10 y = 3.2 x 10% s, and these
results are shown in Table 1. The EOL losses for the MOPAs resonantly pumped at 1.48 um vary from ~1 to 5.7 dB, depending
on the fiber composition. It is significant to note that the three fibers with the lowest EOL losses (LaErAll, GeLaErAll and
GeLaErAl2) have relatively large Al,O3 concentrations ~3 mole%. However, their initial peak losses are low and their recovery
is good. This result, together with the low initial loss of the Er-free All fiber containing much more Al,Osindicates that the
radiation damage mechanism in these EDFs is much more complicated than just color centers associated with Al,Os.

The results from the MOPA measurements of the same 3 fibers pumped at 0.98 um indicate much lower EOL losses. Indeed, the lowest
value is only 0.18 dB for GeLaErAl2, which is substantially better than any other EOL losses of any of the other fibers or
wavelengths. We attribute the lower induced losses and enhanced recovery of these fibers at 0.98 vs. 1.48 um to enhanced
photo annealing due to the higher energy photons of the pump and the substantial amount of up-converted or ESA-generated
green light in the fiber for 0.98 um pumping.

Three different types of experiments were used to acquire data for the statistical kinetics model: 1) Active radiation-induced
loss of output optical power using the MOPA; 2) Passive radiation-induced attenuation spectra data over the 1.25 — 1.75 um
range; and 3) Active/passive data where periodic spectral measurements were interleaved with active MOPA measurements.
To elucidate the radiation damage kinetics, data at 1.3 and 1.65 um were extracted from the spectral measurements. Because
of the intense Er’** absorption at 1532 nm, no radiation-induced spectral data could be acquired or extracted in this region.
Rather, we have used the data at 1.65 pum to indicate the loss at 1.532 pm.

Figure 3. Growth and recovery of the loss of output optical power (active) and radiation-induced absorption measured
spectrally at 1.31 and 1.65 um.

A comparison of the passive and active loss measurements for 3 exemplar fibers is shown in Figure 3. It is apparent that the
loss at 1.31 um is greater than that at 1.65 um due to the radiation-induced color center absorptions being at shorter wavelength.
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Likewise, the losses measured with the active MOPA are less and the recovery is much more rapid than the passive losses due
to photo annealing. We also observed that the recovery inversely correlated with the core area since the power in the fibers
cores was relatively constant while there was as much as a factor of 4 variation in the core areas (Table 1), resulting a significant
difference in optical intensity and hence the photo annealing.

The statistical kinetics model takes into account both the growth and recovery kinetics and is therefore able to fit both the
growth and recovery data. The consistency of this fitting over a range of dose rates, total doses and temperatures occurs due to
the selection of the correct activation energies and pre-exponential factors for the different kinetic components.[7] Figure 4
shows the fit obtained for the LaErAll radiation data obtained at 25 and 80 C and at 3 different dose rates and total doses. The
fact that one set of kinetic parameters has successfully fit both the growth and recovery data over a wide range of variables is
quite remarkable.

Having fit the accelerated lifetime laboratory data, it is possible to then extrapolate to a realistic spacecraft orbit, and these
results are shown in Figure 5 for a geostationary orbit exposed to 5 solar flares of varying magnitude over 15 year lifetime. In
this simulation, the fiber is assumed to be constantly optically pumped so that there is continuous photo annealing. Note that the

large degradation from the solar flares is fully annealed after each event.

IV. Discussion and Summary

The location of defects for silica and common dopants found in active and passive silica fiber lie in various areas of the
electromagnetic spectrum. Defects associated with the silica lattice and the processing of fiber such as oxygen deficiency
centers and non-bridging oxygen hole centers (NBOHC) lie in the region between ~7.6 eV to 1.2 eV (~163 nm to 1033 nm).
Many of the defects that cause trap states in silica fiber are introduced by the necessary co-dopants added in order to give proper
waveguide (or active device) performance. These defect states have varying levels (energies) often being described as shallow
or deep. For germanium, known defects lie in the region ~6.8eV to 1.97 eV (~182 nm to 630 nm). Conversely, we note that the
addition of GeO> has been shown to reduce RIA in RE doped aluminosilicate glass [9]. For phosphorus, defects are found at
similar energies in the UV and visible region, while the P1 defect is centered near 0.8 eV (1600 nm), in the wavelength region
of interest for EDF-based devices [10,11]. The fibers presented in this work have been free of phosphorous. And finally, for
aluminum, defects such as aluminum oxygen hole centers (AIOHC) are known to exist in the region of 4.0 eV to 2.2 eV. Thus,
all of the defects anticipated in our fibers occur in the UV and VIS region of the spectrum, not in the near IR. Nevertheless,
RIA is a well-observed phenomenon in Al,O3; doped fiber in the near IR. Studies for an Al,O3 doped fiber with no Er or other
species have shown no difference in passive experiments for RIA in the infrared region than for Er doped fiber with other co-
dopants [ 12]. However, the authors found essentially no thermal annealing for the Al,Os doped fiber. Thus, with the exception
of the phosphorous defect at 0.8 eV these defects all lie in the region below 1.55 eV (<800 nm). These defects may have tail
states that extend into the near IR but this does not explain the RIA and power degradation seen in active fibers [10].

Under active pumping these defects may be photo-annealed, reducing and even eliminating power degradation. We have
seen that the dopants that are a concern for passive silica fibers are not necessarily a concern for active amplifiers, and even for
passive amplifiers that are optically pumped (fiber All). Defects associated with Al,O3 that do extend in the near IR seem to
be shallow and easily annealed. This may be the reason why the passive heavily doped Al,O3 NP fiber All had very low
degradation. This is a benefit, because it is highly desirable to retain aluminum in EDFA, as it is an important co-dopant, where,
as previously mentioned, Al co-doping increases Er solubility, broadens the Er’* gain spectrum and provides gain flatness.

Proc. of SPIE Vol. 11206 1120614-6



Figure 4. Results of 7 experiments with the LaErAll NP-doped fiber using different dose rates (L, M, H= 0.5, 2.5, 500 Gy/h)
and total doses (I, m, h =10, 30, 100 Gy) together with the fits obtained via the statistical kinetics model. The lines are the
data and the points are the fit.

Figure 5. The predicted signal loss (red) in an EDFA made with LaErAll on-orbit in GEO exposed to a number of solar flares
over a 15-year lifetime together with 95% confidence bounds (blue).
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Indeed, active commercial fibers such as AstrogainTM][ 13] proprietary formulism claim to have been developed to exploit the
photo-anneal process for EDFA and allow a fast recovery [11]. The proprietary formulism is composed of three trivalent
materials, one of which is aluminum. It is most likely that the fiber also contains cerium. We note that the photo-anneal process
is also important for maintaining a wide emission spectrum bandwidth, which has been shown to be narrowed due to radiation
damage.

The mechanisms involved in an active amplifier degradation seem to be more complex than can be attributed to passive
darkening and annealing alone. The erbium ions absorb pump light and provide gain of signal light. It is likely that there are
defects associated with the combination of Er and Al,Os doping. We have found that these defect states cause more signal
degradation but photo-annealing appears to release many of the trap states. Other detrimental processes may exist for EDFA.
Some studies have pointed out that there seems to be no influence of the Er*" concentration in EDFA on darkening [14, 15].
Furthermore, it has been reported that the Er*" absorption and emission cross section does not change during exposure to y-
radiation [16]. However, there has also been a report of Er*" reduction to Er?" under x-ray irradiation [17]. According to the
authors, analysis of Er3* absorption cross sections would not change pre- and post-irradiation, as is the case often reported in
the literature. In this scenario, Er3+ ions are reduced to form Er?" ions by trapping electrons, and a hole is consequently captured
to form trapped-hole centers that contribute to RIA. A full recovery occurs after thermal bleaching to high temperatures [17].
Both europium and ytterbium are known to change valence states in glass, and so it is speculated that this may also occur for
Er** in oxide glasses although it has never been previously observed.

The introduction of passive RE co-dopants such as La in this work seems to drastically affect the defect states. This RE co-
doping is effective in increasing MOPA slope efficiency, as discussed previously. Active losses are increased by the presence
of La co-dopants, but the fiber strongly recovers with photo-annealing. The result is superior performance in a long term
geostationary (GEO) orbit. Lanthanum in alumino-silicate glass is known to act as a charge compensator. Therefore, it
preferentially locates itself closer to the tetrahedrally-coordinated Al species. This would then allow it to compete with the
erbium in the same site and so reducing clustering [ 18]. Lanthanum co-doping has been shown to be effective in reducing pump
light-induced photodarkening, but this is not necessarily the same behavior and mechanism as active power degradation and
recovery in radiation rich environments. In all cases the photo-anneal behavior seems to be enhanced by the irradiance of the
fiber, with greater power delivery for small core diameters.
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Abstract
Semiconductor-core fibers are improved by removal of grain boundaries. We use a CO; laser to process silicon-based
cores; an alloying element reduces both the temperature and speed required for formation of a single crystal.
Keywords: semiconductor-core, laser-treated, single crystal, silicon, alloy

I. Introduction

Optical and potential THz applications of semiconductor-core fibers rely on low transmission losses, to which grain
boundaries are significant contributors, as demonstrated by Healy, et al' and Coucheron, et al>. Grain boundaries act as
sinks for impurities (including deposits of the interface modifiers that reduce core oxidation), but can be eliminated by
laser or other thermal treatment® after fiber drawing. With elemental cores, a multiplicity of nucleation sites promote the
formation of polycrystalline cores if there are local temperature variations and recrystallization of elemental core glass
fibers is sensitive to a temperature gradient at the solidification front*. For smaller fiber cores a temperature gradient in
the radial direction can be negligible, but because we heat the semiconductor core by conduction from the glass cladding,
at larger diameters or faster scanning speed the temperature gradient in the radial direction can become significant.
Especially for larger core materials such as those suitable for Thz applications, the thermal mass sets an upper limit on
the translation rate at which a melt zone can be maintained. Making fibers small does not necessarily solve this problem,
as it reduces the cross-section available for laser radiation absorption; extra glass is often added for studies of small
cores. Fiber translation velocities of mm/s were required to establish single crystals for 12 pm Si core fiber, and that
speed was insufficient to crystallize larger pure silicon cores. However, with an alloying element, small variations in the
local temperature can be accommodated by changes in the local composition, which can be thermodynamically favorable
to nucleating a new crystal. Thus alloys can be used to reduce the required melt zone velocity needed for single crystal
growth. However, with an alloy system, the composition variation must be limited to avoid undue scattering, which can
set an upper limit on the translation speed during recrystallization.

With a steep temperature gradient and a constant cooling rate (fixed power of the laser and constant velocity of the
fiber), the effects of constitutional undercooling can be minimized in a solid solution such as SiGe?. The effects of
capillarity, thermal gradient and concentration effects have been modelled by Tiller’ and Mullins and Sekerka®, giving:

DVQ,k
Ve=or o1 (1)
VT, x(k-1)
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where v, is the critical velocity, D is the diffusion coefficient in the liquid, k is the segregation coefficient, VO, is the
temperature gradient in the liquid, V77 is the slope of the liquidus, and x is the Ge composition in the liquid. With an
alloy, speeds of hundreds of microns per second permit the formation of single crystal cores with diameters up to 100
microns, of interest for solar energy and THz transmission. In this paper, we discuss the use of alloying components for
the crystallization of silicon cores using solid solutions of Si and Ge.

II. Experimental

We present results on fibers with cores that are pure Si (single crystal as drawn) and with Ge concentrations of 6 at%
and 0.8 at% in silicon, used to promote crystallization of the core. Fibers were drawn at Clemson University, as
described in Healy’s work!. Fibers were translated at fixed velocities (144 pm/s for 0.8%) using an LCS004 DTI
piezoelectric motor with optical encoder, through the path of a 25 W Synrad CO; laser operated at power levels chosen to
create a melt zone of width 900 pm, and an intensity chosen to avoid damage to the cladding during the anneal.
Additional experiments were performed using a scanning laser system suitable for treating longer fibers (BRM 4060,
80W CO,,100 um/s for SosGegs). In the larger system, a cylindrical lens and substantial defocus was used. Optical
measurements were made using butt coupling of a fiber coupled diode laser and a Watec 902H2 camera, and X-ray
characterization was performed as described in a recent article’. The TEM sample was prepared via in-situ lift out using a
Zeiss 1540XB focused ion beam-scanning electron microscope (FIB-SEM), with final thinning done at 30 kV. Scanning
transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS) mapping were carried out on
an FEI Tecnai F20ST TEM/STEM operating at 200 kV.

II1I. Results and Discussion

Figure 1 shows a) an STEM-EDS map which reveals a Ca-rich inclusion at a grain boundary in a SiGe fiber before
annealing, b) the optical transmission of a section of pure silicon-core cane that was (111) single crystal over more than
lem, and c) the optical transmission of a 6% Ge in silicon material after laser annealing. The alloy core was opaque prior
to annealing. While both samples are highly crystalline, the mode structure of the SiGe is clearly randomized by internal
scattering. Oven annealing after the laser treatment shows some promise for reducing loss® as it can promote Ge diffusion
when slight variations exist. Reduction of inhomogeneity should both reduce loss and allow simpler mode structures.

Figure 1. a) Calcium rich inclusion at an as-drawn fiber grain boundary, and optical transmission through b)

single crystal silicon and c) bicrystal Si.oaGe.o6.
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The importance of establishing a single crystal core, to remove impurities and reduce scattering suggests using lower
Ge concentration alloys. The liquidus slope approaches zero as the concentration of silicon increases, increasing the
critical velocity so that the refractive index variations due to Ge concentration variation should be reduced. To test
whether low concentrations would be adequate for single crystal growth, we drew fibers with 0.8 at% Ge, using
commercial single crystal wafers (MTI) of this composition as the source material for the core. The cane, as drawn, was
inhomogeneous, but after a single pass recrystallization, the core was seen to be single crystal and confirmed to be
homogeneous using EDS mapping. XRD results for fibers are shown in Fig. 2; scans shown in a) and b) are for the
fibers with optical results above. The intensity vs phi scan is an unusual presentation of the data, but gives an indication
of whether a fiber has a single crystal core (and yields the axial orientation after analysis’). Figure 2a is a single crysta,l
pure Si-core fiber, with [111] oriented along the axis (hence the 6-fold symmetry in phi), 2b is a laser annealed 0.6% Ge
fiber showing a small second grain, and 2c¢ is a scan of 0.8% Ge in Si after annealing, and is a single crystal. The brackets
indicate which Bragg peak is presented for each fiber. The SiGe wafer used for these initial tests had a high conductivity,
which limited IR transmission. Future work will include optimization of the preparation including higher resistivity
starting materials, and/or an additional oven annealing process. In addition to solid solution forming alloys, eutectic
systems may be used for recrystallizing the core, as demonstrated in reference [7].

a) b) c)

Fig. 2 XRD results on fibers a) pure silicon single crystal core fiber, b) annealed Si.94Ge.o¢ with small secondary
crystal and c) single crystal annealed Si.992Ge.oos. The {hkl} indicate the Bragg peak for each phi scan.
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I Introduction

Broadband supercontinuum (SC) sources based on fiber nonlinearities are highly desired for sensing and spectroscopy
applications in the infrared spectrum ~2 to 20 um. SC generation in optical fibers was first demonstrated in 1976 [1].
SC sources offer high average power and good beam quality over a continuous wavelength range that is not possible
with other alternatives like low-power blackbody source or tunable lasers. Nonlinear optical processes in the fibers
pumped with short pulse lasers generate the SC. To date, SC has been generated in silica, tellurite, fluoride, and
chalcogenide fibers. Long-wave infrared (LWIR) SC sources require the use of optical fibers that are transparent in the
LWIR. Silica fiber has a strong absorption above 2.5 um, tellurite fiber transmits up to 4.5 um, and the fluoride fiber
(InF3) cuts off at 5.5 um. Chalcogenide glass fibers are the best candidates to generate LWIR SC. Chalcogenide fibers
have longer infrared transparency window and possess higher nonlinearity up to 1000 times greater than that of silica
fiber. In this paper, we discuss the effects of the physical properties and chemical compositions of the chalcogenide
fibers on the LWIR SC generation.

II Chalcogenide fiber for LWIR supercontinuum

Chalcogenide glass contains one or more chalcogen element (S, Se, Te) with other additional elements (As, Ge, Ga,
Sb...). The heavier the chalcogen element, the further the glass transmits in the infrared and the higher the glass
refractive index. Figure 1 shows the longer transmission of chalcogenide glasses and the relative higher refractive

indices NTelluride ~ NSelenide ~ NSulfife [2]

Figure 1. Infrared transmission for several bulk glass samples, thickness of about 2-3 mm [2]

Sixth International Workshop on Specialty Optical Fibers and Their Applications (WSOF 2019),
edited by Liang Dong, John M. Ballato, Proc. of SPIE Vol. 11206, 1120616 - © 2019 SPIE
CCC code: 0277-786X/19/$21 - doi: 10.1117/12.2547372

Proc. of SPIE Vol. 11206 1120616-1



Glass-forming abilities and capabilities to fabricate optical fibers decrease with increasing molar weight of constituent
elements; i.e., S > Se > Te. Commercial As,S; and As;Se; chalcogenide fibers are very stable, durable, insensitive to
moisture, and transmit well up to 6.5 yum and 10 um respectively [3,4]. Tellurium (Te) based chalcogenide glasses are
not very stable and prone to crystallization, which makes Te-based fiber fabrication difficult. Te-As-Se unclad fiber has
been developed to push the LWIR transmission but it has low glass transition temperature (T,) that may be a problem
with high-power laser transmission [5]. Ge-As-Se-Te fibers are stable but have relatively high loss (>2dB/m) [6]. Ge-
As-Se fibers are stable (resistant to crystallization) and have higher T,, which improves the damage threshold. Also Ge-
AS-Se microstructured optical fiber with low optical loss and LWIR transmission window similar to As,Se; fiber has
been demonstrated [7].

The ideal fiber for LWIR SC source must have high nonlinearity, LWIR transmission, and low-loss. According to the
above paragraph, As,Se; is the current chalcogenide glass technology that satisfies all the required conditions. So we
can safely argue that the best chalcogenide glass for the fiber core is As,Se;. Now we have several chalcogenide glass
choices for the fiber cladding composition. The obvious one is to choose As,Se; glass with higher Se content to lower
the refractive index and increase the numerical aperture (NA). The cladding composition AsSe, can be used with the
As,Se; core in order to achieve the high NA (> 0.5) required for efficient SC generation, but the large difference in
thermal properties with the As,Se; core leads to high fiber loss (> 5dB/m) and lower SC efficiency [8]. Another
approach is to use As,S; glass to make a cladding and produce extremely high NA of 1.4 with the As,Se; core, but even
the highly confined light in the 1.4 NA core has enough evanescent light in the As,S; cladding (long wavelength edge
<6.5 um) to prevent the full LWIR As,Se; transmission [9]. Another cladding possibility is to add S to the As,Se; glass
(As-Se-S) to lower the refractive index, but the desired NA > 0.5 to achieve efficient SC generation requires S > 10%,
which is more than enough S content to reduce the LWIR transmission and induce LWIR fiber transmission loss with the
evanescent field in the As-Se-S cladding [10].

The use of Ge-As-Se cladding with As,Ses core is particularly appealing. Ge-As-Se has good stability, low-loss in the
LWIR, and is thermally compatible with As,Se;. Ge-As-Se has a large glass forming range to produce stable
chalcogenide glasses with a wide variety of physical and optical properties [11]. The Ge-As-Se composition can be
selected to change the refractive index from 2.53 to 2.7 (compared to As,Se; n=2.79). At the same time, the addition of
Ge in the As,Se; changes T, from 165°C to 350°C (compared to As,Se; Tg= 190°C). A fiber with As,Se; core and
GejpAsySeq; cladding was made by a multi-stage process of extrusion and preform drawing [12]. The fiber NA was
very high ~1.0 and the fiber loss was > 2dB/m. A short 85 mm length of the fiber was used to generate LWIR SC
covering 1.4-13.3 um.

Considering the previous published results, we developed a single mode chalcogenide fiber for LWIR SC generation
[13]. The core composition was As,Se; and the cladding was GeAs,Ses to produce an NA=0.76. The core diameter of
12 um was selected to bring the zero dispersion wavelength (ZDW) to ~6 um and keep tight mode confinement over the
LWIR. Figure 2 shows the loss spectra for three As,Se; fibers with similar background loss ~0.5dB/m. The
As,Se;/GeAs;Ses (core/cladding) single mode fiber with NA=0.76 has a Se-H absorption peak at 4.57 um of ~3.5dB/m.
Another As;Ses/As;Se; single mode fiber with lower NA=0.3 has a similar Se-H absorption peak of ~2.5dB/m. The
multimode fiber As,Ses/As;Ses; fiber with NA=0.3 shows a lower Se-H peak of ~1dB/m. The fabrication process of the
small core fibers seems to increase the Se-H content. The As,Se;/GeAs,Ses fiber shows the same long wavelength
transmission edge as the one for typical As,Ses fibers and demonstrated excellent SC generation [9,13].
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Figure 2. Loss spectra for three As,S; chalcogenide fibers.

The good SC generation performance of our As,Se;/GeAs,Ses fiber comes from several factors. First, the selected
glass compositions for the core and cladding provide low-loss fiber ~0.5dB/m and a long wavelength edge up to 10 um.
The fiber NA (0.76) and its core diameter (12 um) provide good waveguiding properties that allow the light to be well
confined to the core over its wide wavelength transmission window and also provide a suitable ZWD at 6 um. Even
though the theoretical single mode cutoff wavelength is at 12 um, the SC output fiber exhibits single mode behavior over
the entire LWIR. Higher NA fiber can produce shorter ZDW but at the expense of being more multimode and having
more power coupling to higher-order modes, thus less SC generation. Also higher NA fiber with very small core can
cause laser damage and higher coupling loss. On another side, lower NA fiber produces larger mode field diameter and
leads to lower fiber nonlinearity, preventing SC expansion into LWIR. Therefore, it seems that the As,Se;/GeAs;Ses
fiber with NA=0.76 and 12 um core diameter is more optimized to achieve good SC generation in the LWIR.

IIT Conclusion

In conclusion, we have found that the chemical composition of the chalcogenide glass fiber is important for the LWIR
SC generation. Core made of As,Se; glass has the highest nonlinearity and also the longest transmission window in the
LWIR. The best cladding materials is Ge-As-Se because of the good thermal compatibility with As,Se; and comparable
low-loss and LWIR transmission. We produced a As,Se;/GeAs;Ses single mode fiber with NA=0.76 and 12 um core
diameter. The chalcogenide fiber parameters seem to be optimum for the LWIR SC generation.
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Abstract
We report broadband supercontinuum (SC) generation in chalcogenide (ChG) tapered fibers pumped in the normal
dispersion (ANDI) regime. The fibers were fabricated using the isolated stacked extrusion method. A homemade tapering
platform allows us to accurately control tapering parameters. An SC generation spanning 1.4 - 7.2 um was achieved by
pumping an As;Sstapered fiber. To further extend the SC, a Te-based ChG tapered fiber was pumped at 5.5 pm, and an
SC generation covered 1.7—-12.7 um with high coherence property was generated.
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I Introduction

Mid-infrared (MIR) supercontinuum (SC) light sources with spatial coherence, broad bandwidth, and high brightness
have received considerable attention due to their significant potential in various applications, such as spectroscopy [1],
and hyper-spectral microscopy [2]. A variety of soft-glass fibers made of fluoride, tellurite or chalcogenide (ChG)
glasses have been used to generate MIR SC. Particularly, ChG fibers have advantages of wider transparency window
(over 20 um) [3] and higher optical nonlinearity (up to thousand times greater than that of silica glasses)[4], making
them good candidates for MIR SC generation. Recently, many broadband MIR SCs have been experimentally generated
from ChG step-index fibers in the anomalous group velocity dispersion regime to obtain a maximum spectral bandwidth.
However, the generated SC spectra usually suffer from uneven flatness and weak stability due to phase noise and
unstable spectral amplitude. Tapered fibers allow us to modify the dispersion profile and increase the optical nonlinearity
via dimensional control. Tapered fiber with ANDi characteristics can generate SC with high coherence property, but the
width of SC is relatively narrow.

In this study, we report broadband SC generation in ChG tapered fibers pumped in the normal dispersion (AND1)
regime. The fibers were fabricated using the isolated stacked extrusion method. A homemade tapering platform allows
us to accurately control tapering parameters. An SC generation spanning 1.4 - 7.2 pm was achieved by pumping an
As>S; tapered fiber. To further extend the SC, a Te-based ChG tapered fiber was pumped at 5.5 pm, and an SC
generation covered 1.7-12.7 um was generated. In addition, the coherence property of SC spectrum was also discussed.

II Experiments

1. As-S tapered fiber fabrication

The ChG fiber used in this work made of As»S3; core and As3gSe> cladding were prepared using purified materials
through the melt-quenching method. The fiber preform with a core-cladding diameter ratio of 1:5 was fabricated through
the isolated stacked extrusion method [5]. The preform was drawn in a fiber drawing tower into a step-index fiber which
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had a ~60 pm diameter core and a ~300 pm diameter cladding coated with a ~30-pum-thick polyethersulfone (PES) jacket,
which was used to improve the fiber mechanical robustness [6]. The fiber exhibits a minimum loss of 1.4 dB/m at 3.25
um and an average loss of 3.72 dB/m. The numerically calculated zero-dispersion-wavelength (ZDW) of fundamental
mode (FM) for this fiber was around 5.3 pm.

A homemade tapering platform was adopted to taper the As-S ChG fiber. When the electric heating zone temperature
was increased slowly to soften ChG fiber and a minor bending of the fiber was observed, the motorized stages pulling the
two ends of the fiber were moved in opposite directions at a fixed traction speed. When the fiber diameter was much
smaller than the size of the different heating zones, a tapered fiber with a decaying-exponential profile was produced
(shown in Fig. 1(a)) [7]. Figure 1(b) is the image of a part of the transition region taken by SEM, and Fig. 1(c) shows the
waist of a tapered fiber. The core diameter at taper waist and transition region length can be accurately controlled by
changing the electric heating zone length and traction distance.

Figure 1. (a) Schematic of a ChG tapered fiber with a decaying-exponential profile. (b) SEM image of a part of
transition region for a tapered fiber. (c) SEM image of the taper waist for a tapered fiber. (d) Calculated
fundamental mode dispersion characteristic curves of ChG fibers with various core diameters.

The FM dispersion characteristic curves for various core diameters in the fiber tapered region were also simulated, as
illustrated in Fig. 1(d). When the core diameter was below 8.0 pm, the fiber showed an all-normal dispersion in the range
of 1-8 um, which may improve the generated SC spectral quality under the femtosecond pump laser [8].

2. Te-based tapered fiber fabrication

The Te-based tapered fiber consisting of GexoAszSe2oTeso cladding and GezAszoSeisTess core glasses, which have
higher linear refractive indices than As-S glass, was fabricated in the way as mentioned above. The glass rods and
tapered fiber are shown in Fig. 2. This fiber exhibits a minimum loss of 3.9 dB/m at 6.8 um. Due to the long wavelength
of zero material dispersion of Te-based glass, this fiber has a ZDW of 10.4 um when core diameter was 60 pm.

The dispersion characteristic curves with various core diameters in the fiber-tapered region are illustrated in Fig. 3.
With the decrease of the fiber core diameter at the taper waist from 60 pm to 20 pm, the ZDW gradually blue shifted
from 10.4 pm to 8 um. When the fiber core diameter was <14 um, the dispersion of the fiber exhibited an ANDi
characteristic in the wavelength range of 1.5-14 um.
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Figure 2. (a) Core and cladding glass rods. (b) Extruded preform. Inset: cross-section of the preform. (c) A roll
of well-fabricated step-index fiber. Inset: cross-section image of the fiber. (d) Tapered fiber with the core waist
diameter of 80um. Inset: I untapered region, II taper waist, III transition region.

Figure 3. Calculated fundamental mode dispersion characteristic curves of Te-based ChG fibers with various
core diameters.

IIT Results and Discussion

The experimental set-up for SC generation and measurement from the ChG tapered fiber has been described in [9]. A
tunable OPA system (Mirra 900 + Legend Elite +OperA Solo) was used as the exciting source. The pump pulse has a
duration of 150 fs and a repetition rate of 1 kHz. The beam from the OPA was coupled via a calcium fluoride lens with a
focal length of 75 mm into the fiber. The SC output from the fiber was collected by the input slit of a monochromator. A
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liquid nitrogen-cooled HgCdTe (MCT) detector with a wavelength range of 1-16 um was used to measure the output of
the monochromator.

1. SC generation in As-S tapered fiber

Figure 4(a) shows the dependence of the resulting SC spectra on transition region length of the tapered fiber pumped
with the same average pump power of 25 mW at 3.25 pm. Several tapered fibers with almost same core diameters at
waist of 5.4 pm and same fiber length of ~12 cm were used. The values of transition region length for these tapered fibers
were 6.7, 7.6, 8.4, 9.2, and 10.5 mm, respectively. Firstly, the pulses undergo strong self-phase modulation (SPM)
behavior during the initial propagation since the pump laser experienced normal dispersion along the tapered fiber [10].
After that, self-steeping and third-order dispersion caused the optical wave breaking (OWB), leading to a significant blue
shift of the spectrum [11]. As shown in Fig. 4(a), the generated spectrum on the long wavelength side was wider than that
on the short wavelength side for all tapered fibers. This was because the group velocity dispersion slope on short
wavelength side was much steeper than that on long wavelength side. Four-wave mixing (FWX) and stimulated Raman
scattering also contributed to the spectral broadening [12]. Finally, a broad and relatively flat SC spectrum spanning from
1.4 to 7.2 pm was obtained from the tapered fiber with transition region length of 10.5 mm.

Figure 4. (a) Measured SC spectra generated from 12-cm-long As-S ChG tapered fibers with transition region
length varying from 6.7 mm to 10.5 mm pumped at 3.25 pm. (b) Bandwidth of the generated SC spectra at -
40dB and the corresponding output power from tapered fibers as a function of transition region length.

The bandwidth of the generated SC spectrum and the corresponding output power from the above tapered fibers as a
function of transition region length are depicted in Fig. 4(b). Both output power and SC bandwidth increased with
increasing transition region length. The output power of 1.06 mW was achieved for the maximum spectral broadening of
5.8 um (from 1.4 to 7.2 um) in the tapered fiber with the transition region length of 10.5 mm. In tapered fibers with the
same core diameter, the different transition region lengths led to various diameter changing rates along the fiber. When
the diameter of the transition region changes slowly with a relatively larger transition region length, there is always
accompanied by a less number of higher-order modes, and thus higher transmission efficiency of light, resulting in a
higher output power and a larger spectral broadening from the tapered fiber [13].

2 SC generation in Te-based tapered fiber

A 7 cm long tapered fiber with 13.4 pm waist core diameter was used to generate the SC. Figure 5 shows the
dependence of the resulting SC spectrum at different pump wavelengths of 4.5, 5.5, and 6.5 um in the normal dispersion
regime, respectively. When pumped at 4.5 um, the SC bandwidth spanned only from 1.8 um to 10.5 um, as shown in Fig.
5(a). When pumping wavelength was increased to 5.5 um, the long wavelength edge of SC spectrum was extended, and
the widest SC covering from 1.7 pm to 12.7 um was generated, as shown in Fig. 5(b). On further increasing the pumping
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wavelength to 6.5 pm, the SC spectrum becomes slightly narrow from 2.2 pm to 11.1 pm under 19mW laser power, as
shown in Fig.5(c). The SC spectrum results pumped at different wavelength showed that a pump wavelength of 5.5 um
was more efficient than 6.5 pm, which due to the higher pumping power at 5.5 um. For comparison, the SC broadening
in an untapered fiber with the same length of the taper fibers was also obtained under the same pumping conditions, as
shown in Fig. 5(d). The result showed that the SC spectrum from untapered fiber spanning from 2.6 um to 10.4 um was
relatively narrower than that of tapered fibers.

Figure 5. Measured SC spectral generated from Te-based ChG tapered fiber with different pumping wavelengths
of (a) 4.5 pum, (b) 5.5 pm, and (c) 6.5 um and (d) an untapered fiber pumped at 5.5 pm.(e) Simulated the SC
spectrum (green curve, left axis) and its coherence property (red curve, right axis).

In addition, the SC spectrum generated in Te-based fiber was simulated, which is shown in Fig. 5(e). As we can see, the
SC over the wavelength range of 2—12.7 pm has a perfect coherence, which corresponded to perfect coherence. Both
SPM and OWB play an important role for spectral broadening, which create new wavelength components with a phase
related to the injected pulse, eliminating noise-sensitive soliton dynamics [14]. Therefore, the SC spectra can keep the
coherence property of the pump laser.

IV Conclusion
An SC generation spanning 1.4 - 7.2 um was achieved in an As-S tapered fiber with a transition region length of 10.5
mm, and SC generation spanning 1.7-12.7 um was achieved in a Te-based tapered fiber when pumped in the normal
dispersion regime. Our simulation result shows that the SC generated in ANDI region has a high coherence property.
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Abstract
Significant improvements have been made in the processing of non-linear glasses and optical fibers since the early
2000s in order to carry out supercontinuum generation experiments. In this work, we present recent advances achieved
in our laboratory on tellurite fibers as well as on arsenic and antimony free chalcogenide fibers. We report the resulting
supercontinuum spanning between 2 and 14 um for chalcogenide fibers and the result of a supercontinuum absorption
spectroscopy experiment above 3 um with tellurite fibers is reported.
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I Introduction

During the last decade, many studies have been realized to develop new infrared nonlinear glasses for applications
in molecular sensing [1], medicine [2] or free-space communications [3]. Many chemical species exhibit absorption
bands in the near- and mid-infrared region (1 — 20 pm), such as for example CHy, CO,, N,O, CO, SO, or HCI [4]. To
work in this wavelength range which includes the two strategic atmospheric windows (3 — 5 um and 8 — 14 pum),
tellurite and chalcogenide glasses are ideal materials because of their transmission windows: 1 — 6 pm for tellurite
glasses and 1 — 30 um for chalcogenide glasses depending on composition as measured on bulk samples. Another
advantage of these glasses is their high nonlinear refractive index n,: around 4x10™"’ m*W (at 1.55 pm) for tellurite
glasses and from 21x10™" m*W (at 1.55 um) to 130x10™"° m*%W (at 1.06 um) for chalcogenide glasses, upon their
composition. These two types of glasses need specific synthesis and purification processes to reach efficient optical
fibers after drawing operation [5]. Supercontinuum (SC) generation has been reached in tellurite optical fibers since
2006 [6] but the first SC covering almost the entire transmission window of a tellurite fiber has been obtained in 2013
[7]. A few years later, the broadest SC by pumping in the anomalous dispersion regime is achieved [8] and spans from
1.3 to 5.3 um. From a similar SC, a supercontinuum absorption spectroscopy (SAS) experiment has been realized in
2016 [1] allowing for CH,4 sensing between 2.2 and 2.5 um. Concerning chalcogenide fibers, the first SC broader than
10 pm is obtained in 2014 [9] when the largest SC generated in this kind of fibers has been reached in 2017 [10] and
spans from 2 to 16 pm. In this work we present recent improvements in SC generation realized in our laboratory for
tellurite and As-Sb-free chalcogenide fibers, as well as technological progress in SAS experiment by showing the
detection of CH, above 3 pm.
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II Glasses synthesis and physical properties

Our step-index tellurite fibers are drawn from a TZNF glass (80% TeO, — 5% ZnO — 10% Na,O — 5% ZnF,, at%)
for the core and TNaGZ glass (60% TeO, — 20% Na,O — 15% GeO,; - 5% ZnO, at%) for the clad. A first step-index
preform is synthesized by the built-in-casting method [11] and is then drawn to capillaries with an outer diameter
¢=~900 pm. A second clad rod is casted, mechanically drilled and filled with a previous capillary (rod-in-tube
technique), before being drawn as a small-core fiber (Po~3.5 pm) [11]. The physical properties of the glasses are
summarized in table 1 and the fiber attenuation is shown in figure 1(a).

Figure 1. Attenuation curves of: (a) the large core (TZNF) step-index tellurite fiber; (b) both single index chalcogenide fibers
from core GST20 and clad GST10 glasses.

Step-index chalcogenide fibers are drawn from a GST20 glass (20% Ge — 60% Se — 20% Te, at%) for the core and a
GST10 glass (20% Ge — 70% Se — 10% Te, at%) for the clad. Core and clad glasses are synthesized after different
purification processes (HF cleaning of the silica ampoule, dynamic and static distillations under secondary vacuum).
The core glass is drawn as capillaries (¢ = 900 um) which lead, after insertion in a drilled clad glass rod, to a small core
fiber by the rod-in-tube technique (¢ e~12 pm). Physical properties of glasses are summarized in the table 1 and the

attenuation of the single index chalcogenide fibers both drawn from core and clad glasses are presented in the figure
1(b).

For both types of fibers, table 1 shows that the glass transition temperatures (T,) of the core glasses are close to the
ones of the clad glasses. This is necessary to ensure a good drawing process. Refractive indices are sufficiently different
to ensure light confinement in the core: Anijyie = 0.128 at 1.55 pm and Anghgicogenise = 0.09 at 3 um. Attenuation curve
of the large-core step index tellurite fiber exhibits low losses, below 0.1 dB/m at 2.1 um and 10 dB/m at 4.0 pm. In the
case of the chalcogenide single-index fibers the losses are also low, around 1 dB/m at 7 pm, with a remaining SeH
absorption band around 4.5 um whose amplitude is below 10 dB/m.

Table 1. Physical properties of tellurite and chalcogenide glasses

o Refractive index n,
Glass T, (°C) n (at A jum) (x107"° m¥w)
TZNF 282 1.995 (1.55 pm) 3.8[12]
TNaGZ 272 1.867 (1.55 pm) )
GST20 162 2.59 (3 um) 80 [13]
GST10 159 2.50 (3 um)
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III Supercontinuum generation

1. Tellurite fiber

A supercontinuum is generated in a 10 cm-long step-index tellurite fiber by pumping it at 2.3 um by means of an
optical parametric oscillator (OPO, 200 fs, 80 MHz, up to 3 kW peak power) as a pump source, focused in the fiber
with a x20 silica microscope objective. Tellurite fiber chromatic dispersion management will be discussed during the
presentation. The output supercontinuum is coupled in an InF; multimode fiber and analyzed with an Optical Spectrum
Analyzer (OSA) and a FTIR (Fourier-Transform Infrared spectrometer). The resulting SC is shown in Figure 2 and
spans from 1.2 to 4.2 um with 20 dB of dynamics by pumping the fiber at 2.35 um.

2. Chalcogenide fiber

A supercontinuum is generated in a 4 cm-long step-index chalcogenide fiber using non-collinear optical parametric
amplifier (NOPA) pumped by a chirped pulse amplified Ti:sapphire system and followed by a difference frequency
generation (DFG) module (65 fs, 1 kHz, up to 77 MW peak power). The laser emitting at 7.7 pm is focused in the fiber
with a 6 mm focal length ZnSe objective. Chalcogenide fiber chromatic dispersion management will be discussed
during the presentation. The output supercontinuum is collected with a 12 mm focal length ZnSe objective and then
focused in a monochromator equipped with two diffraction gratings adapted for the wavelength range of interest.
Higher orders of diffraction are filtered using long pass filters. SC output light is imaged by means of gold-coated
parabolic mirror (f=50 mm) on a liquid nitrogen cooled HgCdTe detector. The resulting SC is shown in Figure 2 and
spans from 2 to 13.5 pm.

IV Supercontinuum Absorption Spectroscopy

From the tellurite output supercontinuum, SAS experiment has been successfully realized by travelling through a
CH,-filled multipass gas cell. The gas cell leads to 45 reflections corresponding to a path length of 3.50 m. The output
signal is then focused into an InF; multimode fiber and then analyzed with an OSA and a FTIR. Resulting CH,4
absorption is shown in figure 2. Comparing this SAS experiment with the HITRAN database shows a good agreement
for CH, absorption bands.

Figure 2. (a) SC generated in the step-index tellurite fiber measured with an OSA (blue line) and a FTIR (dark line). Red line
shows the SC travelling into the CH,-filled gas cell. (b) SC generated in the chalcogenide step-index fiber.

V Conclusions and perspectives

A first SAS experiment of CH, above 3 pm has been successfully realized with a tellurite fiber. This proof of
principle result can be improved, for example, by pumping the tellurite fiber with new femtosecond laser sources
commercially available emitting around 2 pm. Development of As-Sb-free chalcogenide fibers as well as
improvements of synthesis and purification methods has been achieved. We succeed to generate efficient SC between 2
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and 13.5 um with a dispersion managed, arsenic- and antimony-free step-index fiber. The next step of this work is to
realize SAS experiment with chalcogenide fibers to detect greenhouse pollutants such as CH, and CO, between § and
14 pm.
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I Introduction

The application of light with special properties is one of the most important cornerstones of today’s scientific research
and industrial development and has resulted in countless breakthroughs, e.g. in precision measurements, chemical analysis,
microscopy, telecommunications, industrial manufacturing, or medical diagnostics and therapy. The rapid technological
progress in these and other areas drives a demand for light sources with increasingly extreme properties. Attoscience and
strong-field physics applications require the generation and control of extremely short and intense laser pulses on time scales
of a single optical cycle and below [1]. Novel spectroscopy and imaging applications demand coherent light sources in
exotic wavelength ranges from the soft x-ray to mid-IR spectral regions [2, 3]. Precision optical frequency measurements,
biophotonic imaging such as optical coherence tomography and nonlinear micro-spectroscopy methods call for ultra-low-
noise broad-bandwidth laser sources that will further push the sensitivity and precision of these techniques [4, 5].

In this contribution we explore some of the current developments and future perspectives of specialty optical fiber
development and applications that can support the generation and control of light with such extreme properties.

II Results

2.1 Generation and amplification of ultra-low noise supercontinuum
Driven by the invention of the photonic crystal fiber (PCF), optical fiber based supercontinuum (SC) generation has become
a scientific and commercial success story in the past decades. From optical frequency metrology to bio-photonic imaging -
its unique spectral properties have revolutionized dozens of applications [6]. The more than octave-spanning spectral
bandwidths of modern PCF-based SC are exploited, for example, for carrier-envelope phase measurement and stabilization
of frequency combs (FC), the generation of ultrashort pulses in the single or sub-cycle regime, or for precision optical
imaging in OCT. After the initial race to maximize spectral bandwidths, the noise properties of SC sources have now shifted
into the center of attention as amplitude or phase noise has become the main performance-limiting factor in these applications
[7]. Minimizing the SC noise becomes even more important when the SC is used as seed in broadband amplifiers in order
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to satisfy the increasing demand for high average power FC sources and few-cycle pulses with high pulse energy and peak
power, as any noise generated in the SC generation process will be amplified in the subsequent amplifier chain [7].

Here we discuss experiments on ultra-low noise SC generation in an all-solid, all-normal dispersion soft glass PCF and
subsequent broadband amplification in a Thulium-Holmium fiber amplifier. The fiber design is based on a hexagonal
arrangement of rods made from two thermally compatible silicate glasses (Schott SF6 / F2), yielding an all-normal dispersion
design that suppresses noise-amplifying nonlinear effects associated with the usual approach of pumping in the anomalous
dispersion region [8, 9]. The smooth and flat SC covers the range 1150 — 2150 nm (-20 dB) and exhibits relative intensity
noise (RIN) of only 0.05% rms in the frequency range 1 Hz to 20 MHz, limited by the RIN of the pump laser. Due to the
all-normal dispersion fiber design, a single ultrashort pulse is maintained in the time domain. The spectral bandwidth
supports a high-quality single-cycle pulse (5 fs).

For testing the performance of this SC source as seed in an amplifier configuration, an all-fiber chirped pulse amplification
system for the long-wavelength part of this SC is constructed based on a Thulium/Holmium doped fiber. This yields a -
20 dB bandwidth of over 300 nm (1800 — 2110 nm), a pulse duration of 66 fs directly at the single-mode exit fiber at an
average power of 500 mW (70 kW peak power). The measured RIN after the amplifier is as low as 0.15% rms. The remaining
excess RIN was traced to noise-amplifying polarization modulation instability (PMI) [10], which will be suppressed in future
implementations by realizing an all-PM system. The excellent noise properties and the overlap of the SC seed source with
all major fiber-optic gain media paves the way for a new generation of low-noise, high power FC and single-cycle pulse
sources based on (specialty) optical fiber technology.
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Figure 1. (a) Logarithmic spectrum of the long-wavelength part of the low noise SC seed pulse generated in all-solid, all-
normal dispersion photonic crystal fiber and spectrum after subsequent amplification in an all-fiber chirped pulse amplifier.
The complete SC spectrum is shown in the inset, supporting a single-cycle (5 fs) pulse. (b). Reconstructed pulse with 66 fs
duration at the exit of the amplifier. The inset shows a microscope image of the PCF used for SC generation.

2.2 Sol-gel granulated silica fabrication technology for multi-dopant optical fibers
With our in-house developed specialty optical fiber production technology based on granulated silica we merge the
benefits of the granulate-based sol-gel method with the advantages of the powder-in-tube technique [11]. As a result, our
method overcomes the fabrication constraints of conventional fiber fabrication techniques and offers complete freedom in
the production of fibers with any geometry, a high degree of flexibility in dopant composition and concentrations, while it
does not pose any inhomogeneity limits to the core diameter. Hence, it is ideally suited to complement the more
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conventional techniques like MCVD for the versatile and cost-effective “rapid prototyping” of specialty optical fiber
preforms from in-stock sol-gel-based granulated silica.

Figure 3 shows an experimental multi-dopant fiber design highlighting the potential benefits that the freedom of
dopant choice and composition may offer for the fabrication of fibers with unusual properties. Five different rare-earth
ions have been chosen and combined into a single fiber core as dopants, i.e. Nd3*, Ho**, Tm3*, Er**, and Yb**. When
pumped around 800 nm wavelength, cross-excitation between the dopants leads to an ultra-broadband emission spectrum
in the range 365 — 2300 nm. The spectrum consists of narrow lines in the visible spectral region, and a continuous band
spanning over more than one octave from 925 nm to about 2300 nm, perfectly matched to the SC seed source described in
Section 2.1. The displayed results were obtained with fibers fabricated directly from dry granulated oxides, and
consequently the recorded background losses were in the order of several dB/m [12]. However, using the recent progress
in our sol-gel based granulated silica approach, where we achieved more than 130W continuous-wave output power in a
purely Yb-doped fiber, we are currently working towards significantly improved broadband emitting fibers, which in
combination with the ultra-low noise SC source discussed in Section 2.1 could be promising candidates for generation and
subsequent direct amplification of single-cycle pulses in optical fibers.

Figure 1. Typical fluorescence spectrum of a single-core, multi-dopant fiber containing Nd**, Ho?*, Tm3*, Er**, and Yb>*
pumped at 800 nm.

2.3 Plasma generation in hollow-core optical fibers

Gas-filled hollow-core photonic crystal fibers (HC-PCF) have emerged as an ideal platform to investigate light-gas and
light-plasma interactions in a well-controlled environment [13]. The tight confinement of both matter and light in the hollow
core allows for much longer interaction lengths than would be possible in free space, and the minimal overlap of the guided
mode with the surrounding cladding region enables low-loss guiding even in spectral regions where silica as the host material
is highly absorptive, i.e. in the UV and mid-IR spectral regions [14].

Here we discuss experiments on the non-invasive generation of electric gas discharges in HC-PCF using capacitive
coupled discharges driven by an external high voltage radio frequency (RF) source and the observation of stable gas
discharges forming meter-scale plasma columns in the fiber core. These plasmas are an attractive active media for the
realization of novel fiber-integrated gas lasers and broadband emission sources operating directly at (deep) UV, visible, or
mid-IR wavelengths, which are otherwise difficult to directly access with fiber optic means. In future, the external excitation
and control of such plasmas in HC-PCF and capillaries might also enable exciting new possibilities in nonlinear optics,
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where the interaction of plasmas with intense ultrashort light pulses facilitate efficient frequency conversion to the UV and
mid-IR spectral range as well as the generation of ultra-broadband optical pulses with single-cycle durations [13].

(b)

Figure 3: Excitation of a 60 cm long discharge in a helium/neon mixture at low pressure (10 mbar). The inset shows a microscope
image of the HC-PCF cross section. (b) Spectrum of an atmospheric pressure discharge of a helium / xenon mixture, recorded at

the fiber exit open to the atmosphere.

IIT Conclusion

We have demonstrated how specialty optical fiber technology can support the application-driven demand for light sources
with increasingly extreme properties, focusing on 3 different examples: generation of ultra-low noise broadband coherent
ultrashort pulses; novel multi-dopant fibers for straightforward amplification of such broad bandwidths in a single fiber; and
the non-invasive generation of meter-scale plasma columns in HC-PCF, which forms a novel platform for the exploration
of emission sources in exotic wavelength ranges and might in future enable the manipulation of single-cycle pulses by
controlled light-plasma interaction.
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Abstract
Random fiber lasers incorporating optical fiber with heterogeneous, phase-separated glass cores possessing high
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architectures offer the possibility of azimuthally uniform (sideways) illumination.
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I Introduction

Random lasers are those that use a random scattering medium rather than a conventional ‘mirror’ for providing
optical feedback [1]. Random fiber lasers are one form of such lasers, with some making use of intrinsic distributed
Rayleigh scattering as the feedback mechanism [2-4]. Others utilize extrinsic scattering such as by filling a hollow
core with a scattering medium [5], or modifying the glass to enhance scattering by adding, for example, random
Bragg gratings [6] or random scattering or reflecting centers [7], or the use of specialty polymer fibers [8]. Those
systems that make use of intrinsic Rayleigh scattering typically require long fiber lengths, often hundreds of meters
to kilometers, to realize sufficient feedback for lasing [9,10]. Given the wide range of applications for random fiber
lasers [11-14], there is merit in the development of optical fiber with large-scale scattering in order to significantly
reduce the requisite length of scattering fiber. This may offer a path towards making Rayleigh-based random lasers
somewhat more practical. Here, such fibers have been fabricated and their viability for use in random lasing is
investigated. Enhancement to scattering is accomplished through the fabrication of fibers with heterogeneous cores
resulting from phase separation. Lasing experiments are conducted with a commercial Yb-doped fiber as the gain
medium.

II Optical Fiber

Two phase-separated optical fibers (P-SFs) were fabricated using the molten core method (MCM). A powder
(100% AlOs for fiber 1 and 100% CaO for 2) was first inserted into a telecommunications-grade silica capillary
preform (3 mm inner / 30 mm outer diameters) that will serve as the cladding material after drawing. The preform is
thus placed inside a draw tower furnace at temperatures of 2000 °C (fiber 1) and 2100°C (fiber 2). At these
temperatures, the core melts, and the silica cladding softens, enabling fiber drawing. Owing to the high cooling
rates, the molten core is quenched upon drawing to a glassy state as the fiber cools. Fibers were drawn to a cladding
diameter of 125um, and coated with a UV-curable convential acrylate, yielding a total fiber diameter of
approximately 250 um. By taking advantage of the draw conditions during fiber fabrication (essentially draw
temperature here), phase separation in the fiber cores could be promoted [15]. In this case, spinodal phase separation
dominates in the aluminosilicate fiber, while it is binodal phase separation for the calcium silicate one. Phase
separation in the fiber cores are shown in Figure 1 (aluminosilicate) and Figure 2 (calcium silicate).
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Figure 1. Tunneling electron microscope image of a typical spinodally phase-separated aluminosilicate fiber core (left)

and pure silica cladding (right). The nano-scale phase separation in the core is evident from the image.
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Figure 2. Scanning electron microscope image of the calcium silicate fiber core (roughly 5 um diameter). Note the

larger scale relative to the aluminosilicate fiber. The sizes of the particles were on the order of 250 nm.
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IIT Results and Discussion

For brevity, the results presented in the abstract will be limited to the aluminosilicate fiber. More detailed results
with the calcium silicate fiber will be presented at the conference.

1. Scattering Characteristics

The attenuation was determined to be 18 dB/m at 1050 nm (lasing wavelength as described in the next section). In
order to confirm that this loss is dominated by Rayleigh scattering (although absorptive impurity loss likely also is
present), a scattering profile was measured for this fiber. To do this, a segment of fiber was passed axially
perpendicular across a slit (with 1 mm width) and green light from a 532 nm doubled Nd:YAG laser was launched
into one end of this fiber. The spatial intensity pattern emerging from the slit then was characterized by using a
detector that was attached to a rotation stage. This secured equidistant rotation of the sensor about the slit. The result
of this measurement (normalized) is shown in Figure 3. Also shown in the figure is the normalized Rayleigh

1
scattering pattern ([ oc E(l +Cos’ 0)) for comparison. At small angles (less than 30° or greater than 150°), the
fiber, owing to total internal reflection at its surface with air, begins to capture scattered light, and so the scattering

signal appears to approach zero. With that in mind, the region between 30° and 150° is strongly suggestive of a
Rayleigh-dominated source of light scattering.

Figure 3. Normalized scattering pattern measured at 532 nm for the aluminosilicate optical fiber (blue) shown with the

normalized Rayleigh pattern from theory.
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2. Lasing Characteristics

The laser configuration used in this analysis is shown in Figure 4. A 0.75 m length of commercial single mode
Yb-doped fiber served as the gain medium. This fiber was pumped through a wavelength division multiplexer
(WDM), with feedback at the output end provided by a fiber Bragg grating (FBG, 50.68% reflectivity, 1049.78 nm
center wavelength, and 1.199 nm spectral width). The feedback from the other end came from either 1) flat-cleaving
the WDM fiber or 2) the P-SF. The former was used to establish a benchmark non-random laser for comparison
purposes. In the case of the latter, the fiber length was arbitrarily chosen such that no light emerged from the back
fiber facet. Splicing was performed with a standard telecom splicer for all fibers comprising the system, including
that between the WDM and scattering fiber. Output power versus pump current (LI) curves for the two cases are
shown in Figure 5. Figure 6 gives the RF spectrum of the laser output when collected with a Si APD and analyzed
with an electrical spectrum analyzer. The suppression of the cavity modes with the scattering fiber in place supports
that this laser is operating in a random state. It should be pointed out that at the highest output powers, randomly
timed and distributed peaks slowly appear/disappear in RF spectra, usually no more than two or three at a time,
suggesting a significant level of dynamic activity within the laser. Work is underway to try to understand this
phenomenon.

Figure 4. Random laser configuration. The commercial Yb-doped fiber is end pumped by a laser diode at 976 nm. The

broadband isolator was used to prevent lasing from the pump diode facet. The output was taken at the FBG end.

As is to be expected, the added cavity loss introduced by the highly scattering fiber leads to a higher lasing
threshold and reduced lasing efficiency. The relatively low output power, however, potentially can be amplified, or
the use of a double-clad active gain fiber can enable more pump power to be launched. Work is also underway to
characterize the effect of length of P-SF on the lasing characteristics. As an interesting side note, Rayleigh scattering
leads to significant laser power being scattered from the cavity. Given the short length of P-SF that is required for
this application, the scattering fiber itself may be an interesting light delivery vehicle, in that it can offer an
azimuthally-isotropic power distribution. Such an emission pattern can be useful for illumination in 360° vehicular
lidar system, or the broad transmission of optical signals. Measurements of the power distribution radiated from the
side of the fiber will be shown at the conference.
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Figure 5. LI curves (current into the pump laser versus output laser power) for the laser without the P-SF (blue curve)
and with the P-SF (orange curve). The output was taken to be the FBG end only. The random laser was found to have
significant ASE and this power was integrated and subtracted from the measurement. Pump losses through the system
have not yet been characterized, but will be done for the conference in order to convert the abscissa to launched pump
power (mW). The pump laser had a threshold of 28 mA. From loss in the components, the maximum pump power

launched into the active fiber is estimated to be roughly 200 mW.

Figure 6. RF beat spectra taken at a laser output power of 2 mW for the laser without (blue) and with (orange) the P-SF.
The beat signal between the large number of cavity modes, spaced at the laser free spectral range (~ 16 MHz) are
clearly visible. These modes are suppressed in the case of the random laser. At the highest power the spectrum

exhibits a random presence of one or two peaks, at random frequency. Such is an example that is shown here.
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ABSTRACT

We present anovel approach in creating extremely uniform, actively doped core material for laser-active fibers produced
by reactive powder-sintering (REPUSIL) or plasma enhanced deposition with dimensions around @15 mm x 100 mm or
even larger.

Keywords: optical fiber, REPUSIL, plasma enhanced deposition, rare earth elements, co-doping, laser-active fibers

1. INTRODUCTION

Fiber based laser systems are key components for applications, e.g. in medicine for medical imaging and minimal-
invasive treatments, industrial production and material processing. The current trend aims at improving performance by
realizing higher optical power stability and encountering less non-linear effects. Large mode area fibers support high
mode field diameters at reduced intensity and high beam quality. One key aspect for high quality material is the uniform
distribution of dopants within the silica matrix, especially the absence of clustering. This uniformity directly effects the
refractive index profile variations within the core. Low fiber attenuation can only be achieved for high uniformity in
dopant distribution.

The REPUSIL technology is a suitable method to fabricate large quantities of rare-earth doped silica core material for
laser-active fibers [1]. Up to now, even though the optical performance of REPUSIL derived fibers is of outstanding
quality, dopant distribution homogeneity can further be enhanced and thus variations in refractive index values still can
be reduced. Attenuation with a present threshold value of about 20 dB/km appears to be a limit that cannot be overcome
on a reproducible scale. In achieving the required Al doping level certain problems have to be considered, resulting in
additional effortsin the fabrication chain.

However, new trends in fiber preform material preparation appear to set promising accents especially when adapted or
combined to the REPUSIL technology. In detail, preparation of fiber preform using plasma-assisted processes,
modification of single steps within the REPUSIL process as well as combination with sol-gel-technology appears to be
promising. While the standard REPUSIL process starts with doping silica particles or siloxanes, which are being doped,
the improved process steps profit from starting with silane monomers in direct reaction with the doping compounds.
Such an in-situ generated network of Si-O and doping elements offers new possibilities in creating high performance
material.

We exemplarily present our efforts on both, the reproducibility of the absolute values of the doping concentration and the
influence of different production technologies on the homogeneity of the distribution for individual dopants in the glass
matrix of the prepared preforms and fibers. These are important parameters for a stable fabrication chain and essential
for reliable absolute values and distributions of the refractive index in the preform material.

2. REPRODUCIBILITY OF THE DOPING CONCENTRATION

Fabrication of large batch material requires very reproducible process steps. The initial step of preparing doped silica
precursor material defines the maximum achievable dopant concentration in the final preform material.

Considering the final dopant content, the early process steps until the fabrication of a compressible powder for green
body preparation are essential. These are (i) the wet chemical precipitation of dopant oxides/hydroxides from salt
solutions, eg., AICI; x 6H,0 and rare earths (RE) chlorides in presence of high-purity gas phase formed silica
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nanoparticles, (ii) removal of unwanted side products (salts) by washing, and (iii) drying of the material to an oxide
powder. After drying the doped suspension, a moldable granulate is produced with the help of isostatic pressure mostly
in cylindrical shapes.

In a standard procedure, defined amounts of the doping solution are mixed into a silica suspension under controlled
adjustment of the pH value. As a result, the doping materia is precipitated on the surface of the silica. The mixing is
carried out under reproducible conditions (dosing, stirring power and duration). Despite of the mentioned efforts, a lack
of Al,Os in the final preform with a considerable variation could be observed (Figure 1). After analyzing the source of
errors, two main parameters could be identified and were subsequently improved. That implies changes in the
preparation of the initial salt solutions to correct variations in the Al-concentration and the washing procedure of the
material. The impact of such adjustment is shown in Fig. 1. The standard deviation of more than tens of experiments was
improved from initially 14% down to low 2%. At the same time, exemplary EPMA measurements indicated an increase
of the Al-content from about 90% to about 97% of samples with a desired Al-content of 1.5 to 3.0 mol% Al,Os in the
glass composition, connected with a respective increase of the refractive index. A further improvement of the Al-content
seems to be possible, however intensified “correction steps” lead to challenges in the handling of the materia in
subsequent processing steps.

Figure 1: Impact of changing preparation of solution and subseguent washing procedure of
doped particles on reproducibility of Al,Os-doped SiO, powder. The given Al-content isthe
average EPMA value measured in aline scan over the preform core diameter.

3. IMPACT ON SPATIAL HOMOGENEITY

Beside the absolute amount of dopants in the glass their spatial homogeneity is important to achieve good attenuation
properties. The REPUSIL process allows fabricating preforms with active core diameters up to 30 mm but shows
limitations regarding the dopant homogeneity. In terms of dopant homogeneity, the sol-gel-technology is offering high
potential since it is a bottom up technology, causing single-molecule components to react on a molecular scale to
homogeneous complex systems. To overcome the limitations in terms of spectral attenuation which is especialy linked
to the process related resulting content of OH groups as well as residual organics in the final materia, [2, 3], a new
fabrication technology has been elaborated by combining the sol-gel-technology with a plasma based approach [4].

Direct comparison of EPMA-derived radial dopant profiles of preform samples obtained from plasma approach and from
the well-established REPUSI L-technology demonstrates advanced homogeneity for Al,Os as depicted in Figure 2.

To verify the structural homogeneity, Raman spectra have been recorded. A line scan with a step size of 15 pum across 2
mm has been performed with a Raman Microscope (Renishaw Invia) using a 50x objective with a 514 nm Argon laser.
The band obtained at 490 cm™ (D, peak) is corresponding to symmetric bridging oxygen bending vibrations in 4-
membered rings [5]. The relative intensity decreases with increasing alumina content, indicating that a change of Al,O3
concentration affects the ring-size distribution in the silica glass system [6]. The variation of intensities between undoped
and doped silica with 3.2 mol% Al,Os is in the range of about 5% for the sharp D, peak at 490 cm™ [6]. Our acquired
spectra exhibit almost no deviation in intensity (less than 0.2%) between different measuring spots obtained during line
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scan, suggesting amost no variation in Al,O3 content. This corresponds well to the shown EPMA measurements in
Figure 2 and supports the idea of very homogenous material on a structural level.
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Figure 2: Dopant profiles of Al,O; by EPMA for the REPUSIL process
and the novel plasma based approach.

4. CONCLUSION

The plasma based approach offers the possibility of green body preparation as a pre-step in the REPUSIL process, to
obtain samples with extremely uniform dopant distribution. Therefore, the REPUSIL process and the plasma enhanced
deposition complement each other on various aspects.
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(4]

(5]
(6]
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Abstract
We present a multicore fiber design for coherent beam combination. This fiber allows reducing the complexity of these
systems since, by exploiting the Talbot effect, the beam splitting and recombination happen inside of the fiber.
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I Introduction

Fiber laser systems have become extremely popular in industrial, medical and scientific environments due to their high
efficiency and beam quality, their power scalability, their robustness and their maintenance-free operation'. However,
novel applications are always demanding more performance from these systems, which brings them to their limits. These
limitations come in the form of non-linear effects?, which either degrade pulsed operation or set a power limit in CW-
operation, or in the form of thermally-induced beam fluctuations (the so-called mode instabilities-TMI)'.

One way to get around the limitations and compromises imposed by any particular fiber design is the coherent
combination of the emission of several fiber emitters into a single beam>*. Hereby several emitters are operating below
the bounds imposed by their respective limitations, and their beams are combined into a single one. This way, ideally, the
performance of a laser system can be increased by a factor equal to the number of emitters. This is a very powerful
approach in which the further scalability of the performance is not limited by fundamental physical restrictions but by
engineering and economic considerations. There are two main drawbacks to this approach: first is that the system
becomes typically bulky; the second drawback is that the system complexity also grows significantly. This is because the
coherent combination of beams requires interferometric accuracies in the spatial and temporal overlap of the different
beams. This, usually, requires the use of active stabilization systems to ensure long-term operation. The first of these
drawbacks can be mitigated by the use of multicore fibers, in which all the different fiber emitters are densely packaged
and integrated into a single fiber>. This approach allows partially restoring the compactness of coherently combined fiber
laser systems. However, the growth of system complexity is not palliated by the use of multicore fibers. This is because
before coupling into the multicore fiber an incoming beam has to be divided into N-beams (N being the number of cores)
and, after amplification, the beams emitted by the different cores have to be externally recombined into a single beam
with interferometric accuracy (which still requires active stabilization).

In this work we present a novel multicore fiber for the high-power amplification of optical signals which is designed so
that the splitting and recombination of the beams happen automatically inside of the fiber. Since most of the complexity
in coherently combined systems stems from the splitting and recombination of the beams (and the active stabilization
thereof), this desing allows using a multicore fiber without increasing the system complexity. In other words, the
handling and use of the fiber is similar to that of single-core designs.
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II Talbot Fiber

The multicore fiber described in this work represents a clear departure from the conventional architecture of multicore
fibers for high-power applications since its cores are designed to interact/couple with each other. It is this intrinsic
coupling between the cores of the fiber which allows that the light, initially coupled in only one of them, spreads to the
other cores upon propagation along the fiber (this represents the beam splitting) and then comes back to the original core
(which represent the beam recombination), as schematically illustrated in Fig.1a. This way the intensity pattern generated
by the light as it propagates along the fiber changes in a periodic way encompassing first one core, then multiple cores
and then one core again. This cycle can be repeated several times along the fiber but, by choosing the right fiber length, it
can be ensured that most of the energy comes out of one core.

Figure 1. a) Schematic illustration of light propagation along the Talbot fiber. b) Cross-section of the proposed fiber design.

The reason why the beams, after a certain propagation length recombine in the original core is the Talbot effect®, which
leads to a periodic re-imaging of a periodic arrangement of objects (e.g. cores, slits, etc) in planes that are separated a
certain distance from one another. The reason why the Talbot effect occurs in multicore fibers with coupled cores is
because of the periodic interference of supermodes in the fiber.

The proposed operating principle of the Talbot fiber brings a twofold advantage for high-power operation: first since the
power is distributed across several cores over sections of the fiber, the non-linear effects will be mitigated. Simulations
have shown that the B-integral can be decreased by a factor of 2 to 3 using a 5 core fiber such as the one shown in
Fig.1b), as will be discussed in detail at the conference. Second, the spread of the amplification over several cores
reduces the heat-load in each one of the individual core, which will also increase the TMI-threshold. These benefits,
unlike in traditional multicore fiber laser systems, are not accompanied by an increase of the system complexity, since
the splitting and recombination of the beams take place inside of the fiber and, therefore, do not need to be actively
stabilized (under normal circumstances).

Fig.2 shows a simulation of light amplification in a fiber with the cross-section shown in Fig.1b. In this simulation, done
solving the rate equations for the amplification process and using the supermode theory’ to analyze the coupling between
cores, the fiber has a length of 1.27 m, and the 30 um diameter cores have a V-parameter of 3. The core-to-core distance
is 50 um and the pump cladding has a diameter of 375 um. Each core is doped with 7.5*10%° ions/m>. The central core is
seeded with 5 W at 1030 nm and the fiber is pumped by 50 W at 976 nm in the counter-propagating direction. As can be
seen, as expected, the light couples periodically from the center core into the satellite cores and back, and by choosing the
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right length, ideally, all the light returns to the central core at the end of the fiber. In the simulated configuration, the B-
integral accumulated by the light as it propagates along the Talbot fiber is less than half of the one that would have been
accumulated if the fiber had just a single core. Finally, the amplification efficiency is better than 80 %.

Fig.2. Simulation of the power evolution along the different cores of the proposed Talbot fiber.

A detailed analysis of the performance of these fibers under high-power operation will be presented at the conference.

This includes the impact of temperature, the impact of the pump direction, the spectral properties of the design as well as

a discussion on why these fibers should be able to also mitigate TMI.
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Abstract
Stack-and-draw methods allow the fabrication of complex waveguide designs, including those that require
control of refractive indices to the 1x10™* level. Unfortunately, stacking steps can introduce power-limiting
contaminants into the glass matrix. We present protocols, originally developed for cleaning and handling large

optics at the National Ignition Facility, that are appropriate for fabrication of fibers for kilowatt-class lasers.
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I Introduction

Stack-and-draw methods allow for the fabrication of complex waveguide designs, including those that support modes
having relatively large cross-sectional areas [1]. In addition, by mixing two or several different glasses in appropriate
proportions, the methods also allow for refractive index control to better than 1x107* which often essential for very
large area modes.

Unfortunately, contaminants can severely limit the efficiency, laser damage threshold, and strength of stack-and-draw
fibers. The contamination can be due to environmental exposure during the pulling or stacking of canes and capillaries,
or to improper handling and storage of the pieces. Though most contaminating particulates evaporate long before they
reach the hottest portion of the glass-melting furnace, their residue (usually charred carbon) can become embedded in a
fiber, limiting its power and reliability. For example, Figure 1 shows the cross-section of an early fiber fabricated by our
group, that fractured when its power was raised to just several hundred watts. The picture suggests that the laser heated
an embedded bit of carbon, which expanded and fractured the fiber.

Clearly, a key to eliminating glass failures is to eliminate contaminants. Toward that end, we have adopted cleaning and
handling protocols originally developed for large optics at the National Ignition Facility [2 - 5], and now use them
routinely when fabricating stack-and-draw fibers.
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Figure 1 Cross section of fiber that failed at roughly 300W, showing an embedded particulate that likely
have generated the failure.

II Experiments

To test the efficacy of the AMP cleaning processes, we fabricated two stack-and-draw preforms. Both consisted
of roughly 200 canes drawn from a telecom-grade fused silica rod. However, one was cleaned with methanol and
lint-free wipes (a common protocol), and the other was cleaned via the AMP (Advanced Mitigation Process)
protocols developed for processing large fused silica optics — optics that must withstand extreme fluences of 351nm
light — for the National Ignition Facility; see Figure 2. In addition, all cleaning, fixturing, and assembly processes
used to prep the second stack were performed in a Class 100 cleanroom.

For the adapted AMP process, glass rods (1-3mm in diameter and 10” long) are assembled into a Teflon fixture that
only contacts the rods at each end. The loaded fixture receives 120kHz ultrasonic cleaning in 10% sodium
hydroxide at 45C and 3% Brulin 1696 detergent at 55C. Parts are thoroughly rinsed using ultrasonicated 18Mohm
ultrapure water and spray rinses. A 200nm etch in buffered hydrofluoric acid (6:1 BOE diluted 2:1 in DI water) is
followed by additional ultasonicated (120kHz-270kHz) ultrapure water and spray rinse. Finally, the components are
allowed to fully dry inside the Teflon frame. The rods are stacked and assembled into a fused silica tube. The
preform stack is then returned to a non-cleanroom area to be pulled into fiber using standard telecom fiber-based
draw tower equipment and without clean air filters around the draw area.

Figure 3 compares the losses of fibers drawn from wipe-cleaned and AMP-cleaned preforms. The loss of the fiber
pulled from the wipe-cleaned preform were roughly 20dB/km at 1um, while the loss of fiber pulled from the AMP-
cleaned preform was much lower: less than 3dB/km at 1um. For comparison, note that the Rayleigh-scattering limit
for optical fibers is approximately 1.2dB/km at 1um.

Encouraged by the early results, we applied the AMP process to a mixture of Yb-doped fused silica and F-doped
fused silica (Figure 4a). The mixture was created to fine-tune the refractive index of the Yb-doped material. First,
an appropriate ratio of the materials was stacked inside a tube, drawn to canes, and then the starting tube was acid-
etched away with a weak solution of HF acid. Then the etched canes were combined into a new tube, drawn to
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canes, and then starting tube from the second draw was also acid-etched away. The AMP process was applied
between all mixing steps, and after all acid-etching steps, and all stacking was conducted in a Class 100 cleanroom.

The Figure 4a mixture was then built into a cladding-pumped optical fiber. Figure 4b shows that the losses of this
fiber were very low, and in subsequent testing, the material achieved 1kW of power at a quantum efficiency within
2% of the quantum limit. These results suggest that the AMP procedure can achieve a level of cleanliness that is
appropriate for kilowatt-class fiber lasers.

Figure 2 Flow diagram for AMP process. From [5].

Figure 3 Losses of fibers drawn from wipe-cleaned and AMP-cleaned preforms. From [5].
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Figure 4a Mixtures of Yb doped glass (brighter regions) and F-doped glass (darker region). After mixing
twice (Pull 2), a cane was built into a cladding-pumped optical fiber. Figure 4b suggests that the losses of
the cladding-pumped fiber are suitably low for high power applications.

III Summary

In summary, we have shown that a modified version of the AMP process, which was originally developed to
reduce damage in large optics at the National Ignition Facility, can be a valuable tool for the fabrication of stack-
and-draw optical fibers, especially for very high power applications.

Lawrence Livermore National Laboratory (LLNL) (DE-AC52-07NA27344)
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Abstract

We present the design of a Nd doped silica fiber for 1400 nm amplification. The waveguide design includes elements
that induce core loss at selective wavelengths enabling efficient amplification of 1400 nm. The effect of these elements is
modeled in COMSOL in order to produce a fiber design that is applicable to telecom amplifiers.
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I Introduction

A focus of our recent work has been to promote lasing on rare-earth transitions that have previously been inaccessible to
laser action because of competition from stronger lasing transitions in the same rare-earth element'. Neodymium has two
useful transitions other than the well-known transition that produces light a 1 pm, the “F3, to “Io;, that produces light at 0.9
pum and the “Fs, to “I;3» that produces light at 1.4 um. By suppressing gain via filtering away the light at the 1 um line,
amplification in the other bands can be promoted. Light in the 0.9 um band is useful as a route to blue-green light and
amplifiers in the 1.4 um region are useful primarily for telecommunications applications.

There are a few fiber design approaches for suppressing competitive gain by spectrally filtering the light in a fiber core.
Schemes using rare-earth absorption such as that in samarium have been used to deplete spectrum for gain tailoring®. Fibers
having W-profiles, sometimes referred to as depressed-well or trench profiles, have been developed for inducing loss of the
fundamental guided mode at long wavelengths. Here the confinement losses grow as the mode field expands for long
wavelengths generating an extended short-pass filter. This technique applied to Nd-doped silica fibers can be used to
promote 0.9 pm amplification®. In contrast to the depressed-well fibers, we have demonstrated a wavelength selective fiber
filter where core losses are influenced by coupling to high index elements near the core, creating a spectral notch filter *. We
have applied the wavelength selective filter to suppress the 1 pm transition to allow amplification at 0.925 pm*, and we have
suppressed both 1 um and 0.9 um light to allow amplification at 1.4 pm®. Here, we present designs for an improved fiber that
allows amplification at 1.4 um, thus serving as an amplifier in the telecom E-band window (1360 to 1460 nm). The primary
improvement is reduction of the mode-field diameter allowing for favorable gain dynamics in a 10 m length of fiber,
representing a performance comparable to conventional telecom amplifiers.

In a first demonstration of a Nd doped fiber for telecom applications, the fiber design was such that it achieved a mode
field diameter of 10.5 pm and an outer diameter of 125 pm, closely resembling a standard telecom fiber’. Importantly, the
design of the first fiber had a core index matched to silica and the core confinement was generated by a photonic crystal
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lattice of low index elements. The raised core index was reduced by mixing with low index fluorine doped glass which also
diluted to concentration to 40% of its original value. Details can be found in Dawson et al. 2017. The fiber produced >13 dB
gain in 14 m of fiber. Improvements identified for a next fiber include development of a design where the doped core is not
mixed to reduce it to the index of fused silica to avoid dilution of the Nd dopant and avoid the introduction of contaminants
that likely contributed to the relatively high background loss ( >0.1 dB/m) in the first attempt.

II Methods
1. Wavelength selective filter designs
The basis of the filtering fiber is spectrally dependent reduction of core guidance, in this case brought on by auxiliary
waveguide elements that form a bridge spanning the confining “wall” surrounding the core*. The auxiliary elements are
chosen to be resonant with the core at the wavelength to be filtered, so that light in the core couples to and spreads into them.
They are also chosen to have higher dispersion than the core so that the resonance is constricted to a limited spectral band.

In our refined design, the core confinement is formed by a step index region in contrast to the photonic crystal fiber lattices
used in the previous fiber!. The core index is raised to 0.135 NA with respect to the inner cladding region — that is, the region
that immediately neighbors the core. Auxiliary elements surrounding the core are strings of graded-index (GRIN) waveguides
with relatively high waveguide dispersion due to their high NA (0.20 to 0.30) and small size. These GRINs are arranged in
six groups or “spokes” of five inclusions. The GRINs support modes of their own, which are designed to be resonant with the
fundamental core mode at the wavelength we wish to filter; at resonance, the core mode couples to these inclusions. An outer
region, which immediately neighbors the inner cladding, is raised to be higher than that of the core to ensure coupling from
the resonant elements toward an outer reservoir rather than back into the core of the fiber. The overall effect is that the core
guidance is lost when the resonance condition is satisfied or nearly satisfied, thus creating a wavelength-selective filter.

2. Modeling

We model the structure and waveguide losses via a Finite Element Method based mode solver (COMSOL). Figure 1 shows
a schematic of the design (left) and an example of the mesh required to model the core (right), GRIN elements and outer
reservoir. The reservoir is outside the boundary shown as a hexagon. Beyond the reservoir is an artificial structure, a ring of
absorbing material, used to characterize the resonant loss from the core mode. In the actual fiber, there may or may not be
dissipation in the reservoir: light that makes its way from the core to the reservoir will not return on the length scales of
interest, due to the mode coupling in the large mode volume of the reservoir. In the model we introduce dissipation to avoid
having to explicitly track the modal population of the reservoir.

The core is not a simple step index but rather has a gradation of the index at the outer edge. The core diameter is 5.02 pm
but considering this gradation the effective core diameter is 4.09 um. The NA between the core and cladding is 0.135 and the
mode field diameter is 8.18 um at 1450 nm. The fundamental mode in the core couples to the GRIN LP11 modes. The GRIN
elements are 5.13 pm in diameter and on a center-to-center pitch of 6 um. There are five elements in each GRIN ‘spoke’ with
a spatial offset from the core of one additional unit of the pitch. The modeled inner cladding is the hexagon enclosing the
core and GRIN elements. The hexagon is 70.1 pm face-to-face and the outer cladding diameter is 125 um. Lastly, to model
the dissipation of outcoupled light, an absorbing boundary is added to the model with a ramped profile that extends 15 pm
from the outer cladding diameter.
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Figure 1. Example of the fiber design geometry (left) and the corresponding mesh (right) in COMSOL. The high index GRIN
elements extend out from the core in the center of the design and are surrounded by the background region. The ends of the

GRIN element ‘spokes’ are located close to a raised index region that serves as a reservoir for the outcoupled light.

III Results and Discussion

The reduced core size and increased NA in this fiber reduces the mode field diameter by 20% compared to the previous
fiber. An amplifier based on this fiber could be pumped at 808 or 880 nm. Figure 2 shows the calculated losses over the range
between the pump at 808 nm and the signal at 1400 nm. Modeling results indicate that gain can be suppressed for both
competitive transitions at 0.9 um and 1.1 pm while maintaining low losses at the pump and signal wavelengths.

Figure 2. Calculated losses from COMSOL modeling showing loss exceeding 1 dB/m between 0.9 pm and 1.2 pm.

In summary, we have designed a new Nd doped fiber with reduced mode field diameter to achieve high inversion over short
lengths and thus reduce the pump power needed to reach 30 dB of gain, a specific technical goal for telecommunications
applications. We intend to fabricate this fiber design via the stack and draw method. This stack will require roughly 300
canes to be stacked in a hexagonal array which will be enclosed in a silica tube and finally drawn to fiber with dimensions
comparable to standard telecom fiber.

Lawrence Livermore National Laboratory (LLNL) (DE-AC52-07NA27344)
LLNL-ABS-784901
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Abstract
Optical fiber optimization for downhole applications in the oil and gas industry is discussed. Fiber coatings, packaging
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The use of FBGs to enhance distributed sensing in these environmentsiis discussed.
Keywords: distributed sensing, oil and gas industry, optical fibers, hydrogen resistance, enhanced scattering

* Paul.wysocki @bakerhughes.com; phone 540-961-9523

| Introduction

In the ail and gas industry, optica fibers are used almost exclusively as sensors of environmental quantities such as
temperature, pressure, strain, vibration and acoustic signals. In some cases, the fiber is used to provide a distributed
measurement while other times, a discrete single location measurement is needed. The applications can also be divided
into surface sensing applications and downhole sensing applications. Generally, surface sensing applications in oil and
gas are not very different from such applications in other fields. Applications such as pipeline monitoring on or near the
surface using distributed acoustic sensing (DAS) require the use of techniques and fiber hardware similar to those used in
telecommuni cations or perimeter sensing. Downhol e applications are more uniquein that the environment downhol e often
includes harsh chemicas, hydrogen exposure, high and variable pressures up to 15000 psi and temperatures up to 300C.
This presentation focuses on the harsh downhole environments and how they affect the deployment and application of
optical fiber sensing. Often optical fibers are used rather than el ectronic sensors for the very reason that they can stand up
to the rigors of such environments.

Il Downhole Optical Sensing

1. Downhole Environments

The downhole environmental regquirements for optica fibers are evolving over time towards both higher pressures and
temperatures. Typical deploymentsin conventional production might require temperatures up to 150C and pressures bel ow
5000 psi. However, unconventional wells with steam injection can reach temperatures of 300C and pressures up to 15000
psi. Optical fibers fortunately are able to survive such conditions but other materials used in cables and as coatings pose
the greater challenge.

In addition to such pressure and temperature, optica fiber must either be kept isolated from harsh chemicals and high
pressure steam, or they must be designed to survive these as well. Even if protected, in high T hydrocarbon production,
large quantities of hydrogen gasisliberated. Hydrogen diffuses through most materials over time at high temperatures and
so any fiber degradation caused by hydrogen must be anticipated and minimized. Typicdly it is assumed that the
environment downhole may reach a steady-state hydrogen level of 1 Atmosphere partial hydrogen pressure.

2. Limiting Deployment Challenges

The deployment of equipment into downhole environments precludes the use of standard optical fiber cables. Downhole
cables are pulled, dragged and pushed into awell and exposed to many chemicals. Consequently, optica fibers deployed
in such cables only survive if the cables are made of chemical resistant metals such as stainless steel or Inconel. Often
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such cables include afiber in metd tube (FIMT) inside the armored cable, providing 2 layers or sealed meta protection.
The connection/splicing of such cables to each other or to other metal clad equipment downhole requires special metal
splice housings and seal's and techniques for breaking out the fibers to make a fusion splice. Fibers passing out of awell
often must pass through a well head outlet (WHO) that provides a barrier between the surface and harsh downhole
environments. The custom cables, hardware and processes to interconnect cables are expensive. Consequently, earliest
fiber deployments avoided compl ex interconnections downhole as much as possible.

There are aso substantial limitations on the types of optical fiber components that can be deployed downhole. The
collection of components devel oped for telecommunications applications are useful for building surface interrogators to
launch light into downhole fibers, but none of them are typically packaged or designed to survive temperatures of 100C
or higher. Consequently, discrete sensors for downhole use usualy require custom development, qualification and
packaging, paying particular attention to how they may be integrated and connected to downhol e cables.

A further challenge is posed by the need to get an optical fiber based sensor into contact with the measured quantity at
the point of interest. To measurelocal temperature, either the thermal conductivity must be high so the downhol e packaged
sensor responds quickly to the environment in the vicinity, or substantial delay must be built in and the system designed
to respond only slowly. To measure local pressure, atransducer is required to convert pressures into optical changes. To
perform distributed temperature sensing (DTS), DAS or distributed strain sensing (DSS) the temperature, acoustic waves
or strain respectively must be transmitted through all the packaging to the optical fiber. Thisis further complicated by the
myriad of ways a cable can be deployed including strapped outside the casing of the well, inside the casing of the well,
cemented in place around acasing, or in an open hole.

3. Application Specifics

Some downhole sensing applications utilize an optical fiber to transmit light from an interrogator to a discrete sensor
location and back to an interrogator. One of the earliest uses of optical sensing downhole was to provide discrete
pressure/temperature (PT) readings at particular locations. In this case, the PT gaugeis an optical device and the fiber only
provides a way to interrogate it without placing the interrogator downhole. Similarly, fiber might be used downhole to
transmit the light to a specific fiber that serves as a distributed sensor. In all these cases, the main requirement of the fiber
isthat it provide low loss at al wavelengths of interest when exposed to the harsh environments downhole.

Other downhole sensing applications such as DAS, DTS or DSS utilize the fiber as a distributed sensor. In some cases,
fiber Bragg grating (FBGs) arrays may be added to provide discrete distributed sensing locations or to generally enhance
the scattering of the fiber. Such distributed sensing optical fibers must certainly maintain low loss, but they also might
meet other requirements such as specific FBG strengths and wavel engths, lossthat does not change over time, or uniformity
of scatter level.

For any specific application, the optical wavelength might be selected based on severa criteria including fiber loss
profile, fiber loss change wavel ength dependence, and available laser sources, components and detectors for building an
interrogator. Fibers might also be multi-moded or single-moded at the wavel ength of choice. Often the environments and
current fiber technol ogy dictate the choices made to a very small number of best options.

I11 Optical Fibersto Meet the Challenge
1. Temperature Rating
Optical fiber coatings for downhole are first selected to meet temperature requirements of the particular application.
Figure 1 shows thermogravitational andysis (TGA) performed on a mid-temperature acrylate (MTA) and polyimide
coating used on CoreBright single mode fiber broduced by Baker Hughes, a GE company (BHGE).! The MTA israted at
150C and the plots show that 20% weight loss occurs (typical criteria for failure) at 150C in about 400000 hrs, or about
45 years. On the other hand, by the time this coating reaches 200C, that same case is reached in 400 hrs, or about 17 days.
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Polyimide coating is sel ected for temperatures up to 300C where thelifetime according to TGA is hundreds of years. Other
coatings are sometimes used for intermediate temperatures such as PFA or PEEK because they have other beneficia
properties, such as greater mechanical robustness than typical thin polyimide coatings.

Figure 1. TGA for MTA (LEFT) and polyimide coating (RIGHT) used on BHGE CoreBright fibers.

2. Hydrogen induced losses

Performance in hydrogen rich atmospheres has often been the driving force for downhole fiber selection.? Hydrogen
diffuses so rapidly through most materials that, even within a sealed metal cable, hydrogen arrives at the core of afiber
within hours, days, weeks or months depending upon the temperature and exact cable design. Figure 2 shows the hydrogen
induced loss after short duration exposure of a Ge-doped Allwave single-mode fiber and a pure-silica core Corebright
single-mode fiber to 5 Atm hydrogen. The spectrum between 1080 and 1260 nm is the second overtone of molecular
hydrogen that appearsin all glasses. Thetail of |oss above 1500 nm is the edge of the primary hydrogen absorption peaked
above 2000 nm. These molecular hydrogen losses disappear when hydrogen is removed.

Figure 2: Hydrogen induced loss in Germanium containing SMF and in pure core Corebright SMF.
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Permanent loss changes also occur as OH is formed due to H reaction with oxygen defects in the fiber core. Thisis
shown in the Ge containing fiber which has 2 overlapping peaks, one at 1390 nm and the other near 1410 nm, dueto Si
and Ge associated O defects respectively. The number of such defects depends on the details of the glass manufacturing
processes. In Ge-doped fibers, there is also a short-wavelength edge (SWE) loss that tails across the entire spectrum. In
pure core fibers, thisloss does not occur, but the Si associated OH peak at 1390 nm occurs, in proportion to the number of
defects present. The CoreBright pure-core fiber in Figure 2 has so few defects that no OH peak is visible.

Figure 3: Typical diffusion time through high quality carbon coating vs temperature.
All hydrogen induced losses can be stopped or slowed down by the addition of carbon coating to stop hydrogen ingress.
Thisistypicaly only effective for alength of time, as depicted in Figure 3, as a function of temperature for a particular

high quality carbon coating. Above 150C even the best carbon coatings are considered ineffective for along enough time
to be relied on for resisting hydrogen ingress to the fiber core downhole.

Figure 4: Hydrogen induced loss in atypical GE containing MM graded index fiber
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Single-mode pure silica core fiber like CoreBright are readily available, but some applications are better suited for
multimode fiber system use. Both Ge-containing and non Ge-containing (“ pure-core”) MM fibers have been used. Figure
4 showstheloss seeninaMM Ge-containing fiber tested with 2 Atm of hydrogen over increasing T in several time steps.
Below 150 C (first several datasetsat bottom), this carbon-coated fiber does not exhibit losses, but above thistemperature,
losses appear and, at 200C they are continuing to grow after 44 days on test. Typical “pure-core” MM fibers contain a
graded profile of fluorine to down-dope and build the core index profile. While it is possible to make alow defect MM
fiber, al available “ pure-core” MM fibers we have sampled contain substantial defects, we believe because they are made
by plasma CVD. The behavior of such a fiber is shown in Figure 5 over the same series of tests with 2 Atm hydrogen.
Note the large number of defects apparently in this fiber and their rapid reaction rate as compared with the Ge containing
fiber. Thereis noway to utilize this fiber at 1550 nm without a carbon-coating barrier, which is only effective up to 150C.
However, it has a useful window of operation from 1000-1060 nm.

Figure 5: Hydrogen induced loss in a non-GE containing “ Pure-core” MM graded index fiber

There are operatorsin the Oil and Gasindustry that pump fibers into the well and replace them occasionally. That isto
say, rather than deploy permanent cables, they deploy an empty tube and then pump a sensing fiber into the tube downhole
using fluid pressure. Such adeployment allows for the removal of afiber that has darkened and replacement with apristine
fiber. Thefiber choice then becomes an economic decision of whether to deploy amore expensive hydrogen resistant fiber
or deploy a standard fiber and replace it often.

3. Microbend losses

Another significant effort for downhole fibers has been to reduce microbend induced losses, which are a complex
function of theindex profile and stresses acting on the fiber in harsh environmentsin metal cables. Polyimide-coated fibers
are more proneto microbending than acrylate-coated fibers because the thin hard polyi mide coatings all ow contact stresses
to betransmitted to the glass. When multiplefibers are deployed in acable, they can inducel osses on each other, especialy
if pulled taught downhole. The pure-core fiber index of refraction is limited by the amount of fluorine that can be

Proc. of SPIE Vol. 11206 112061F-5



incorporated but has been pushed up over time to reduce microbending. MM and SM fibers both have undergone
significant design efforts to reduce microbending |osses.

4. FBG based sensors

While DTS and DAS are often performed in standard downhole fibers, DSS systems typically have relied on FBGs to
provide discrete distributed sensors. One such system, SureView WIRE measures strain up to 2% at 2 cm spacing, but
does so using optical frequency domain reflectometry (OFDR) and islimited to about 12500 FBG sensors over 250m. The
easiest ways to make such FBG arrays isto write them using a phase mask either during fiber draw or afterwards through
awrite-through coating. This requires a Ge doped fiber, which is prone to hydrogen induced losses and limits the length
of the system as well. One might write FBGs in pure-core fibers using femtosecond laser induced damage based FBGs,
but thisis afar less developed technology, though an area of active devel opment.

5. Enhanced scatter fiber

For some scatter based sensing systems, particularly for DAS, it has become an established fiber improvement to
enhance fiber scattering to increase the detected signal level. While it is possible to add scattering particles or random
index variationsto afiber by many methods, such scattering is omnidirectional and so increases|oss at least in proportion
to the scatter increase, which is unacceptable for long systems. It limits the effectiveness since the signal for distant parts
of the fiber must travel through a higher loss path. Chirped FBG based solutions, with more directional enhancement of
scattering in a particular wavelength band are advantageous in this regard. Enhanced scatter fiber are offered by fiber
vendors and/or used in theindustry, but the details of how they are madeis not revealed. In principle, the interrogator and
enhanced scatter fiber should be optimized together. Depending on the approach, the bandwidth, FBG spacing/overlap and
FBG strength might be chosen to provide the optimal signal consistent with the interrogation approach. Designs of such
optimized tailored fibersis an ongoing area of development. Additionaly, different schemes are proposed for enhancing
the transmission of acoustic waves to the fiber, and the optimization of thisis an area of active development.

IV Conclusion

This presentation provides a survey of fiber usage issues in downhole il and gas sensing applications. Dueto unique
environmenta and deployment requirements, and application specific requirements, oil and gas fiber sensing utilizes:

- MM and SM sensing fibers

- 1060 nm and 1550 nm wavelength interrogators

- scattering based and FBG based sensing

- standard fibers and scatter enhanced fibers

- several deployment approaches, including prepacked cables and pumped fibers

- OFDR, OTDR and wavelength multiplexed systems

- multiple different coating types for different temperatures and properties
Interestingly, after years of development and deployment, no single choice has emerged as the preferred method or fiber
for even the mgjority of such applications.
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1. Introduction

Optical fibers provide an attractive platform for sensing physical, chemical and biological parameters [1]. Microstructured
fibers present an opportunity for high-sensitivity fluorescence measurements through their long interaction length [2]. The
exposed core fiber (ECF) is particularly suited for nanostructuring and surface functionalization due to easy access to the
fiber core [3-7]. Fiber tip sensors have lower sensitivity due to less efficient fluorescence capture, but they allow rapid,
localized and repeated measurements [8,9].

Traditional fiber materials and structures are not sensitive to the environment. Therefore, the sensing capability of an
optical fiber relies on the functionalization of the fiber [10]. Here we report different strategies for fiber functionalization,
such as micro/nanostructuring of optical fibers for physical or refractive index, or for fluorescence-based sensing where
surface functionalization of fibers utilizing sensitive and selective fluorophores are widely used. An alternative approach is
the direct doping of the sensitive fluorescence species into the fiber material, where the fiber itself becomes the sensing
element such as for detection of magnetic fields.

2. Micro/nanostructuring of optical fibers

Micro/nanostructuring of optical fibers has been used to add sensitivity and functionality to optical fibers. Modern
techniques in micro/nano-structuring include the use of femtosecond laser processing and focused ion beam milling.
Femtosecond lasers provide the capability to ablate material with micron-scale resolution through non-thermal multi-photon
ionization [11]. This produces stable and well controlled features that are particularly suited to producing fiber Bragg
gratings (FBGs) in microstructured optical fibers as no photosensitivity is required. These FBGs can be written into ECFs
(Fig. 1(a) and 1(b)) for refractive index based sensing [3,12] or into suspended-core fibers for temperature sensing in excess
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of 1000°C [13,14]. Alternatively, focused ion beam milling uses a highly controlled ion beam to structure with resolution at
the nanoscale [15]. The rate of milling is typically very slow, therefore post-processing such as tapering the optical fiber is
usually performed first to reduce the amount of material. Fabry-Perot cavities as small as 2.8 um can then be written into the
fiber, which produce an interferometric signal that is sensitive to the optical path length inside the cavity (Fig. 1(c)) [16-18].
These devices are sensitive to refractive index and can be used to detect biochemicals that bind to the surface. The cavities
can also be made in series to perform multiplexed sensing [19] or simultaneous measurements with temperature [20].

Figure 1. (a) Scanning electron microscope image of an exposed-core microstructured optical fiber (ECF). (a) Femtosecond laser
ablation fiber Bragg grating written onto the core of the ECF shown in (a). (c) Tapered optical fiber with a 5 um cavity fabricated

using focused ion beam milling. (a) and (b) reprinted from [12].

3. Surface functionalization at optical fiber tips

Surface functionalization of the tip of a multimode fiber allows localized sensing, whereby placing the tip in direct contact
with the sample the signal can be recorded over time. Larger areas can be monitored via scanning the fiber tip across the
sample. Fluorescence is captured less efficiently by the tip compared to a microstructured fiber, so typically a bulk coating is
applied to the surface of either a polymer or glass containing the fluorescent indicators [2].

Several examples of this have been demonstrated for biological sensing applications, covering both chemical and physical
sensing of the environment. One sensor employed a pH indicator dye, encapsulated in an acrylamide layer on the tip of the
fiber (Fig. 2(a) and (b)) [8]. This sensor was used for measurements of cancerous tissue, where the pH of the surface could be
used to give an indication as to whether the location was healthy or cancerous. The fiber tip can be sensitized to virtually any
molecule simply by changing the fluorescent indicator in the polymer to one that reacts with the target species. Alternatively,
the tip of the fiber can be sensitized with a rare-earth doped glass layer, where the signal from the tip changes depending on
the environmental temperature (Fig. 2(c) and (d)). This sensor has been used for in-vivo measurements of temperature,
examining the impacts of MDMA on brain temperature by implanting the probe within the brain of an ambulatory rat [9].
This type of sensor also has the advantage that it can be multiplexed with other sensing methods, either through different
indicators located on the tip, or by imaging through the coating to simultaneously perform sensing measurements and
imaging through a single fiber [21].

Figure 2. (a) Attachment method when embedding fluorescent dyes into a polymer coating (b) Measurement of pH on human
tissue samples, where the pH of the tissue is correlated to whether the tissue is healthy or cancerous [8]. (c) Coating method for
application of sensing region to the tip of an optical fiber by dipping the tip into molten glass. (d) Experimental setup for in-vivo

measurements using the tip temperature sensor [9].
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3. Surface functionalization along the fiber core

Fluorescence-based sensing along the core of a microstructured fiber offers enhanced sensitivity [2]. The ECF is
particularly suited for immobilization sensitive and selective fluorophores onto the fiber core. The local molecular nano-
environment of the fluorophore can be used to influence binding interactions between fluorophore and analyte, without
changing the chemical structure of the fluorophore. This was demonstrated for photoswitchable spiropyran-ionophore (SI1)
fluorophore, which can form both a single-ligand complex with Ca>* and a dual-ligand complex with AI**, (Fig. 3(Left)). The
selectivity of SI1 to these ions was controlled by the nano-environment around SI1 [5]; being in solution (Fig. 3(Right,A)),
chemisorbed onto the core surface of an ECF (Fig. 3(Right,B)), or physisorbed into a thin-film PMMA on the core surface of
an ECF (Fig. 3(Right,C)) using methods shown in Refs. [6,22]. Solution-based measurement showed strong fluorescence for
the single-ligand complex with Ca?*, but only modest fluorescence for the dual-ligand complex with AI** (Fig. 3(Right,A)).
The response from the SI1 physisorbed within the thin-film PMMA on the ECF core (Fig. 3(Right,B)) showed that the
fluorescence from the dual-ligand complex with Al** was twice that of the single-ligand complex with Ca*". This is in
contrast with the solution-based measurements that showed the opposite. The response from SP1 chemisorbed on the ECF
core surface (Fig 3(Right,C)) showed an increase in the fluorescence intensity when exposed to Ca?*, however in the
presence of AI** did not result in an increase in fluorescence intensity. This result was significantly different from the
solution-based experiments. The control of the selectivity of a fluorophore by the nano-environment of the specific surface
functionalization approach is an attractive proposition towards optical fiber-based sensing elements with highly selective
surfaces for detection of biologically and/or environmentally relevant ions.

Figure 3. (Left) Cation interaction with Spiropyran-ionophore molecule (SI1) (A) represents the spiropyran (SP) ring-closed, non
fluorescent form. (B) and (C) represent the ring-opened, fluorescent forms of merocyanine (MC) isomer single- and multi-
liganded complexes with cations. (Right) Comparison of peak fluorescence intensity from SP isomer without ions, MC isomer
without ions, (SI1)MC-Ca*" complex, and 2(SI1)MC-AI** complex. (A) in solution, (B) physisorbed, and (C) chemisorbed.

Plasma polymerization technique is an attractive alternative for surface functionalization of ECF [7]. A key benefit of this
technique is that it is substrate independent and can generate coatings of desired physicochemical properties without
requirement of any surface pre-modification [23,24]. In addition, it is a solvent free process, which deposits uniform and
homogeneous thin films in a single step coating procedure [25]. The high potential of the plasma polymerization technique
for optical fiber functionalization was recently demonstrated for AI** sensing with ECFs [7]. Plasma parameters such as RF
power were found to control both the immobilization and the orientation of the fluorophore based sensing molecule on the
surface of the ECF core. High homogeneity, reproducibility and sensitivity of plasma coated ECFs was demonstrated for
equal-length sections (15cm) of the same fiber. (Fig. 4) An order of magnitude improvement in sensitivity of the same
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fluorophore attached to a microstructured fiber core was achieved with the plasma polymerization technique [7] compared to
conventional surface functionalization technique [26]. Using plasma polymerization technique, a vast variety of precursors
can be polymerized on fibers to generate coatings of desired physical and chemical properties. This opens new avenues for
immobilizing sensing molecules ranging from fluorophores to antibodies to expand optical fiber sensing capabilities.

Figure 4. Fluorescence counts for a plasma polymer surface functionalized ECF (at plasma power of 25W) based aluminium
sensor. a-c) Each plot corresponds to a different section of the same fiber. Blue curves correspond to background fluorescence
from the fluorophore coated fiber. Orange, grey and yellow curves were recorded at 15, 30 and 100 min after exposing the fiber
to ImM aluminium ion solution. d) Bar plot corresponds to the average of signal-to-background ratio recorded at 100min for
sections (1st, 2nd and 3rd) of 3 fibers each. Figure after [7].

4. Hybrid glass optical fibers

Optical fibers can attain sensitivity by directly embedding the active species into the fiber material itself. This approach
was successfully demonstrated for doping nanodiamond (ND) containing nitrogen vacancy (NV) centers into tellurite glass
[27,28]. NV centers in diamond are widely explored for magnetic field sensing at room temperature. By embedding NV-
diamond in tellurite glass and then fabricating an optical fiber from this hybrid glass, the first fiber with intrinsic magnetic
sensitivity was demonstrated [29]. Optically detected magnetic resonance (ODMR) spectra measured with 532 nm CW
excitation and using microwave radiation and external magnetic field (Fig. 5) demonstrate a room-temperature magnetic
field sensitivity of 11 wT/\NHz. Such sensitivity is comparable to that achieved in fiber taper platforms with NDs coated on
the taper surface [E3 29,30].

Figure 5. Optically detected magnetic resonance (ODMR) of ND doped tellurite fiber. (a) Schematic of experimental set-up for
ODMR measurement using laser light at 532 nm for side excitation and (b) imaging the NV emission from the endface onto an
camera. (c) ODMR spectra from a ~200 pum? region of the fiber for varying external magnetic fields. The square points are
measured data, and the solid lines are fitted curves. Figure after [29].
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5. Conclusions

Functionalization of optical fibers is a powerful approach to add sensitivity and selectivity to optical fibers for detection of
a large range of physical, chemical and biological parameters. Combination of functionalization approaches such as surface
coatings and nanostructuring paves the way towards enhanced sensitivity and label-free sensing. Future work in the area of
fluorescence-based sensing focusses on the development of robust coatings and customized fluorophores.
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Abstract
We show that femtosecond laser inscribed “bridging waveguides” can couple the displaced cores of different types of
optical fibres. We explore coupling between single- and four-core fibre, incorporating multiple Bragg gratings. The
sensor is calibrated for bend and shape sensing.
Keywords: Femtosecond laser inscription, fibre Bragg gratings, optical sensing, shape sensing
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I Introduction

The interest in multi-core optical fibres results principally from improved data density on telecommunication networks
or for the development of new types of vectorial optical fibre sensors. This fibre type would benefit from efficient
methods for coupling multi-core fibre to existing networks or for coupling to single-core optical fibres. In particular,
multiple core fibres have important applications in sensing, since the simultaneous interrogation of more than one core
could be solve cross sensitivity issues, or could be used for shape sensing applications. In this work, we consider
coupling between the displaced cores of different types of optical fibres. We demonstrate a novel, direct, and efficient
coupling technique between single-core and four-core fibres, via femtosecond laser inscribed bridging waveguides, once
the two fibre types are fusion spliced. We also incorporate fibre Bragg grating (FBG) arrays that are inscribed into three
of the four cores. The bridging waveguides direct light from the single core fibre to the four-core fibre and recover the
reflection spectra, so that the single core fibre can be connected to a conventional spectrometer, allowing for standard
FBG characterization and demodulation. We can selectively inscribe the bridging waveguides and monitor the FBG
growth or first inscribe the FBGs and assess the waveguide quality in recovering the FBG spectra. The FBGs’ response
were measured and calibrated for bend and shape sensing.

II Results

All inscriptions were performed using a fs-laser system (HighQ laser femtoREGEN) operating at 517 nm, with a 220-
fs pulse duration. The repetition rate was controlled using a pulse picker, allowing a variable repetition rate from 1-100
kHz, with pulse energies ~100 nJ. The fibres were mounted on an air bearing translation system (Aerotech) for accurate
two-axis motion and the laser beam was focused from above using a long working distance x50 objective (Mitutoyo).
Accurate synchronization of the laser pulse repetition rate and stage motion allowed for suitable laser processing, and the
direct-write, plane-by-plane (Pl-by-Pl), “inscribe and step” method was used to build all components (bridging
waveguides and FBGs) in a piece-wise process [1-3]. A standard single mode silica optical fibre (SMF28), with core
diameter of 8.2pum and a cladding diameter of 125um, was used with a 4-core fibre (core diameter S8um, cladding
diameter 125um); the cores were distributed uniformly around to the fibre’s central axis by 50um, Fig. 1a.
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The bridging waveguides were formed as follows. The SMF28 fibre was fusion spliced to the multi-core fibre
(Fibercore Ltd), Fig. 1b; of course light launched through the SMF28 was not injected into any of the spatially-separated
four cores. By inscribing waveguides near to the single fibre core (Fig. 1c), we evanescently coupled light from that core
to one or more cores in the multi-core fibre, thereby acting as bridging waveguides; now the cores could transfer light
signals between them. To demonstrate the efficiency of the method and the design of new kinds of optical fibre sensors,
we first selectively inscribing three FBGs in three of the four cores of the multi-core fibre, using the PI-by-P! inscription
method (prior to waveguide inscription). The gratings were 4™ order, having a period of ~2.15 um that were physically
separated by 3 mm, Fig. 2a. The FBGs were monitored (but not yet observed) via the SMF28 fibre; as the bridging
waveguides were inscribed the FBG-array appeared with the increasing waveguide size (Fig. 2b). The final spectrum for
three of the four cores connected with the SMF28 is shown in Fig. 2c.

Fig. 1a. 4-core fibre endface Fig. 1b. Dissimilar fibres are spliced prior to bridging Fig. 1c. Bridging waveguides
waveguide inscription in single-core fibre cladding

Core2 Core3

Corel

Fig. 2a. The FBGs arranged in the multi-core fibre Fig. 2b. Appearance of the FBG array ~ Fig. 2c. Final 9-sensor array
as the bridging waveguide width spectrum, as recovered with the
increases, recovered with SMF28 SMEF28 fibre

The multi-core, FBG sensor array was calibrated for bend and used as a shape sensing element. Fig. 3a shows an
example of the dependence of the Bragg wavelength shifts on the inverse of the radius of curvature for a particular
rotation angle. We note that the angle is an arbitrary value, where 0° represents the sensor as first mounted. However, we
garner information on the sensor position from each FBG-core sensor’s wavelength shift. Fig. 3b shows the applied fibre
compression, the Bragg sensor separation in series (3-mm apart in each core), whereas, the y-axis displacement indicates
the potential fibre travel perpendicular to the bend, for which there is zero displacement, for a fibre curvature of C =
4.7855 m’.

We have shown the potential for a new type of single- to multi-core optical fibre coupler that uses femtosecond laser
inscribed “bridging” waveguides to couple the cores. The approach offers a flexible approach to couple selectively to any
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one of the many cores. Moreover, we have demonstrated that this also allows for the development of a novel, multi-core,
multi-sensor element that has applications to shape sensing.

(b)

Fig. 3a. Core 3 lies on the neutral axis, core 1 Fig. 3b. The shape of the fibre curvature
experiences strain, and core 2 compression

References

[1] Theodosiou, A., Lacraz, A., Polis, M, Kalli, K., Tsangari, M., Stassis, A., and Komodromos, M., “Modified fs-laser inscribed
FBG array for rapid mode shape capture of free-free vibrating beams,” IEEE Photonics Technology Letters 28(14), 1509—1512 (2016).
[2] Theodosiou, A., Lacraz, A., Stassis, A., Koutsides, C., Komodromos, M., and Kalli, K., “Plane-by-Plane femtosecond laser
inscription method for single-peak Bragg gratings in multimode CYTOP polymer optical fiber,” Journal of Lightwave Technology
35(24), 5404-5410 (2017).

[3] Ioannou, A., Theodosiou, A., Caucheteur, C., and Kalli, K., “Direct writing of plane-by-plane tilted fiber Bragg gratings using a
femtosecond laser,” Optics Letters 42(24), 5198 — 5200 (2017).

Proc. of SPIE Vol. 11206 112061H-3



Polymer end-capped fiber sensors for biomedical applications

Ricardo Defas-Brucil®, Mildred Cano-Velazquez®, Juan Hernandez-Cordero**

“Instituto de Investigaciones en Materiales, Universidad Nacional Auténoma de México, Circuito
Exterior, Cd. Universitaria, México City, 04510, México

Abstract
We demonstrate a simple fabrication procedure for polymer end-capped Fabry-Pérot sensors. We demonstrate the
potential of these devices for biosensing, as well as for developing fiber probes for pressure and temperature
measurements.
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I Introduction

Fiber optic sensors based on Fabry-Perot interferometers have been used extensively for measuring chemical and physical
parameters. Strain, molar concentration, temperature and refractive index, to name a few, have been successfully monitored
using fiber-based devices. Amid the different techniques for fabricating extrinsic Fabry-Perot (F-P) cavities, the use of
polymer overlays on the tip of standard single-mode optical fibers has gained a lot of attenntion [1-5]. This is mostly due to
the ease of processing of polymeric materials, which are typically easy to deposit and readily curable on the tip of the fibers.
Several UV-curable polymers have been shown to provide a suitable platform for developing the so-called polymer end-caps
forming the F-P cavity in these structures. Refractive index, temperature, pressure and humidity measurements have been
carried out with such polymers [1-4], yielding robust structures and in some cases with multiparameter sensing (pressure and
temperature) capabilities [5]. For biosensing applications, adequate biocompatible polymeric platforms capable to support
bioactive molecules for biorecognition are always required [6]. Polydimethylsiloxane (PDMS) for instance, has become one
of the main choices for biomedical related applications owing to its biocompatibility, chemical inertness,
haemocompatibility, and optical transparency. It is further easy to process, flexible and has low surface energy allowing for
creating complex arrays for microfluidic biosensors and for miniaturizable detection systems.

PDMS end-caps have been used in extrinsic F-P sensors thereby offering new opportunities for biomedical applications
[4]. In this work, we report on advances on the fabrication of PDMS-based extrinsic F-P sensors. A key step in the
fabrication process is the deposition of the PDMS end-cap and, as shown below, we are able to obtain highly reproducible
results through a controlled dip-coating procedure. The potential for developing biosensors using this F-P end-capped
devices is demonstrated upon funciontalizing the PDMS end-cap with a bioactive lipid antigen cocktail from Mycobacterium
fortuitum, used as a surrogate source of antigens for tuberculosis diagnosis [7]. In addition, we also demonstrate a novel
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approach for fabricating a temperature and pressure sensor using these end-capped devices. Our goal is to develop a fiber
probe based on a single PDMS end-cap with enhanced sensitivity and capable to register both parameters for intracranial
applications [8]. To achieve this, we have explored the use of a double cavity F-P sensor fabricated upon “inflating” a
microbubble inside the PDMS end-cap. The microbubble surfaces serve as the reflectors of the F-P cavities whose features
are affected differently by pressure and temperature. We describe the fabrication process as well as the performance of these
PDMS-microbubbles sensors. Our results show that these PDMS end-capped sensors offer attractive features and great
potential for developing novel lipidomic analytical tools (e.g. for biomarker screening or serodiagnostics), as well as for
fabricating fiber probes for biomedical applications.

II Sensor fabrication

1. PDMS end-cap deposition

The F-P fiber sensor tip comprises a PDMS (Sylgard 184, Dow Corning) cap on the cleaved end face of a standard single-
mode optical fiber (SMF-28e). A mixture of PDMS precursor and cross-linker (10:1 by mass) was prepared, mixed and
degassed. The polymer end-cap is deposited by dip coating; to avoid Marangoni effects that usually displace the polymer
upwards along the fiber [9], the viscosity of the PDMS mixture was increased following a pre-curing process (70°C during
15 min). After pre-curing, the flat end face of the fiber was dipped into a drop of PDMS using a computer-controlled system
for fiber positioning and pulling. This allows for setting the appropriate velocities for driving the fiber in and out of the pre-
cured PDMS. Based on previous experiments for liquids analysis on optical fiber tips [9], the fiber displacement velocity was
set to 1.7 mm/s yielding a semi-spherical cap on the end face of the optical fiber. The end-capped sensor was subsequently
placed in an oven (180 °C during 50 min.) to fully solidify the PDMS. During the dip-coating process, the back-reflected
signal from the fiber sensor was continuously monitored using a fiber Bragg grating (FBG) interrogator (Micron Optics,
sm125).

Figure 1. Back-reflected spectra obtained during the end-cap deposition on the tips of single-mode fibers. Note that the spectra
include results obtained from three different probes fabricated using the same immersion parameters. The images show the fiber
tip during immersion, after extraction from the PDMS and after curing.
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Reflections from the fiber end-face and the PDMS produce an interference pattern that can be monitored continuously
during the fabrication of the sensors (see Fig. 1). As shown in the figure, the controlled dipping process allows for obtaining
similar spectra for three different fiber tips (notice that all spectra are plotted on the same graph), even at different stages of
the fabrication process (i.e., after PDMS deposition and after curing). Since all the relevant parameters for the dipping
process are kept under controlled (i.e., PDMS volume and pre-curing, fiber pulling velocities), the fabrication process
consistently yields sensors with similar features. For all three cases, the spectral features and calculated free spectral range
FSR is similar (= 24.876 nm) corresponding to an effective cavity length (cap size) of approximately 33.423 um.

2. End-cap functionalization: biosensor fabrication

Biosensors generally rely on hydrophilic molecules (e.g., enzymes and other proteins, nucleic acids or peptides) as
biorecognition. Since PDMS is highly hydrophobic, surface modification methods must be done in order to promote the
attachment of these molecules. In general, the hydrophobicity of PDMS has been considered as a disadvantageous feature for
biosensing, since most measurements are typically performed on aqueous-based systems. To overcome this limitation, we
have explored the use of this polymer for the attachment of lipidic molecules showing affinity to hydrophobic surfaces.
Specifically, Mycobacterium fortuitum, a rapidly growing mycobacterial species, was used as a source of antigens [7]. After
fabrication of the PDMS end-caps, mycobacterial lipid antigens were immobilized on the PDMS simply by immersing the
device in 200 pL of ethanol-hexane (1:1, v/v) with an antigen concentration of 8 (ug/100 uL) for 30 minutes, followed by a
15 minutes drying process at room temperature. Free binding sites were blocked by immersing the sensor tip in 200 uL of
3% BSA for 30 min at 37 °C, followed by five consecutive immersion washes in PBS (300 pL). A total of three sensors were
functionalized and treated following this procedure.

3. Microbubble generation within the PDMS endcap: double cavity F-P devices

Several approaches have been demonstrated for simultaneously measuring pressure and temperature with polymer end-
capped F-P sensors. However, they usually involve elaborated fabrication processes and most devices are typically intended
for temperature and pressure ranges way beyond those required for intracranial applications. Our approach for increasing the
sensitivity of the end-capped sensors is based on the fabrication of a microbubble inside the PDMS end-cap [8]. The
microbubble introduces an additional cavity within the sensor thus yielding a modulated interference pattern. Because the
bubble and the PDMS surfaces will show different sensitivities to pressure and temperature, information about these
parameters may be obtained through spectral analysis of the modulated signal.

The micro-bubble end-capped sensors are fabricated using optical fiber microheaters [8]. These are obtained upon
depositing a thin layer of carbon nanoparticles (CNPs) on the cleaved end-face of a single-mode optical fiber (SMF-28e¢) by
means of a simple optically assisted deposition process []. After deposition of the CNPs, the fiber tips are immersed in pre-
cured PDMS following the same dip-coating procedure described previously. Subsequently, a micro-bubble is formed within
the polymer drop by pumping the micro-heater with a fiber-coupled laser diode (Thorlabs, 980 nm, 250 mW maximum
output power) (see Fig. 2). Micro-bubble formation arises from photo-thermal effects observed in the carbon nanotubes layer
creating highly localized heat. The polymer with the micro-bubble is then cured for 1 hour at 170 °C. As depicted in Fig.2, a
double cavity F-P is created with this configuration: one cavity defined by the micro-bubble surfaces and a second cavity
formed by the remaining polymer layer. The setup for fabricating the sensors (also shown in Fig. 2) includes a WDM
(980/1550 nm) to feed the pump signal required for generating the micro-bubble, and the FBG interrogator (Micron Optics,
SM-125) for monitoring the interference pattern of the sensors.
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Figure 2. Experimental setup used for fabricating the microbubble F-P end-capped sensors (left); the interference pattern is
monitored with an FBG sensor interrogator. The images show the different steps for sensor fabrication: an optical fiber with a
thin layer of CNPs on the end-face prior immersion on PDMS (a); the fiber tip after deposition of the PDMS end-cap (b); a F-P

sensor with a microbubble after curing (see text for details); (d) illustrates the two cavities obtained with this fabrication process.

IIT Results and Discussion

1. Biosensor performance

The performance of the PDMS end-capped biosensors was evaluated by immersing the devices in pre-immune and hyper-
immune serums. These were obtained from two white New-Zealand rabbits as previously described in [7]. Each sensor was
first immersed in 200 pL of pre-immune serum dilution (1:400 uL/pL) during 30 min at 37 °C. Subsequently, the same
sensors were used for testing hyper-immune serum after removing the bound lipid ligands attached to the PDMS cap. This
was done by immersion (5 times) in a denaturalizing buffer solution with pH 3. The free binding sites on the fiber tips were
immersed again in BSA for blocking and finally washed five consecutive times in PBS (300 pL). After this process was
finished, the tips were immersed in 200 pL of 1:400 (uL/uL) hyper-immune serum dilution during 30 min at 37 °C. While
immersed in the serums, the back-reflected interferometric signal from the sensors was continuously monitored and the shift
in wavelength over time (A)X) was obtained by cross-correlation of the acquired spectra. For control purposes, we also tested
non-functionalized sensors (i.e., without antibodies) during the experiments.

The resulting wavelength shifts for all the tested solutions and for the three functionalized sensors are shown in Fig. 3.
Notice first that thermal expansion effects are clearly noticeable from the sensor readout: after the sensor tip is immersed in
PBS at 37 °C, A\ increases reaching a maximum after 30 minutes (curve A). At this time, the PDMS cap seems to reach its
maximum length due to thermal expansion. Thermal expansion effects are also noticeable in the untreated FPI sensors
(curves B and C); notice further that upon immersing them in the serums (either pre-immune or hyper-immune), the
registered AA is different than that obtained for the PBS solution. This is attributed to the difference in refractive indices of
both solutions (PBS and serums). The time evolution of A\ follows a similar trend in both cases and, as before, the maximum
wavelength shift was achieved after 30 minutes. These results confirm that thermal expansion effects lead to an increase in
the length of the PDMS cavity. We can also conclude that there is no attachment of antibodies on the sensors without the
antigen; thus, it is not possible to discern between the pre-immune and the hyper-immune serums. In contrast, the response of
the functionalized sensors during immersion in the serums is noticeably different (curves D and E in Fig. 3). While AL still
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changes over time showing the thermal expansion effects of PDMS, the maximum wavelength shifts obtained with both
serums (pre-immune and hyper-immune) are larger than those obtained with the untreated FPI devices. This is attributed to
antibody binding on the functionalized PDMS cap, which may in turn affect the spectral response of the sensors. Moreover,
the A registered during immersion in the hyper-immune serum (curve E) is larger than that obtained with the pre-immune
serum (curve D). This is a reasonable outcome as the former serum contains a larger number of specific antibodies, thus
increasing the binding events and thereby leading to a larger AL. Notice further that the readouts for the hyper-immune serum
were obtained after washing the probes. Hence, the antigen coating is preserved on the PDMS cap and the sensors can be
readily reused.

0 T T T T T T T T T T T
0 5 10 15 20 25 30

Time (min)
Figure 3. Wavelength shift (AL) during detection of antigen-antibody binding on PDMS. Curves A, B and C show the
performance of untreated (i.e., without the lipid antigen) sensors during incubation in PBS (T=37 °C) (A); (B) and (C) were

obtained during immersion in serums from lipid-immunized rabbits (pre-immune and hyper-immune, respectively). Curves D and
E were obtained with functionalized sensors immersed in pre-immune and hyper-immune serums, respectively. The shadows on

the curves represent the standard deviation from triplicate measurements.

2. Microbubble sensor performance

A typical reflection spectrum of the double cavity F-P sensor is shown in Fig. 4; this was obtained under room temperature
and standard atmospheric pressure conditions. The back-reflected signal registered by the FBG interrogator clearly resembles
a multi-mirror F-P interferometer, showing a modulated interference pattern. Theoretically, the back-reflected intensity from
a three-mirror F-P model may be used to represent a double cavity device; this can be expressed as:

I
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where R;, Ry and R;; denote the effective reflectivity on the three mirror surfaces, and ¢; and ¢, represent the phase
difference experienced by the beam when traversing the polymer and the air cavity, respectively. As shown in Fig. 4, the
interference pattern obtained with this model agrees with the experimental spectrum. Using this model we have observed a
linear shift towards longer wavelengths with an increase in temperature. Similarly, when simulating pressure changes the
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spectrum varies owing to a reduction in the cavity formed by the microbubble, leading to a spectral shift in the opposite
direction to that observed for changes in temperature.

Figure 4. Measured reflected spectra from the microbubble PDMS end-capped fiber sensor (left). The spectrum obtained using a
three-mirror F-P device (right) shows similar features to those obtained with the fabricated sensor.

Figure 5. Reflected spectra from the microbubble F-P sensor.

As an example of the temperature tracking capabilities of the microbubble device, we monitored the spectral features of the
sensor while subjected to temperature changes in an oven running a temperature cycle from 40 °C to 80 °C and subsequently
cooled back to 40 °C. Fig. 5 shows a contour plot obtained upon stacking the resulting spectra while the temperature was
decreasing for the cooling part of the cycle. During heating, the PDMS and the microbubble experience thermal expansion
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according to their thermal properties. During cooling, the spectra show a blue shift since the PDMS returns to its original
dimensions. The microbubble also experiences a reduction in size during cooling and thus contributes to the registered
wavelength shift as well.

IV Conclusions

PDMS end-capped fiber sensors offer attractive features for developing sensors intended for biomedical applications. Aside
from their ease of fabrication, the polymer offers adequate qualities for fabricating biocompatible devices. The fabrication
procedure followed to obtain the proposed devices is simple and yields reproducible results. For biosensing applications, the
end-caps based on PDMS provide a suitable support for lipidomic entities that have not been fully explored. This therefore
opens new possibilities for developing novel biosensors showing attractive features such as ease of fabrication and lipid
functionalization, as well as label-free, real-time, direct detection, and reusability. As for the microbubble sensor, the
fabrication process is also simple, although more experiments are required in order to fully evaluate its performance for
monitoring temperature and pressure in biomedical applications.
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Data acquisition from a bundle of 1,000 optical fibers
David Ward, SemQuest Inc. United States

In existing fiber technology areas there are multi-core fibers or fiber bundles which
be used for applications such as endoscopic imaging. Those systems enable tran
of imagery from one end of the cable to the other by utilizing one optical channel f
each fiber core “pixel”. In those systems, a number of imaging technologies can |
utilized such as CCD or CMOS imagers in order to receive the optical information
However, when each fiber contains uncorrelated data at high bandwidth these tecl
can limit the system. The bandwidth of any fiber in the system is limited to the frar
rate of the imager and in addition, all pixels in the imager are sampled regardless «
fiber being present in that portion of the imaging array.

An integrated circuit containing a mixture of CMOS devices and photo-detectors w
created to enable a low SWaP solution to achieving high bandwidth and low cost
coupling to a fiber bundle of 1,000 randomly positioned fibers. The fiber bundle is
manufactured to achieve a polished surface and mated to an integrated circuit witt
small gap. An array of detector pixels is positioned in a rectangular form factor sin
a traditional imaging array. Each pixel contains a photo-detector in addition to a
collection of analog switches and programmable memory registers. The 180 nm ¢
geometry utilized in our prototype enables a 70% photo-detector fill factor foura 20
pixel. The conductivity of the switches is controlled by the state of the memory bit:
switches enable an electrical connection between neighboring pixels so that groug
pixels can be ganged together to form one large photo-detector. The pixels being
sixth the size of a fiber, a group of about 25 pixels can be formed anywhere within
pixel array to convert optical power projected by one fiber into electrical charge. Ir
addition to forming connections between pixels, the switches also connect the pha
detector and associated group of pixels to peripheral readout circuits which are ali
the rows and columns of the array and fill the edges thereby enabling readout fron
pixel. These readout circuits enable high dynamic range signal sampling range sin
are not confined to the small area available in the pixels.

With the ability to gang pixels together anywhere within the array and route them
electrically to a readout channel, a variety of functions could exist in the readout ci
We have demonstrated an integrating amplifier which converts photo-charge to vo
Channel outputs are multiplexed together into a single serial analog readout where
are converted to digital values using an off the shelf analog to digital converter. In
way, fiber optical power can be sampled at over 1,000 times per second utilizing a
multiplexed analog line. Using this technology we have demonstrated a data acqt
system in a 1” diameter circuit board using less than 1 Watt of power consumption
system is integrated into the payload section of an 81 mm diameter mortar or rock
collect laser irradiance data in flight.

Future systems will utilize the same detector array architecture coupled to level se
channels and digital processing circuits. In this way, fiber optical bandwidths over
MHz are possible. In addition the combination of larger arrays, smaller pixels, anc
smaller fiber diameter all lead to single chip systems that can handle multi-1,000 fi
bundles.
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Fabrication of a tellurite hollow core optical fiber for mid-

infrared transmission
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Abstract
We experimentally demonstrated a successful fabrication of a tellurite hollow core optical fiber with 6 non-
touching air holes in the cladding to obtain low loss transmission up to 6 pm in mid-infrared region.
Keywords: Hollow core fiber, Microstructured optical fiber, Fiber fabrication and characterization.
*tonghoangtuan@gmail.com; phone +81-52-809-1862
Introduction

Hollow core optical fibers (HCOFs) which enable light confinement in a low-refractive-index air core by
antiresonant reflection effect [1] have been widely studied [2-5] because it does not require a complicated air-hole
structure in the cladding and the first ring of air holes mainly determines the guiding properties [6]. It is mentioned
that the antiresonant reflection mechanism allows a much broader spectral transmission than that achieved by
photonic bandgap fibers [7, 8]. In addition, low loss transmission bands, even in the mid-IR wavelength region (A >
4um), can be obtained by using one ring of air hole despite of very high material losses of silica [6]. Due to their
superior properties, HCOFs have many potential applications including data communications, optical data
transmission, terahertz propagation, power beam delivery for industrial applications, such as cutting, welding,
engraving, chemical sensing and medical applications.

Recently, non-silica glasses have been used for HCOFs but the development of non-silica HCOFs has encountered
several fabrication difficulties [9-11]. With wide transmission regions up to IR region (from 0.35 to 6 pum), high
thermal stability and good corrosion resistance [12], tellurite glasses can also be potential candidates for non-silica
HCOFs. However, the performance of tellurite HCOFs has not been demonstrated yet. In this work, the effect of
fiber structure on the confinement loss is numerically investigated. The results show that tellurite HCOFs with 6 non-
touching air holes in the cladding can be a good candidate to obtain low loss transmission up to the mid-infrared
region. For the first time, a tellurite HCOF with six non-touching air holes in the cladding is experimentally
demonstrated.

II Results and discussions

1. Fiber development

Fiber geometry and confinement loss were investigated numerically by using the commercial software Comsol
Multiphysics, the finite element method and the perfectly-matched boundary condition. The mesh resolution was
automatically optimized to maintain the high calculation accuracy and reduce the calculation time. However, the
largest mesh size was equal to 0.25 um which is equal to 1/8 [13] of the shortest wavelength in the range from 2 to 6
pm. Figure 1 shows the effect of the air-hole number (N) on the confinement loss calculated for the fundamental
mode in the air-core of the fiber by the solid line (N=5), the dashed line (N=6) and the dotted line (N=7). In the inset,
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schematic cross-sectional images of the fibers corresponding to N = 5, 6 and 7 were plotted. As can be seen, the
confinement loss is less than 10 dB/m in four wavelength bands in the range from 2 to 6 um. The confinement loss
becomes much lower when N is larger than 5, but it slightly increases when N is larger than 6.
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Figure 1. Calculated confinement loss spectra of the fundamental mode with different value of N (5, 6 and 7).

The schematic image of a tellurite HCOF with 6 non-touching cladding air-hole structure was plotted in Fig. 2.
The geometrical parameter D1 is the air-core diameter, D2 is the cladding air-hole diameter, D is the outer diameter
of the full air-hole structure, t is the wall thickness of cladding air-hole and R is the ratio between D2 and D1. In Fig.
2, images of intensity distribution profiles calculated for the fundamental mode are also plotted when R are 0.1, 0.5
and 0.86, respectively. As can be seen, when R is as small as 0.1, the air-core diameter is very large and the gap
between two adjacent cladding air holes is also large. When R increases, the gap becomes smaller and it disappears
when R is 0.86. At this value of R, the walls of two adjacent cladding air holes touch each others.
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Figure 2. Calculated intensity distribution of the fundamental mode in the air-core when N=6 and R=0.1, 0.5 and 0.86,
respectively.

The confinement loss of the fundamental mode and the 1% order mode when R changed from 0.1 to 0.86 were
plotted in Fig. 3. Firstly, it can be noticed that the confinement loss of the 1% order mode is larger than that of the
fundamental mode regardless of R value. Secondly, the confinement loss reduces when R increases from 0.1 to 0.5,
but when R becomes larger than 0.5, the confinement loss increases rapidly, especially for the 1% order mode as
shown in Fig. 3. Similar results were obtained in Ref [14]. When the gap between two cladding air-hole is too large
(R <0.5), the confinement loss is high due to the leakage of the electric field through the air gap [14, 15]. On the
other hand, when the gap is smaller (R>0.5), the diameter of cladding air-holes becomes larger than the diameter of
the air-core and a weak coupling between the fundamental mode and the cladding air-hole mode occurs. Because of
this weak coupling, the confinement loss in the air core increases. When the gap disappears, the walls of two
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cladding air-holes connect to each other forming nodes where the mode field can reside [15-17] and it causes a rapid

increase in confinement loss
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Figure 3. Calculated confinement loss of the fundamental mode and 1* order mode with different value of R (from 0.1

to0 0.86).

2. Fiber fabrication

Following the finding of the above numerical analysis, we demonstrated the fabrication of a tellurite HCOF with
6 non-touching air holes in the cladding by using the stack-and-draw technique. A schematic diagram which
illustrates the fiber fabrication process was shown in Fig. 4.
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Figure 4. Schematic diagram for the fiber fabrication of tellurite HCOF with a 6 non-touching cladding air-hole

structure and the cross-sectional image of the fabricated tellurite HCOF taken by a scanning electron microscope.

A cylindrical TZLB tube was first prepared by using the rotational casting method [12]. Its outer and inner
diameters were 15 and 10 mm, respectively. The outer of the tube was polished so that its wall thickness was
controlled to be as thin as 1 mm. An elongation process was carried out to obtain TZLB capillary tubes which have
0.25-mm wall thickness. Each tube was about 15-cm long. After that, a set of 6 capillary tubes was used to form a
preform which has a hexagonal cladding air-hole structure by stacking and soldering them inside a cylindrical TZLB
jacket tube. Finally, the preform was drawn into fiber whose diameter was about 150 um. During this fiber drawing
process, an inflation pressure was kept inside of 6 capillary tubes to prevent their shape-deformation. At the same
time, a negative pressure was applied in the center of the TZLB jacket tube. The cross-sectional image of the fiber
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was taken by a scanning electron microscope and shown in Fig. 4. The air-hole structure is depicted by the black area.
The wall thickness of each cladding air-hole was about 2.8 um. The outer diameter of the full air-hole structure D
was 110 um and the parameter R was about 0.4.

IIT Conclusions

Numerical calculation in this work shows that when the air gap between two cladding air holes of a tellurite HCOF
is large or when their walls are connected, the confinement loss of the fundamental mode in the air core will be high
because of the leakage energy. Therefore, tellurite HCOFs with 6 non-touching air holes in the cladding can be used
to obtain low loss transmission spectra up to 6 um in the mid-infrared region. In addition, we experimentally
demonstrated a successfully fiber fabrication for the first time.

This work was supported by the Japan Society for the Promotion of Science (JSPS) KAKENHI (Grant Number
15H02250, 17K18891 and 18H01504) and the JSPS-CNRS joint research program.
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Abstract
3D printed glass optical fiber preforms have been fabricated from silica containing resin. The fabrication process includes
resin preparation, preform printing, debinding and sintering. Results demonstrate the silica concentration greatly influenced
on the transmittance of resin and shape of preforms.
Keywords: Silica based resin, 3D printing fibers, optical fiber fabrication, debinding, sintering

I Introduction and specialty ovens, the viscosity of glass prevented high

Silica optical fibres form the backbone of today’s resolution printing with a nozzle size ~ 4mm [7]. In 2017,

telecommunications networks, enabling the bandwidth Karlsruhe Technology Institute (KIT) achieved low

. . . t ture 3D printi f silica gl b bini
necessary for internet-of-things (IoT) transmission of data. emperature printing of stiica glasses by combining a

The fibre itself has gone beyond a transmission medium to bottom up nanoparticle approach with polymers and

an integral ToT instrument component in its own [1]. subsequently sintering [8]. They were limited by sintering

Fabrication of these fibres exploits a range of methods but challenges to ~ demonstrating ~ small sized  optical

. . . . . components. Variations of this approach were also
only a few dominate, including modified chemical vapor P PP

deposition and stack-and-draw [2-4]. Despite ~their demonstrated by others and establishes a low temperature

. . L e route to demonstrating the first silica based preforms if the
maturity, these existing methods have limited capability in

. o rs . issue of cracking can be resolved so that reasonable sized
both material and structure flexibility for diverse and g

. . o . reforms could be manufactured.
custom designed functionalities, primarily based around a P

. . . .\ Th rted method ists f teps: (1 i
labour intensive, centre spin model on a lathe deposition ¢ reported method consists four steps: (1) preparing

system. The emergence of additive manufacturing (3D UV sensitive resin contained silica; (2) printing designed

o . . truct tilizi ial direct light jecti
printing) technologies offers the possibility of overcoming structure wirizing a commercia’ direct ght projection

these limits [5]. The first report in this field was focused (DLP) 3D printer; (3) annealing driven debinding process

on 3D printed plastic optical fibers [6]. Until now, there is to remove polymer support; and (4) higher temperature

. . sintering to further remove impurities, fuse nanoparticles
no report about silica-based fibre, mainly because of the J p p

very high temperature processing required along with the and leave only silica glass.

occupational health and safety (OHS) challenges The UV sensitive resin plays an important role among

associated with traditional fibre manufacture. Although all these steps. Whilst there are range of available monomer
Massachusetts  Institute  of  Technology  (MIT)

demonstrated large scale ultra high temperature 3D

materials that will do the job, each needs to be optimized
to consider properties such as viscosity and flow. This is

o . . . articularly true if one wishes to extend the previous work
printing of glass using high temperature zirconate nozzles P Y P
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from small optical elements from a few mm to larger
preform pieces at least many cms in length and width. In
this work we describe this optimization process focusing
on structured optical fibres [9].

IT Experiment

Concentrations equivalent to [SiO,] ~ 33.3, 42.8 and 50
wt% of silica nanoparticles were dispersed in the mixture
which contains 60 vol% 2-hydroxyethyl methacrylate, 30
vol% 2-phenoxyethanol and 10 vol% tetra(ethylenglycol)
diacrylate monomers, respectively. Afterwards, 0.2 wt%
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide and 0.1
wt% hydroquinone were added to the mixture. The silica
nanoparticles were bought from Evonik, Australia (Aerosil
0X50 ¢ ~ 40 nm), and other chemicals were purchased
from Sigma-Aldrich, Australia.

The transmission spectra of resin were measured with
UV-VIS spectrophotometer (UV 2401 PC, Shimadzu,
Japan). The resin was printed with designed structures
using a commercial DLP 3D printer (PRO2, Asiga,
Australia). The printed preforms were undertaken the
debinding and sintering processes in a high temperature
furnace (1700M, Furnace Technologies, Australia).

IIT Results and Discussion

The addition of silica resulted in large Rayleigh
scattering, changing the preform colouration to blue-white
(Fig. 1 (e), Fig. 2 (a)). There is also Rayleigh scattering in
the silica contained resin. Figure 1(a) shows the attenuation
arising from this as a function of wavelength - for all
concentrations there is an approximate A/A* + BxA + C
fit, which A is the wavelength, A, B, C are constants,
indicating the attenuation was effect by absorption edge
and Rayleigh scattering.

Taking advantage of 3D printing any arbitrary structure,
we have fabricated both step-index and structured preforms,
the former done using germanosilicate in the core after
printing a structured inner hole. Here, structured preforms
with one or two rings of holes are considered to study the
impact on holes for eventual structured and photonic
crystal fibre fabrication. Fig. 1(c) illustrates an example of
two ring photonic crystal fiber preforms, where D =25 mm,
d =3 mm and A = 0.7 mm, respectively. The length was L
= 20 mm. The DLP printing is shown in Fig. 1(d), where
near-UV light cured the resin layer by layer. The printing
parameters were / = 5.8 mW/cm?, curing time #= 3.5 s and

75 pm of every curing layer. Preform samples after
printing and cleaning are shown in Fig. 1 (e) and (f)
respectively. As shown in Fig. 1(g), the masses of preforms
increased with the increment of silica concentration as
expected.

Fig. 1. (a) Silica induced attenuation of resins using plastic
cuvettes; (b) Rayleigh and linear fitting of attenuation, insert:
resins photo; (c¢) Designed preform structure; (d) DLP 3D printing;
(e) preforms after 3D printing. (f) Preforms after cleaning; and (g)

the preform mass vs silica concentration.

The resulting preforms were annealed to remove the
polymer binder and sintered to fuse the silica nanoparticles
and reduce scattering. The thermal treatment setting was
showed in Fig. 2(a). The debinding and sintering process
ranged from 7= 25 to 600 °C (green background) and 7 =
600 to 1200 °C (yellow background). Shrinkage and weight
loss occurred as polymer material is removed initially and
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the glass left behind, held together by van der Waals forces
(Fig. 2(b) ~ (e)). Interestingly by having the structure
present, the effect of silica concentration on outer diameter
and height was small but hole diameter reduced
substantially when [SiO,] ~ 50 wt%. After sintering, the
preforms can be drawn into optical fibre using a
commercial fibre-drawing tower, to be reported later.

Fig. 2. (a) Thermal process of debinding and sintering, inset
photos: preforms of 33.3 wt% silica after thermal treatment at 150,
300, 600 and 1200 °C. (b) ~ (¢) Remaining ratio of mass, outer

diameter, height and hole diameter after thermal treatment in (a).
IV Conclusion

In this paper, the effect of silica concentration on 3D
printing silica fibre preforms was studied. Rayleigh
scattering arises from non-fused particles both in the
composite polymer silica stage and after sintering when
the polymer materials and organic radicals are removed.
The material shrinks and loses weight during polymer
removal in the initial annealing, or debinding, stage. The
largest shrinkage occurred during sintering as the silica is
dried thoroughly and residual material removed, allowing
van der Waals forces to hold the preform together.
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Abstract
Wavelength-independent transverse localization of light propagating through disordered glass-air fibers is observed from
540 nm to 1600 nm. The effect opens the door to the transmission of color images through fibers in fluorescence imaging
and endoscopy with white light illumination.
Keywords: fiber optics, imaging, microstructured fibers, localization
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| Introduction

Image transmission through intentionally disordered optical fibers was proposed decades ago [1,2] and was recently
experimentally demonstrated [3-5]. It has been shown that the novel waveguiding mechanism based on transverse
Anderson localization (TAL) of light can result in high-fidelity image transmission in disordered polymer and glass-air
fibers with image quality comparable to commercial multicore imaging fiber bundles [4,5]. Low-loss transmission at
visible wavelengths in glass-air localizing optical fibers (GALOFs) allows image transmission through meter-long
disordered fiber segments [5] and the combination with machine learning algorithms and deep convolutional neural
networks (DCNNSs) has brought further significant improvements in the performance of imaging systems based on
GALOFs [6,7].

While powerful imaging systems using disordered fibers have already been demonstrated, some fundamental
properties of light transport through such disordered fibers are still the subject of scientific debate. One particular aspect,
the wavelength dependence of the TAL effect, is not only of fundamental interest [8], but also of great practical relevance
for future fiber optic imaging systems since a strong wavelength dependence would limit the ability of multi-color and
white light imaging. Considering biomedical applications, the wavelength dependence of light transmission through
imaging fibers is particularly relevant when contrast enhancing staining methods using one or several different dyes are
applied, or in optogenetics, where light sensitive proteins are introduced into brain cells to monitor and control their
activity using light signals.

Recent theoretical and experimental studies have produced different and sometimes even contradictory results. The
first study on polymer fibers predicted a strong variation of the TAL effect with wavelength, calculating different
localization radii for 633 nm and 405 nm of ~30 um and ~8 um, respectively [9]. The first experimental study on glass-
air disordered fibers found a slight decrease in image resolution, from ~18 um to ~22 um as the wavelength increased
from 405 nm to 635 nm [5]. Meanwhile, a recent theoretical study showed contradictory results for different
implementations of randomness in the wave equation, while additional experiments in polymer fibers showed minimal
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variations of the localization radii for wavelengths between 550 nm and 1050 nm [8]. Because of this ongoing discussion,
we have investigated the wavelength dependence of the localization radii over a large wavelength range for two GALOFs
with different average air hole sizes.

Figure 1. a) Experimental setup for measuring the wavelength-dependent spread of the output beam size. (b) Radius of the
transmitted beams at the GALOF output face vs. wavelength. The shaded regions indicate the uncertainty given by the aberration
limit calculated for an objective with an NA of 0.6. The dashed lines correspond to the mean value of the measured localization
lengths for each output spot, acting as a guide for the eye. (c) Scanning electron micrographs of the GALOF cross-sections. (d)
Nearfield image of the output facet of GALOF(1) after imaging smartphone screen pixels onto the input facet of the fiber. The
microscope image shows the pixel arrangement which is imaged onto the input facet of GALOF(1) (dashed box).

Il Experimentsand results

A schematic of the experimental setup to investigate the wavelength dependence of the beam spreading in the GALOF
is shown in Fig. 1 (a). The single-mode fiber output of a supercontinuum source is butt-coupled into the GALOF,
resulting in a localized spot at the fiber output.

The output face of the GALOF is imaged onto a CCD camera using a microscope objective. A set of different optical
bandpass filters ranging from 540 nm to 1600 nm with bandwidths of 10 nm are used to observe the output spot-size for

Proc. of SPIE Vol. 11206 112061M-2



different wavelengths. Two GALOF samples, GALOF(1) and GALOF(2) with lengths of 27 cm and 25 cm, respectively,
were tested. Cross-sectional images of the two fiber samples are shown in Fig. 1 (c). It is found that the two GALOFs
have significantly different average air-hole diameters of ~3 um and ~5 um, respectively, but a similar air-to-glass
volume fraction of ~30%. For the measured spot-sizes the localization length is estimated using [5]:

1 [y dxdy

e r—— )

Ul(x, y)dxdy}

where L is the localization length and 1(x,y) is the intensity of the output beam at position 1(x,y). The localization length
of the output beam size vs. wavelength for two different input spots in each GALOF sample is illustrated in Fig. 1 (b).
The measured output spots show an average localization length of 4 to 5 um even in fiber structures with feature sizes on
the order of 5 um. This small transverse spreading of light can be attributed to a small wavevector in the plane of
disorder. The localized spots show almost no change in size over the wavelength range from 540 nm to 1600 nm. To
further demonstrate the capability of transmitting color images of a light-emitting sample through GALOFs, an array of
smartphone screen pixels was imaged on to the input face of GALOF(1) with a 20x microscope objective (Fig. 1 (d)).
Due to the wavelength independence of the output spot-size the individual smartphone pixels are clearly separable after
transmission through a 27 cm length of fiber.

1l Conclusion

In summary, we have demonstrated that two different GALOFs show almost wavelength-independent spreading of
launched single mode beams between ~540 nm and 1600 nm, in agreement with previous results using disordered
polymer fibers. This feature opens the door to fiber-based imaging systems that transmit color images—certainly a great
benefit for future GALOF-based endoscopy devices. In addition, we demonstrate the transmission of colored pixel
emission from a light emitting object without any external illumination. Both demonstrations illustrate the great potential
of GALOF-ased imaging systems for practical applications in neuroscience and clinical diagnosis.
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Abstract
Flat supercontinuum spanning from 1370 nm to 2200 nm with the direct pumping of a noise-like pulse mode locked
fiber laser was demonstrated. The all-fiber supercontinuum source has very flat spectrum and weak residual-pump.
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I Introduction

The supercontinuum (SC) generation in fibers has been widely studied in the last decades. Because of its special
properties, fiber-based SC laser sources have found the wide range of applications in optical communication, fiber
sensing and spectral metrology [1]. Generally, two main parts are included in the SC source, i.e, the high peak power
pulse laser and the highly nonlinear fiber. Both silica single-mode fibers and Microstructured fibers have been used for
SC generation [2, 3]. In some cases, all-solid single mode fibers are very suitable for SC generation due to its low loss
splicing with the pigtail of the pump laser, which makes the system highly efficient and compact. On the other hand, the
pump laser is also a critical part for the SC generation. Most SC generation experiments were performed with picosecond
or femtosecond mode locked lasers. Nanosecond pulse and continuous wave laser were also demonstrated to pump
nonlinear fibers for SC generation [4]. The noise-like pulse (NLP) is a pulse packet composed by numerous ultra-short
pulses with random pulse width, intensity and phase, which has received extensive attention in recent years.

In this paper, we report broad and flat SC generation in a highly nonlinear fiber pumped with a NLP mode locked
fiber laser directly. The fiber laser achieves NLP mode locking based on nonlinear amplifying loop mirror (NALM).
Pumping a piece of 102-m highly nonlinear fiber with the NLP mode locked fiber laser directly, the SC spectrum
spanning from less than 1200 nm to ~2200 nm was achieved. Moreover, the spectrum energy within 1865 nm to 2200
nm was enhanced and contained more than 45% of the whole energy of the SC. This SC laser source showed compact
all-fiber structure, weak residual-pump and mid-infrared enhanced spectrum

II Experimental Setup

Fig. 1. Configuration of the all-fiber NLP mode locked fiber laser based on nonlinear amplifying loop mirror. EDF: Erbium-
doped fiber; OC: optical coupler; PC: polarization controller; OR: optical reflector; ISO: isolator; WDM: wavelength division
multiplexer; HNLF: highly nonlinear fiber.
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The configuration of the proposed mode locked fiber laser is shown in Fig.1. The laser adopted a very simple all-fiber
structure and realizes NLP mode locking based on a NALM. The NALM consisted of a 10/90 optical coupler (OC), a
1480/1550 wavelength division multiplexer (WDM), a piece of 8 m Erbium-doped fiber (EDF, OFS, LP980) and a
polarization controller (PC). A piece of 10 m dispersion shift fiber was inserted between the WDM and the OC. A 1480
nm Raman laser with maximum power of 5 W was used to pump the EDF through the WDM. One pigtail of the OC was
connected to an optical reflector (OR) with a broad bandwidth. The other pigtail was connected to a polarization
independent isolator (ISO) as the output. The total length of the laser cavity of was ~26.7 m and the round-trip time was
estimated to be ~129 ns, which corresponded to the fundamental repetition rate of ~7.75 MHz. The dispersions of the
EDF, SMF and DSF were -48 ps/nm/km, 20 ps/nm/km and 2 ps/nm/km at 1580 nm, respectively. The net dispersion of
the cavity was estimated to be ~-0.204 ps>.

IIT Results and Discussion

By increasing the pump power gradually and adjusting the PC carefully, the NLP mode locking can be achieved easily
with a pump power of ~830 mW. The output spectrum of the laser is shown in Fig. 2(a). The spectrum has the central
wavelength of ~1581nm and the 3-dB bandwidth of ~35.8 nm. Besides, there is a secondary spectral peak at ~1471 nm.
The broad and smooth spectrum is the typical characteristic of NLP mode locking. In order to confirm the NLP mode
locking further, a high-speed sampling oscilloscope combined with a photodetector was used to measure the pulse train.
Figure 2(b) presents a typical measured pulse, which has the pulse width of ~720 ps. Besides, an autocorrelator was used
to measure the laser pulse and the corresponding autocorrelation trace is shown in Fig. 2(c). The autocorrelation trace
shows a strong narrow spike riding on a broad but weak pedestal. The inset of Fig. 2(c) is the local view of the
autocorrelation trace in the range of 2 ps. The full width at half-maximum (FWHM) of the autocorrelation trace was ~80
fs and the width of the spike was ~52 fs assuming sech’ pulse shape. The pulse traces recorded by the oscilloscope and
the autocorrelation trace indicate that each pulse is a pulse packet which consists of numerous femtosecond sub-pulses
with random separation. All the results indicate that the laser operates in the NLP mode locking regime.

Fig. 2. (a) Output spectrum of the NLP mode locking. (b) A pulse measured by the wide-band oscilloscope. (¢) Autocorrelation

trace measured in the range of 60 ps and (inset) the local view of autocorrelation trace in range of 2 ps.

To obtain broad SC, the pigtail of the mode locked fiber laser was connected to a 102 m highly nonlinear fiber (HNLF)
directly. The HNLF had an effective area of 11.5 um?, the estimated nonlinear coefficient of 11.6 /W/km at 1550 nm and
the cut-off wavelength of 1170 nm. The zero dispersion wavelength (ZDW) of the HNLF was ~1584 nm. The dispersion
and dispersion slope of the HNLF at 1550 nm were -0.45 ps/nm/km and 0.016 ps/nm?/km, respectively. It should be
pointed out that no amplifier stages are adopted in the SC laser source, which makes it very compact and cost-effective.
The spectra of the SC from the HNLF with different pump power are shown in Fig. 3(a). The SC has very broad spectra
spanning from less than 1200 nm to ~2200 nm. The spectrum of the SC doesn’t change obviously with increasing in the
pump power, though the spectral intensity increases as a whole. It’s worth noting that the 3-dB bandwidth of the SC
spans from ~1370 nm to ~1935 nm including the weak residual pump. In our case, the spectrum of the NLP covers both
the slight normal and anomalous dispersion regime around the ZDW. In the initial stage, the physical mechanisms which
contribute to spectral broadening are four wave mixing (FWM) and high order solitons formation. The spectrum
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extended to the anomalous dispersion regime and the pre-existing spectrum of the NLP in the anomalous dispersion
regime form high order soliton due to the self-phase modulation combined with the anomalous dispersion. The high order
solitons split into a series of fundamental solitons due to the perturbation like stimulated Raman scattering and high order
dispersion. These solitons in the anomalous dispersion regime have very short pulse width and broad spectrum, which is
very beneficial to soliton self-frequency shift (SSFS) leading to the spectrum extending to the longer wavelength regime
dramatically. The output power of the laser and the SC with different pump power are shown in the inset of Fig. 3(b).

Fig.3 (a) Spectra of the SC from the HNLF with different pump power of the 1480 nm Raman Laser. (b) Output power of
the NLP mode locked fiber laser and power of the SC from the highly nonlinear fiber.

In conclusion, we demonstrated a simple and compact all-fiber SC laser source with broad and ultra-flat spectra. The
fiber laser achieved stable NLP mode locking based on the NALM. Using this NLP mode locked fiber laser to pump a
102 m HNLF directly, the SC spectrum spanning from less than 1200 nm to ~2200 nm with the power of 196 mW was
generated with 1480 nm pump power of 1630 mW.
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Abstract
We simulate supercontinuum generation for mid-infrared spectroscopy in three silicon fiber taper designs, demonstrating that a
2.1pm fiber laser input can be efficiently converted to the 3 — 4.5um spectral range.
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I Introduction

In recent years there has been a great deal of interest in supercontinuum (SC) generation that spans the mid-infrared (mid-IR)
spectrum, particularly between 2.7 and 4.3um as this can be used for spectroscopy of greenhouse gases'. Although various systems
have produced SC across this region and further, the output power levels involved are generally very small. With the advance of high-
powered fiber lasers around 2um, the opportunity has arisen to produce a higher-powered SC across the 3 — 4pm range (~ 0.3mW), but
the conversion efficiencies (CE) tend to be very low, at around 0.5%, thus requiring extremely high peak input powers (tens of kW) 2.
Recently, a higher CE has been achieved, but the mid-IR output is more narrow-band (~ 500nm) as it relies on dispersive wave (DW)
generation in planar silicon nitride waveguides'. Changing the DW wavelength for different applications requires altering the waveguide
width. Although the authors estimate that they can generate ImW across the entire 3 — 4um range, this still requires tens of kW peak
power, and very short pulse durations (<100fs) to achieve a CE of ~ 2%.

Silicon fibers offer a potential solution for efficient SC generation in the mid-IR that can tolerate more moderate input powers due to
its high intrinsic nonlinearity*. Furthermore, SC can be produced with more readily achievable pulse widths from a fiber laser (100 —
200fs), so that additional compression stages are not needed®. Our designs can achieve a 2% CE across the 3 — 4um range with 130fs
pulses and input peak powers of only ~ SkW. By tapering the fiber, this power can be spread more evenly, producing a flatter SC, and
also can be used to extend the SC to 4.5um and beyond, thus covering the 4.3pum carbon dioxide absorption line and providing a solution
for spectroscopy of all the major greenhouse gases.

In this paper, we show the results of SCG simulations using three taper designs to maximise the power conversion from a 2.1pum fiber
laser to the entire 3 — 4.5um range. The designs have the same length, waist diameter and input and output facets, but vary in their
precise shape to change the distribution of power in the three 500nm ranges covering this region.

II Designing the taper

Silicon fibers are most commonly produced by the molten core drawing technique®, which is an adaption of the traditional fiber
drawing method. The fiber preform is made by sleeving a silicon rod inside a silica capillary, which has been coated with an interface
layer of calcium oxide to prevent diffusion of oxygen from the silica to the silicon. The interface layer also reduces stresses on the
materials during the drawing process. The preform is then drawn into a fiber using a standard tower, under conditions where the molten
core is contained in the softened glass cladding. A schematic of a silicon core fiber is shown in Figure 1(a).

As the silicon core fibers are clad in silica, they are robust and can be subsequently heated and stretched to further reduce their cross-
section, producing a tapered structure. These tapers can be used for improving the input and output coupling efficiencies, and also for
improving the splicing of silicon core fibers to single-mode fibers (SMFs) to produce all-fiber systems. In this paper we look at three
taper designs, shown in Figure 1(b). All are 3mm long and have input and output core diameters of 2600nm and a waist diameter of
1700nm. The designs differ in the rate of diameter change and position of waist. Design 1 tapers down over 0.5mm, has a waist region
of Imm and then tapers up over 0.5mm. The final 1mm has constant diameter. The second and third designs taper down and then up

again continuously. The difference is that Design 2 has a steeper down-taper (Imm) and longer up-taper, whereas Design 3 has
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symmetrical tapered regions. These designs result in different distributions of the output spectrum, such that each one maximizes the
power in one of the three 500nm ranges studied here (3 — 3.5um, 3.5 — 4um and 4 — 4.5um).

We chose the waist diameter, 1700nm, because the pump lies in the anomalous dispersion regime close to the zero-dispersion
wavelength (ZDW), so that soliton fission can occur in addition to self-phase modulation for maximum initial spectral broadening. The
up-taper region then redistributes the power to longer wavelengths, because the dispersion parameters continuously change, allowing
new phase-matching conditions to transfer power via non-degenerate four-wave-mixing. The output diameter (2600nm) produces
optimal phase-matching conditions for transfer of power to the 4 — 4.5um range.

Figure 1. (a) Cross section of silicon fiber showing core, cladding and interface layers. (b) 1 — 3 show the three taper designs (core
dimensions only). (¢) Power outputs of simulations in three wavelength ranges according to input power. Black lines show Design 1, red

lines Design 2 and blue lines Design 3.

III Results and Discussion
We tested the designs with propagation simulations using a pulse width of 130fs, which is a typical pulse width achievable with
thulium-doped fiber lasers®. The simulations used the nonlinear Schrédinger equation®, which includes two-photon absorption, free

carrier absorption, and also wavelength-dependent linear loss to account for higher cladding losses beyond 4pm.

Figure 2. (a) Output SC (green line is input spectrum, red dashed line shows -30dB level), (b) temporal evolution and (c) spectral
evolution with 17.3mW (5.75kW peak) 130fs pulses in Design 1. (d) Power evolution of the mid-IR ranges of interest. Dashed lines

show the ends of the down-taper, waist and up-taper.

Proc. of SPIE Vol. 11206 1120610-2



Figure 2(a) shows the SC produced with 5.75kW peak pulses (17.3mW average) in Design 1. Figure 2(b) shows the evolution of
pulses in the time domain. Soliton fission occurs just before the up-taper region. 2(c) shows the evolution of the spectrum. It can be seen
how the up-taper and final section both extend the long-wavelength side of the SC. 2(d) Shows the average power levels in the three
wavelength ranges of interest. The waist region transfers the initial power, but this is concentrated below 3.5um. The up-taper
redistributes some of this power into the 3.5 — 4pum range, and finally, the end-section further redistributes power into the 4 — 4.5um
range. This design produces the maximum output in this longest wavelength region because the phase-matching conditions in the end
section remain constant over lmm.

The other two designs produce less power beyond 4um, but the SC (measured at -30dB level) can still extend beyond 4.5um, and the
power transfer to the whole 3 — 4pm range is more efficient. Figure 1(b) shows the output power in each of the three ranges according
to input power for all three designs.

Design 2 consistently produces the most power in the 3 — 3.5um range, while Design 3 redistributes this power more effectively into

the 3.5 — 4pm range, producing more power overall across 3 — 4pm (~ 0.3mW). With an input of 15mW this is a CE of 2%.

IV Conclusion
In this paper we have shown that tapered silicon fibers pumped with a fiber laser are an efficient platform for generating a SC
that covers the entire greenhouse gas absorption window (2.7 — 4.3um). These fibers can be spliced to SMF fibers, allowing for a

portable, all-fiber solution to mid-IR spectroscopy.

References

[1] Grassani, D., Tagkoudi, E., Guo, H. , Herkommer, C., Yang, F., Kippenberg, T. J. and Bres, C.-S., “Mid infrared gas spectroscopy
using efficient fiber laser driven photonic chip-based supercontinuum,” Nat. Commun. 10(1), 1553 (2019).

[2] Hickstein, D. D., Jung, H., Carlson, D. R. , Lind, A., Coddington, 1., Srinivasan, K., Ycas, G. G., Cole, D. C., Kowligy, A.,
Fredrick, C. et al., “Ultrabroadband supercontinuum generation and frequency-comb stabilization using on-chip waveguides with both
cubic and quadratic nonlinearities,” Phys. Rev. Appl. 8(1), 014025 (2017).

[3] Cossel, K. C., Waxman, E. M., Finneran, 1. A., Blake, G. A., Ye, J. and Newbury, N. R., “Gas-phase broadband spectroscopy
using active sources: progress, status, and applications [Invited],” J. Opt. Soc. Am. B 34, 104-129 (2017).

[4] Ren, H., Aktas, O., Franz, Y., Runge, A. F. J., Hawkins, T., Ballato, J., Gibson, U. J. and Peacock, A. C., “Tapered silicon core
fibers with nano-spikes for optical coupling via spliced silica fibers,” Opt. Express 25, 24157-24163 (2017).

[5] Rudy, C. W., Digonnet, M. J. F. and Byer, R. L., “Advances in 2um Tm-doped mode-locked fiber lasers,” Opt. Fiber Technol.
20(6), 642-649 (2014).

[6] Lin, Q., Painter, O. J. and Agrawal, G. P., “Nonlinear optical phenomena in silicon waveguides: Modeling and applications,” Opt.
Express 15(25), 16604-16644 (2007).

Proc. of SPIE Vol. 11206 1120610-3



Heat mitigation via anti-Stokes fluorescence cooling in
Core/Cladding Yb-doped fiber amplifiers

Esmaeil Mobini%?, Mostafa Peysokhan®?, and Arash Mafi®?

Department of Physics & Astronomy, University of New Mexico, Albuquerque, NM 87131,
USA

bCenter for High Technology Materials, University of New Mexico, Albuquerque, NM 87106,
USA

ABSTRACT

Radiation-balancing is proposed to offset the heating in a laser via anti-Stokes fluorescence cooling. Here, we
report a Core/Cladding ion-doped fiber amplifier where the radiation-balancing can efficiently offset the generated
heat in high-power operation.
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1. INTRODUCTION

Heat management has been an important issue in high-power fiber amplifiers over the past few decades. In
high-power operation of the fiber amplifiers, the temperature variation inside the core of the fiber amplifiers
becomes large enough to initiate modal instabilities.! Radiation Balanced Laser (RBL) has been introduced first
by S. Bowman in 1999 .23 This method relies on anti-Stokes fluorescence cooling where the generated heat from
quantum defect is simultaneously canceled out by the heat extraction from anti-Stokes fluorescence cooling.?

Figure 1. Schematic of radiation-balancing process in a laser with a Yb-doped gain. As it is obvious, quantum defect
which is an intrinsic process in a laser can be canceled out simultaneously by anti-Stokes fluorescence cooling.

As it is obvious from Fig. 1, as a laser functions, it turns part of its input energy into heat through quantum
defect which is proportional to ¢; « (1 — vs/v,)P,.If the gain medium of the laser is capable of anti-Stokes
fluorescence cooling, then part of the input energy proportional to g2 o (1—v;/v,) N2 will be offset simultaneously
by anti-Stokes fluorescence emission. If the pump and signal wavelengths satisfy v, < v, < vy which is the
precondition of anti-Stoke fluorescence cooling, under a very delicate balanced condition between the pump and
signal intensities, the heat generation from quantum defect can be canceled out by the heat extraction from
anti-Stokes fluorescence cooling, ¢ 4 g2 = 0. Here, v, is the signal wavelength, v, is the pump wavelength, v; is
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the mean fluorescence wavelength, P, is the pump power and s is the ion density in the upper level of the Yb
ions.

In practice there are a few issues that make it very difficult to implement radiation-balancing in a laser or
amplifier especially in a fiber amplifier that has a small cross-sectional area. On the one hand, we know that
the heat generation from the background absorption linearly scales up with the input power, but on the other
hand, the heat extraction from the anti-Stokes fluorescence cooling is proportional to the ion density in the upper
level (N3) that gets saturated with the increase of the power.? Meaning that as the power goes up in a laser
or amplifier, the heat extraction from anti-Stokes fluorescence cooling cannot catch up with the heat generation
from background absorption and consequently the required balanced condition for RBL fails to hold. To solve
the problem in high-power amplifier, we come up with a new configuration that will be explained in the next
session.

2. CORE/CLADDING YB-DOPED FIBER AMPLIFIER

In Ref.,* we explored the heat mitigation by anti-Stokes fluorescence cooling in a typical Yb-doped silica DC
fiber amplifier. The calculations show that the anti-Stokes fluorescence cooling can offset the generated heat
in a DC fiber amplifier for powers up to a few tens of Watts. But at higher powers, e.g., hundreds of Watts
and more, the background absorption of the inner cladding dominates over the other factors contributing to
the heat generation and extraction mechanisms. The heat generated due to the background absorption in the
inner cladding dominates significantly the maximum heat extraction that can be delivered by the anti-Stokes
fluorescence cooling inside the core; therefore, for the high power operation of a typical DC fiber amplifier, the
anti-Stokes fluorescence cooling fails to offset the generated heat effectively. Hence, as mentioned earlier, a new
configuration needs to be introduced in which the heat extraction by the anti-Stokes fluorescence cooling is
large enough to counterbalance the significant heat load from the background absorption generated in the inner
cladding in high-power operation.

In the new configuration, we dope the inner cladding with the same ions as in the core. Because the inner
cladding area is much larger than the core area, a properly doped inner cladding can increase the cooling
power sufficiently to counterbalance the heat generation especially in the high-power operation. Because in the
configuration both the core and inner cladding are doped with the same Yb ion, we coin the term Core/Cladding
(C/C) Yb-doped fiber amplifier to refer to the new configuration. The cross-sectional schematic of the proposed
C/C ion-doped fiber is shown in Fig. 2, where a and b represent the core and inner cladding radii, respectively.
The total dopant distribution (Np) in the core and the inner cladding is defined by

Noi, p<a
No(p) =4 : (1)
No2, a <p<b

where Ng; and Ny are the dopant densities in the core and inner cladding, respectively, and p represents the
radial coordinate.

-t

Figure 2. Schematic of a C/C ion-doped fiber amplifier.

In order to calculate the pump and signal intensities along the fiber, we follow the formalism introduced in.*
Unlike a typical DC fiber amplifier in which the pump power is only attenuated by the background absorption in
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the inner cladding, here, in the suggested C/C ion-doped fiber amplifier, the pump power in the inner cladding
is attenuated by the background absorption and resonant absorption that comes from the dopant in the inner
cladding. Therefore, the impact of the dopant in the inner cladding should be considered in the modeling. The
detailed modeling of the C/C ion-doped configuration can be found in.?

Figure 3. Schematic of a C/C ion-doped fiber amplifier.

Figure 3 describes the schematic of the C/C Yb-doped fiber amplifier. As it is obvious from Fig. 2, the
suggested configuration consists of a core and inner cladding with radii of a and b, respectively. As it is clear in
Fig. 3, the pump power can be coupled into the fiber amplifier from either port 1 or port 2 at z=0 and z=L,
respectively. The signal power is introduced into the fiber amplifier from port 2. We also take the fractional
signal power in the core to be n, = 0.9.

In the modeling, for the host material we choose ZBLAN glass which is amenable to anti-Stokes florescence
cooling. We take the core and inner cladding to be a = 13 um and b = 182 um. The fiber amplifier is
pumped from port 1 at A, = 1020 nm with an input power of P;B = 0.5 KW and seeded at A\; = 1050 nm
with the seed power of P;; = 1 W. The radiative lifetimes of both core and inner cladding are assumed to be
7, = 1.8 ms. The mean fluorescence wavelength and the fiber length are also taken to be Ay = 995 nm and
L=9 m, respectively. We also take the Yb ion density in the core and inner cladding to be Ng; = 3 x 1026 m~—3
and Ngo = 5 x 10%® m~3, respectively. Here, we also assume that the absorptive and scattering parts of the
background absorption (o, = apg + aps) are ap, = 10 dB/km and «ps = 10 dB/km, respectively. Needless to
say, the absorptive part of the background absorption only contributes to the heat generation. We also assume
that the internal quantum efficiency of both core and inner cladding in the configuration is near unity n, = 1.

Figure 4 (a) describes the pump and signal powers along the fiber amplifier. The pump power is totally
absorbed along the amplifier, and signal power is amplified up to P; (0) = 0.06 KW, which is equivalent to
a signal efficiency of n; = 12 %. Figure 4 (b) also describes the temperature distribution along the fiber
amplifier. It is clear that, in less than 2 m after port 1, the amplifier temperature goes below the ambient
temperature (Tp). The calculations show that the longitudinal average of the temperature is AT = —5.1 K
where AT = (1/L) fOL T(p = 0,z)dz — Ty. The detailed calculations also show that the temperature variation
across the fiber core at port 1 is 67 = T'(p,0) — T'(p = a,0) = 0.08 K which is in an acceptable range.

Figure 4. (a) Propagation of right and left moving pump and signal powers along the single-pass pump C/C Yb-doped
ZBLAN fiber amplifier at A, = 1020 nm and A; = 1050 nm with P;a = 0.5 kW, (b) Longitudinal temperature distribution
(AT) of the single-pass pump C/C Yb-doped ZBLAN fiber amplifier.
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In conclusion, we introduced a new design of the DC fiber amplifier where the anti-Stokes fluorescence cooling
can effectively offset the generated heat from the quantum defect and background absorption in high-power
operation. Unlike a conventional DC fiber amplifier, the C/C Yb-doped fiber amplifier benefits from a Yb-doped
cladding that bestows heat extraction mechanism from anti-Stokes fluorescence cooling on the configuration so
that the anti-Stokes fluorescence cooling can cancel out the generated heat efficiently. We have shown that the
temperature of the configuration can go below the ambient temperature.
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ABSTRACT

Anti-Stokes fluorescence cooling can mitigate the generated heat in fiber lasers. Performing various tests on a
ytterbium-doped ZBLAN fiber, we show that the ZBLAN glass is a viable host material for implementation in
radiation-balanced laser.

Keywords: anti-Stokes fluorescence, laser cooling, radiation balanced laser, Yb-doped, ZBLAN, fiber laser

1. INTRODUCTION

Rare-earth-doped fiber lasers have proven to be efficient and reliable sources of high-power radiation. They
have many unique properties like mode-hop-free, narrower linewidths, less noise, compact all-fiber designs, and
diffraction-limited beam qualities.’? To tackle the demand for higher-power lasers, effective heat management
in fiber lasers is crucial. Current approaches to power scaling are restricted by the thermally-induced mode
instabilities, which degrade the output beam quality.?> " The conventional approach for heat dissipation in fiber
lasers benefits from external agents such as water- and air-forced cooling. Whereas Anti-Stokes fluorescence
(ASF) cooling has been proposed as a self-cooling mechanism to address such thermal issues without assistance
of any external agents.®? Radiation-balancing can mitigate the heat-load from quantum defect and background
absorption which are inherent to any laser or amplifier via ASF cooling.'% 13

To implement the radiation-balancing in a fiber laser, first one needs to characterize the material and op-
tical properties of the gain medium such as resonant and background absorption coefficients to investigate its
amenability to ASF cooling. It has been shown that the parasitic absorption of the host material is the dominant
factor in the heat generation in radiation-balanced lasers and amplifiers in high-power operation.'* Therefore,
it is critical to characterize the parasitic absorption of the Yb-doped ZBLAN glass fibers for implementation in
radiation-balanced lasers. In this paper, we combine two techniques: the “Laser-Induced Temperature Modula-
tion Spectrum” (LITMoS) test'® and the recently developed “Measuring the Absorption Coefficient via Side-Light
Analysis” (MACSLA) method!®17 to first of all, investigate the amenability of the Yb-doped ZBLAN glass to
the ASF cooling and secondly, determine its resonant and parasitic absorption coefficients. It is shown that
by selecting the right pump and signal wavelengths and optimizing fiber laser geometry combined with imple-
menting new designs of optical fibers like Core/Cladding ion doped configuration, efficient heat mitigation using
radiation-balancing in a Yb-doped ZBLAN glass fiber laser is achievable.!® 19

2. COOLING EFFICIENCY

The implemented experimental setup of the LITMoS test for measuring the cooling efficiency, 7,ps, is shown in
Fig. 1. The implemented fiber in the experiment is a (1%YbF3) ZBLAN glass with a core diameter of 300 pm
and a cladding diameter of 430 pm. In order to avoid any heat-load on both facets of the fiber, we performed
a cooling-grade polishing on the both facets of the fiber. For the polishing we used a cooling grade polishing
technique that was developed in our lab. As it is illustrated in Fig. la., the ZBLAN fiber is pumped by a
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tunable Ti:Sapphire laser. Light is coupled to the ZBLAN fiber through a 20x microscope objective. The pump
is reflected-back into the fiber by an objective-mirror component in a double-pass configuration. For measuring
the fiber temperature, a thermal camera on top of the fiber is used. Two thin fiber as it is shown in Fig. 1b. is
also used to support and minimize the thermal contact with the ZBLAN fiber.

The fluorescence spectral power density of the ZBLAN fiber, S()), is measured from the fiber side by a mul-
timode optical fiber connected to a spectrometer. We note that the multimode optical fiber does relocate during
the LITMoS test. Therefore, the absorbed power density, Pans at each pump wavelength, A, is proportional
to the total collected fluorescence spectral power. In other words, Paps(Ap) o< [ dX Sp(N), where the integral
is performed over the entire fluorescence spectrum, and the subscript p in S, () signifies that the fluorescence
spectral power density relates to pumping the ZBLAN fiber at A,. We emphasize that by changing A,, only
the overall intensity of S,(\) is rescaled and its spectral form does not change. P,e is proportional to the
change in the temperature, AT, of the fiber, which is proportional to A(pixel) of the image captured by the
thermal camera at each A,. Therefore, for at pump wavelength, A,, the cooling efficiency is approximated by
ne o A(pixel)/ [ dX S,(N). To quantify ASF cooling, it is customary to use the cooling efficiency, 7,.

Figure 1. a) Experimental setup for LITMoS test of the Ytterbium doped ZBLAN fiber. b) Magnified fiber holder part
and illustration of three source of heat load, convective, conductive and radiative

Here, 7. is the net power density (per unit volume) deposited in the material (P,et) per unit power density
absorbed or scattered (Pabs): Me = Phet/Pabs- Therefore, we have Pyot = Pabs — Past Where Py is the ASF
power density that escapes the cooling material. The absorbed power density is given by Paps = (o + ap)Ip,
where Ip is the pump intensity, and «,- and «; are the resonant and parasitic absorption coefficients, respectively.
The ASF power density is given by n.NoW, (hvs) where vy is the mean florescence frequency, Ns is the number
density of the excited upper level in the quasi two-level Yb ions, and W, (W,,,) is the radiative (non-radiative)
decay rate of the excited state of the doped ions. 7. is the extraction (escape) efficiency and 1 — 17, is the fraction
of photons which are radiated but are trapped inside the host. Finally, the rate equation of the ASE cooling can
be expressed by

dNQ/dt = Ol,nfp/(hllp) — (Wr + Wm«)NQ + (1 — ne)WrN27 (1)

where we have assumed that the trapped florescence is reabsorbed by the Yb ions. In a steady-state situation,
dN,y/dt = 0, we can solve for Ny and obtain P, = —ay-Ipng(A\p/Af), where the external quantum efficiency is
given by ng = neW,/(neWy + Why), and A, (Af) is the pump (mean florescence) wavelength. Hence, we have

Paet = (ar + ap)Ip — i Ipng(Ap/Ap). (2)

We can use these results to present the cooling efficiency as

A
nc()‘P) =1- /\_;) Nq nabs()‘l))a (3)

Proc. of SPIE Vol. 11206 112061Q-2



where the absorption efficiency is given by

o (Ap)

ar(Ap) +ap’ (4)

nabS(/\P) =
The ASF cooling requires P, to be negative which means that the cooling efficiency should be negative, 7. < 0.
From Eq. 3, one immediately realized that the pump wavelength should be larger than the mean-fluorescence
wavelength,\, > Ay, for satisfying the necessary condition for ASF cooling given that 0 < 74, 7abs < 1. In
practice, both 74 and 7455 must be very close to unity to satisfy the ASF cooling condition due to the fact that
Ap cannot be much longer than A, otherwise the pump absorption coefficient, «,.(),), becomes too small that
the absorption efficiency nearly vanishes n,ps(Ap). Therefore, in an ASF cooling experiment, Ap,/Ar (abs(Ap))
is a monotonically increasing (decreasing) function of the pump wavelength. Therefore, the cooling condition
requires the product of A,/A¢ and 7aps(Ap) to lie in an acceptable range to guarantee a negative cooling efficiency
considering 74 ~ 1. As mentioned earlier, using the LITMoS test, we can measure the 7. from which finally

1g and 7,bs can be extracted for the cooling-grade material. Once 7,15 is determined, we will then apply the
MACSLA method to find the values of ay, as well as a,.(\p).

In Fig. 2a, the blue circles correspond to A(pixel) and the red asterisks represent [ dAS,(A). The ratio is
plotted in Fig. 2b and is fitted to Eq. 3, where the A(pixel)/ [ d\ S,(A) ratio is renormalized by a single overall

scaling factor to conform to Eq. 3. We note that a,.(),) follows a strict spectral function of the form:0-22

ar(A) o< A% S(N) exp (%) , (5)

which is used in Eq. 4 and Eq. 3 to perform the fit. Here, h is the Planck constant, kp is the Boltzmann constant,
c is the speed of light in vacuum, and 7T is assumed to be the room temperature as long as the temperature
variation due to ASF cooling is not large. Equation 5 allows us to replace a,(\) in Eq. 4 with of x &, (), where
&, () is the absorption coefficient normalized to its peak value, a2 = a;-(Apeak). Therefore, the fitting procedure
in Fig. 2b becomes a two-parameter fit (besides the overall scaling) in which we ca determine the «y/aP and
quantum external efficiency(7,). Which are found to be 2.3 x 10~* and 99.6% respectively.

Figure 2. a) Blue circles are the APizel of the thermal camera at each wavelengths, and red asterisks are the integrate
under the S(\). b) Measured and fitting of the cooling efficiency (7.) for the Yb:ZBLAN fiber. The solid curve shows a
fit of n. and the red circles shows data points at different wavelength.

3. MEASURING THE RESONANCE ABSORPTION

In the previous section, we managed to determine the external quantum efficiency, n,, along with the ratio of
the parasitic background absorption to the peak resonant absorption, a;/a?. In order to find the actual values
of ap and o, we can now use the method we recently proposed, dubbed as “measuring the absorption coefficient
via side-light analysis” (MACSLA).1%:23 The MACSLA method is based on comparing the amount of collected
spontaneous emission power at two arbitrary points along the fiber for different pump wavelengths.
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Figure 3. a) Schematic of the experimental setup which is used for the MACSLA method. OSA stands for optical spectrum
analyzer, LPF for long-pass filter, and MMF for multimode fiber. b) Schematic of the propagation of the pump power in
the core of the optical fiber. And collecting the spontaneous emission from the side of the Yb-doped ZBLAN fiber by two
multimode passive optical fibers.

For multimode optical fibers, due to their large core size, unlike a single-mode fiber they emit enough emission
from their side to capture; therefore, a lock-in amplifier is not required for capturing emission.'® Then the
spontaneous emission power from the side of the fiber could be measured directly by a power meter. And also
instead of a passive single-mode fiber, a multimode fiber is utilized to lunch the pump power to the core of the
Yb-ZBLAN fiber.

The implemented experimental setup shown in Fig. 3(a) consists of a tunable Ti:Sapphire laser beam that
is coupled to a multimode fiber (infinicore 300, Corning) with the length of 3m which is butt-coupled to the
ZBLAN fiber. Two multimode fibers (M124L02, Thorlabs) are employed to collect the spontaneous emission
from the side of the doped fiber at two different locations, points A and B marked by positions z4 and zpg,
respectively, alongside the ZBLAN fiber. The collected side light is filtered with a 1.0 pm long-pass filter to
remove the pump power scattering and the filtered collected fluorescence is measured with a sensitive power
meter (S120C, Thorlabs). Figure 3(b) shows a schematic of the MACSLA method.

Figure 4. a) Emission power spectral density S(A) which is measured by the optical spectrum analyzer, is plotted in
arbitrary units. The inset shows the resonant absorption coefficient, which is normalized to its peak value and is calculated
by using the McCumber theory. b) The points with error-bars indicate the values of 7(\) measured different wavelengths
near the peak of the resonant absorption coefficient.

The power spectral density S(\) of the Yb-ZBLAN fiber is shown in Fig. 4(a) where the inset shows the
resonant absorption coefficient which is normalized to its peak value and calculated by using the McCumber
theory.?* The fitted line over the experimental measurements related to r(\) = In (Peon(28)/Peon(24)) are shown
in Fig. 4(b). The points (with error-bars) indicate the values of r(\) measured at eight different wavelengths.
The fitting curve comes directly from the resonant absorption spectrum shown as the inset in Fig. 4(a). The
final outcome of the fitting process is the peak value of the absorption coefficient a? = 1.86 +0.12cm~1.
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4. DISCUSSION AND CONCLUSION

We have shown the ASF cooling of a Yb-doped ZBLAN fiber in atmospheric pressure through a set of experiments.
The cooling efficiency of the Yb-doped ZBLAN fiber for different wavelengths was measured and finally the
optimum value of the cooling efficiency was extracted. Using the ASF cooling model and MACSLA method we
developed in our lab, we could extract two of the most important cooling parameters such as external quantum
efficiency and the background absorption. The novel, non-contact, non-destructive MACSLA method was used
to characterize the ZBLAN fiber. The results showed that the optimum pump wavelength for the ASF cooling
is 1030 nm; Therefore, all the optimization processes of the signal wavelength and other factors in radiation-
balancing of the ZBLAN fiber should evolve around this optimum cooling wavelength.
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Abstract
An anti-resonant hollow-core THz fiber with six half-ellipse cladding tubes is demonstrated. The high order mode
suppression in the hollow core fiber with half-ellipse cladding tubes is investigated. By optimizing the cladding tube,
single mode and low bending loss characteristics are achieved.
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I Introduction

Terahertz (THz) wave with excellent optical properties and electrical characteristics has a variety of applications
and THz fiber will play an important role in Sensors, Communication, Bioimaging and so on[1]. But almost all the
optical materials have considerable absorption loss of THz wave, fortunately the anti-resonant hollow-core fiber
(ARF) transferring light in the center air hole could help to ignore the absorption loss of fiber materials and achieve
low-loss THz wave transmission[2]. Single-mode ARF with compact structure could be realized by high-order-
mode (HOM) suppression or twisting the fiber[3, 4]. In this paper, the HOM suppression and bending loss in THz
AREF is investigated and a low-bending-loss single-mode ARF based on half-ellipse cladding tubes is described for
all fiber laser system.

II Simulation and Result

1. Study of anti-resonant effect

A Cyclic Olefin Copolymers (COC) ARF with six half-ellipse cladding tubes is presented in this paper and the
cross section of the fiber is shown in Figure 1(a). The shell thickness of cladding tubes is 7 and elliptical tubes has
the radius of R./R,=1000 pm/850 um which are covered by external cladding by D.=1000 pum making the fiber
compact. This ARF is designed for transferring 2.5 THz laser which is the major output frequency of optically
pumped methanol gas THz laser, and COC material has low absorption loss of this laser. For 2.5 THz wave, COC
material has complex refractive index of 1.53+0.0037i. The ARF is simulated based on the Finite-Element-Method
software-Comsol Multiphysic and a scattering boundary condition (SBC) is applied out of the external cladding to

ensure the simulation corresponds to reality. The confinement loss (CL) 1is calculated by the

IZ?O*E*Neff_imag, where f'is the incident frequency and Neff imag is the imaginary part of
n c

formula: CL=

effective refractive index. To investigate the anti-resonant effect in the fiber composed of lossy materials, the
imaginary part of material refractive index is simplified to zero as control group. CL and the real part of effective
refractive index (Neff real) of fundamental mode changing with the 7 are shown in Figure 1(b) and (c). The ARFs
calculated based on actual material parameter and simplified material parameter, both show clear anti-resonant
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effect and the resonant period is both 52pum. But the simplified fiber shows a right-shift and has lower minimal CL
than the actual one. Neff real of both fibers are almost coincident and in each best anti-resonant point, Neff real is
maintained at 0.9991 which could be another reference for judging anti-resonant effect.

Figure 1. (a)Schematic diagram of ARF with six half-ellipse cladding tubes. (b, ¢) CL and Neff real changing with the shell
thickness of cladding tubes.

2. Study of high order mode suppression

In single-layer-tubes ARF, the single-mode characteristic could be realized by the HOM suppression effect which
realized by the coupling between center air mode to cladding tubes. In the ARF with cladding tube radius R,=850
pum and shell thickness 7=78 pm, the loss of fundamental mode (LP01) and high-order-mode (LP11 mode) changing
with R, and D, are show in Figure 2. With the changing of cladding tubes, the loss of LPO1 mode fluctuates within a
narrow range and mainly effected by R,. At the same time, the loss of LP11 mode appears a linear relationship with
the changing of cladding tubes. When R, is 900 um, D, is 600 pum, the loss of LP11 mode is more than 22dB/m at
the same time the loss of LPO1 mode is just 0.55dB/m. According to reference, HOM suppression is major
determined by the radius rate between cladding tube and center air hole. In this paper, according to the distribution
of the maximal LP11 mode loss in Figure 2 (b), it could be concluded that the HOM suppression in ARF with half-
ellipse tubes is determined by the cross-sectional area rate between cladding tubes and center air hole.

Figure 2 Loss of fundamental mode (a) and HOM (b) changing with Ra and Dc

3. Study of bending loss

Bending loss is always a shortage of ARF, and by the way of inserting additional tubes into the cladding tubes
could prevent the light coupling into the cladding tubes which will make the fiber fabrication more difficult. In this
paper, bending loss characteristic of ARF with half-ellipse cladding tubes is studied. Keeping 7" at 78 um
maintaining ARF in best anti-resonant state, bending ARF at bending radius of 50cm and the bending loss changing
with D, is shown in Figure 3(a). It's obvious with the increase of D, there is a peak value of bending loss and for
different Ra each peak value is corresponding to different D.. According to the electric field distribution of fiber
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cross section as shown in Figure 3(b, ¢), when bending the fiber at particular bending radius, strong coupling will
occur between center-air mode with cladding tubes. When D.is 600 pum and Rpis 900 um, the bending loss is less
than 0.8 dB/m.

Figure 3 (a) Bending loss of ARF changing with cladding tubes when the bending radius is 50cm. The electric field
distribution of fiber cross section when Rais 900 pm, Dc is 600 pm(b) and when Rais 900 um, Dc is 750 pm(c).

II Conclusion
The high-order-mode suppression in THz hollow-core fiber is investigated. The major factor effecting the
single-mode characteristics of ARF with half-ellipse cladding tubes is the cross-sectional area rate of cladding tubes
inner to center air core. Based on the investigation, a low bending-loss single-mode ARF based on non-round
cladding tubes is designed for 2.5 THz laser in this paper and by optimizing the structure, the confinement loss of
high-order-mode could to be more than 22 dB/m at the same time fundamental mode is less than 0.6dB/m. The
bending loss of ARF with bending radius of 50 cm is less than 0.8dB/m.
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Abstract
Terahertz waveguide with porous is investigated in the 0.1 - 1.0 THz frequency range. The waveguide has 17 air holes
and are arranged air holes throughout the PTFE tubes in a hexagonal lattice structure without defect. We have
experimentally confirmed that a terahertz signal can also be guided in a core-free waveguide and investigate the
propagation characteristics of porous PTFE tubes of different lengths experimentally and numerically analyzed their
optical properties using finite element method with perfectly matched layer. This porous tube with PTFE exhibit very low
effective material loss than bulk material and experimentally measure high transmittance in the low frequency region.
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I Introduction

Over the decades, technological advances in the generation and detection of terahertz (THz) waves have continued
steadily. With the advancement of technology and growing interest in THz, research on THz in several fields including
spectroscopy, imaging, sensing, and communication is actively in progress [1-3]. However, most THz systems still rely
on free-space propagation and processing of THz waves. There is a very important issue here. The use of optics to guide
and manipulate terahertz radiations in free space requires advanced experience and skill in optical technology. In
addition, THz propagation in free space using optics is subject to many constraints due to the atmosphere attenuation,
which is highly absorbed by atmospheric water vapor and oxygen molecules. These difficulties lead to the development
of waveguides that can guide THz radiations and are independent of the external environment. Waveguides for THz
applications include circular and square metallic pipe waveguides, parallel plate waveguide, single—crystal sapphire
fibers, metallic wire waveguides and photonic crystal fiber (PCF) [4-6], but have difficulties due to their higher bending
loss, lower coupling efficiency, and high material absorption loss. In recent times, there has been interest in polymer
fibers such as polymer Bragg fiber, polystyrene foam, plastic fiber, and porous core PCF [7-9]. Using porous core PCF
has important advantages such as lower material absorption loss and lower dispersion. However, PCF with porous core
has a disadvantage that the manufacturing difficulty is very high.

In this work, we conducted experiments to transmit terahertz signals using porous tubes with PTFE and numerically
analyzed the optical properties. This tube is commercially available from ZEUS and is characterized by the absence of a
core as a waveguide [10]. We have experimentally confirmed that a terahertz signal can also be guided in a core-free
waveguide. This porous structure minimizes the material area with air holes, resulting in low transmission losses. This
work analyzes confinement loss and effective material loss (EML) of the porous tube with PTFE using finite element
method (FEM) with perfectly matched layer (PML).
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II Experiment setup

The experimental set-up used for the THz transmission experiment is shown in Figure 1(a). THz-TDS setup as in
figure was used to characterize the fibers, where both the THz generator and detector consisted of photoconductive
detector. The THz beam was collimated and focused using parabolic mirror and lenses for THz. A photograph of the
PTFE tube which has 17 air holes with a hexagonal structure with a diameter of A = 560 pm and D = 430 um is shown
Figure 1(b). Photograph of the figure is shown in the porous tube with PTF. Upper right-hand corner inset shows the
cross-section of the tube where 17 air holes are arranged. Lower right-hand is the enlarged cross-section. And the non-
core cross-sectional structure can be confirmed. The tube lengths used in the experiments were 1 ¢cm and 2 cm,

respectively.

(a)

Figure 1. (a) A diagram of the optical set-up for waveguide measurements. (b) Photograph showing the porous PTFE
tube constructed. Upper right-hand corner inset shows the cross-section of the tube where 17 air holes are arranged.

Lower right-hand is the enlarged cross-section.

(b)
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Figure 2. Mode distribution of the porous tube with PTFE depending on the frequency. In the low frequency band, the

mode is distributed evenly in the air holes of the tube.
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IIT Results and Discussion

Figure 2 shows the numerical results. Figure 2(a) shows the mode distribution depending on frequency in the porous
tube with PTFE. One can clearly see that the mode distribution of the porous tube is different according to the frequency.
The mode distribution of the porous tube in the low frequency band is shown throughout the tube, but in the high
frequency band, the mode distribution is confined to the material region around the central air hole. Figure 2(b) shows
the confinement loss and EML. The black and blue line indicate confinement loss and EML, respectively. The units were
unified in cm™! for easy comparison. Confinement loss and EML of the porous tube are calculated using the following

expression [11]:

ar f
L= ——Im|n, 1
c [ o J (1)
and
2

g nma E| a'lltl dA
at,{[/” — o J.mal ! ! (2)

Hy ; S.dA

In general, confinement loss is negligible in calculated frequency region. Then, the loss of the waveguide of porous
tube is more affected by the EML than the confinement loss. What is remarkable here is that it represents a very large
EML near 0.4 THz. At this point, the distribution of the mode formed in the porous tube is greatly changed. It is the
frequency at which the mode formed throughout the tube starts to distribute from the material around the central air hole.
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Figure 3. (a) Measured time-domain waveform of THz pulse passing through the porous tube. (b) Corresponding

amplitude spectrum.

Figure 3 shows the experimental results. We initially measured the properties of the THz pulse incident in the porous
with the photoconductive detector. Figure 3(a) shows the measured time-domain waveform in this experimental
configuration, demonstrating that THz pulse passed through the porous tube. Figure 3(b) shows the corresponding
amplitude spectrum. The black and red line indicate 1 cm and 2 cm of the porous tube, respectively. Near of 0.4 THz,
where the largest EML was observed, the amplitude dropped significantly.
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Abstract
Core pumped fiber lasers exhibiting a quantum defect of 0.92%, A =985.7 nm, and best-case slope efficiency of 68.6%
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double-clad fiber in a MOPA configuration is discussed.

Keywords: fiber lasers, quantum defect, thermal effects, fiber optics amplifiers, fiber Bragg gratings
*nanjiey2@illinois.edu; phone 1 217 333-8399

I Introduction

High-power fiber lasers are valuable light sources in numerous industrial and defense related applications' because of
their high beam quality, high brightness, low transmission loss, extraordinary capacity of heat dissipation, and low
sensitivity to outside perturbation. However, as the requirement for output power continues to climb, thermal management
of high-power fiber lasers has become an increasingly important issue to consider. Although processes such as impurity
absorption and imperfect splicing between various fibers can lead to thermal energy generation in fiber laser systems,
these processes can always be managed through optimization of the fiber fabrication process and splice quality. Ultimately,
it is the quantum defect (QD) heating that sets the minimum generated thermal energy.

The QD is defined to be
D=1 i (1)
QD = 2

in which 4, and A refer to pump and signal wavelengths of the system, respectively. Since the pump wavelength should
be shorter than the signal wavelength to obtain optical gain in a laser system, the QD will have a value between 0 and 1
and represents the percentage of pump power transferred to thermal energy in the quantum limit. In other words, for every
photon that is used to pump the system, there will always be a photon emitted out at the signal wavelength, and the only
thermal energy generated through this process results from the energy difference between these two photons.

Problems from the parasitic®® to the catastrophic*® can result from such QD-related thermal energy generation. The
latter, permanent damage to the fiber, obviously sets the upper limit to the heat power that could be introduced in the active fiber core
for a certain length, while the former, such as transverse mode instability (TMI), can have a major impact on beam quality. Therefore,
if the QD can significantly be reduced from 5 % (typical for commercial Yb-doped aluminosilicate fiber operating at wavelengths
longer than 1pm®), this may offer significant mitigation of the problems mentioned above. For instance, reducing the QD from 5 % to
1 %ina 10 kW fiber laser system removes 400 W of thermal energy.

As defined in (1), the QD could be reduced through two approaches, namely increasing the pump wavelength or reducing the signal
wavelength. The former approach has found success through tandem pumping, such as with the 10 kW fiber laser manufactured by
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IPG photonics’ (pumping at 1018 nm). However, since laser diode technology is not yet mature in this wavelength range (1018 nm),
tens of fiber laser-based pumps at 1018 nm are required to be manufactured in order to obtain a 10 kW signal output power at the last
amplifier stage, clearly adding great complexity to the system. The latter approach (reduced signal wavelength) is usually challenging
because in most of the conventional Yb-doped fibers, amplified spontaneous emission (ASE) near a local peak of the gain curve
(~1030nm) will introduce detrimental influences on laser performance, especially on the slope efficiency. Instead, lower-
wavelength laser operation can be achieved by a judicious selection of host glass, such as phosphosilicates or fluorosilicates, while
maintaining the 976nm diode pumping. Recent works®® have shown that fluorine (F) co-doping into a multicomponent silica
glass renders the emission spectrum of Yb3* similar to that of the fluoride glasses, which has a favorable characteristic of
a blue-shift of the local peak originally at 1030 nm. An example of measured normalized absorption and emission cross
section spectra are shown in Fig. 1 with a fluorosilicate core fiber shown in comparison to a commercial aluminosilicate.
Because of this blue-shift, efficient lasing at short wavelengths (<1000 nm) should be achievable. Meanwhile, it has also
been demonstrated?® that this glass has a reduction of thermo-optic coefficient so that the TMI threshold could be further
raised. Therefore, Yb-doped fluorosilicate glass fiber becomes an attractive choice for high-power laser applications.

(a) (b)
Fig. 1. Normalized (a) emission cross section (o,) and (b) absorption cross section (g,) spectra for Yb-doped commercial

aluminosilicate fiber and the fluorosilicate fiber (studied in this work)

II Fiber Fabrication

The fibers used herein were fabricated using the molten core method'®. A precursor material in the form of a powder
mixture of YbF;, SrF,, and Al,Os; was inserted into a pure silica capillary tube (3mm inner diameter and 30mm outer
diameter). Then this preform was heated to ~2000 °C, whereby the core precursor mixture becomes molten and the pure
silica cladding draws into fiber. As the fiber cools down, the core leads to a kinetically hindered glassy state in the resulting
fiber. The drawn optical fiber possesses a cladding diameter of 125 um and a standard acrylate coating diameter of 250 pm.
Compositional and refractive index profiles of the fiber are provided in Fig. 2 (a). A scanning electron microscope (SEM)
micrograph is also shown in Fig. 2 (b). In addition to Si, O, F and Yb, the fiber contains Strontium (Sr) and Aluminum
(Al) in the core. The main role for SrF; is to deliver F to the core, while Al,O3 is used to assist in the mixing of materials
when the core is molten, ultimately promoting glass formation and avoidance of phase separation. The strontium is
believed to exist in both oxide and fluoride form in the glass!!, with the former (in addition to the Al,Os) offering reduction
in strength of relevant nonlinearities, including Brillouin scattering®. The fiber possesses a high numerical aperture (NA),
calculated to be ~0.35, which is moderated somewhat by the presence of the index-reducing fluorine. This may compromise
single- or few-moded operation in the fiber, especially if it is fabricated with a larger core diameter for later amplifier
stages (for example, 20pm core diameter). However, high-index cladding materials (such as Si0,-Al,03-La,0s glass) could
be used to reduce NA'2,
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(a) (b)
Fig. 2. (a) Compositional and refractive index profiles and (b) SEM micrograph of the Yb-doped fluorosilicate fiber.

IIT Experimental Setup, Results and Discussion

The experimental setup is provided in Fig. 3. A commercial 976.6nm single-mode fiber-coupled diode laser was used
as pump. A matched pair of fiber Bragg gratings (FBGs) were used to construct the cavity. Specifically, FBG 1 and FBG
2 have 99.02 % and 38.34 % reflectivity at 985.7 nm, respectively. An isolator was placed between the pump and the
cavity to avoid reflections from the cavity FBGs destabilizing the pumping wavelength. According to (1), the QD is
calculated to be 0.92%.

Fig. 3. Experimental Setup (an ‘X’ indicates a fusion splice).

Different lengths of Yb-doped fiber were spliced between the two FBGs to reach the optimized lasing condition. Fig.4 (a)
is a representative example of the output spectra using five different active fiber lengths, Fig.4 (b) shows the slope
efficiencies measured for the different active fiber lengths, and Fig 4 (c) shows the output power vs pump power at the
maximum slope efficiency with a comparison to a theoretical model'>. From Fig.4 (a), it is obvious that with longer active
fiber, pump power is more completely absorbed. At the same time, any non-inverted part of the fiber imparts reabsorption
of the signal wavelength at 985.7 nm, resulting in a higher level of amplified spontaneous emission (ASE) or even self-
oscillation at around 1022 nm. Clearly, greater pump absorption will lead to a higher slope efficiency, while larger ASE
will lead to a lower slope efficiency, rendering length optimization a critical step in the development of this laser. As such,
the slope efficiency is expected to have a maximum value at a particular optimal fiber length, consistent with data shown
in Fig.4 (b). The power data for the near-optimized length (12.7cm) is shown in Fig.4 (c) and the slope efficiency is
measured to be 68.6%.
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() (b) (c)
Fig. 4. (a) Output spectra with different active fiber lengths. (b) slope efficiency with different fiber lengths (the curve is a polynomial
fit and only for visual aid). (¢) Experimental and theoretical output power versus launched pump power at the near-optimized active
fiber length.

The slope efficiency does not reach the theoretical quantum limit (in this case should be 100 %-0.92 %=99.08 %) mainly
because of the splice loss between active fiber and the cavity FBGs as well as background loss in the active fiber.
Background loss is measured to be 1.36 dB/m at 985.7nm and is mainly due to scattering and impurity absorption. Splice
loss (0.09 dB/splice) is mainly influenced by the mode mismatch between the two very dissimilar fibers, with the
observation that the output power will change considerably when twisting the fiber. It should be noted that splicing was
achieved with a standard Fujikura telecom splicer set to ‘Auto’ mode. A more careful taper splice could be applied to
decrease the splice loss and increase the slope efficiency, however, low-QD operation is much more important in the
subsequent power amplifier stages.

As such, a double-clad version of this fiber is currently being fabricated and is intended for a master oscillator power
amplifier (MOPA) configuration that will be seeded by the fiber laser discussed here. A cross section of the target double-
clad fiber is shown in Fig.5 (a), which gives a core and cladding diameters of 25 um and 125 pm, respectively. The
precursor for the core will be the same as the one discussed in Part II, the inner cladding will be pure silica, and the outer
cladding will be a low index coating material. The D-shape design is for suppressing the helically-propagating higher order
modes in the inner cladding, which have an unfavorably small overlap with the core and is bad for pump absorption.
Theoretical calculations '3 were performed assuming a Yb3* concentration of 1.65 X 1026 m™3, a seed signal power of 500
mW, an effective ASE input power of 1mW, a signal background loss of 0.5 dB/m in the core, and a pump background
loss of 15 dB/km in the inner cladding. First, as discussed above, active fiber length optimization is a critical issue for
maximum slope efficiency. Therefore, simulation of the output power versus active fiber length in the presence ofa 15 W
pump power was performed and the result is shown in Fig. 5 (b). Similar to Fig.4 (b), an optimized length was observed.
Second, output power versus pump power at the optimized fiber length (calculated in the last step) was calculated and
provided in Fig.5 (c), which indicates a slope efficiency of 78.3%. If the background loss can be reduced to 5 dB/km, same
calculations give a slope efficiency of 81.4%, although this will not be achieved in this first iteration. Fabrication of this
fiber is currently underway and primary results of amplifier experiments with this fiber will be discussed during the
conference.
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(a) (b) (c)

Fig. 5. (a) Cross section of the fluorosilicate double-clad fiber (b) output power versus active fiber length with 15W of pump power

(c) output power versus pump power with 0.78m fluorosilicate double-clad fiber.
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Abstract
We report on the long-term behaviour of water vapour absorption in 19 cell HC-PBGFs in open and spliced
conditions. Two main trends were observed as a function of time: increase in absorption of water vapour after opening
sealed ends and reduction of the absorption after splicing ends. Furthermore, attenuation at 1550 nm was not
significantly influenced by water vapour dynamics at 22 °C and 85 °C.
Keywords: hollow core fibre, optical fibre testing, gas sensing
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I INTRODUCTION

Recent advances in hollow core fibre (HCF) fabrication' are driving increasing interest in these fibres for future
applications in telecommunications, ultra-high power delivery and sensing. While guidance in a hollow core leads to the
unique properties of HCFs, such as ultimate low latency, low nonlinearity and the potential for ultra-low loss, the gas
content within the core and the surrounding microstructure has the potential to impact both the optical and mechanical
properties of the fibre>”.

In several applications (usually requiring reasonably short fibre lengths), such as gas sensing and nonlinear optics™”,
the gas content in the hollow core region is carefully controlled. However, in many other experiments, little attention is
paid to the composition of the gas inside a HCF. This gas composition is likely to be largely ambient air and
accordingly measurements have recorded the presence of nitrogen, oxygen, water vapour and carbon dioxide in HCFs®’.
Yet the gas composition is also influenced by the fibre fabrication process (the exact grade of silica glass used as the
raw material, the fibre draw parameters and the gas used to control the hole size during fabrication), which can lead to
the presence of additional gas species such as inert gasses and hydrogen chloride®. Finally, it will also be influenced by
whether the HCF is used in a sealed condition (for example, spliced at both ends to conventional fibre for use in
telecommunications) or with both ends open to the surrounding environment (as in several sensing configurations).
Optically, absorption resonances from different gas species can increase the fibre attenuation in specific spectral regions.
Furthermore, it is feasible that chemical reactions between gas species within the fibre or operation at very low
temperatures could lead to increased scattering loss.

In this work, we focus on the effects of water vapour in HCFs. Water presents an especially complex behaviour as it
can exist in the vapour phase and therefore be observed in transmission measurements but it also interacts with the
silica glass membranes of the fibre. Previous work®, reported in 2012, studied water ingress into a 50 m length of HCF
over a period of 28 weeks and showed growth of a broadband spectral feature around 1398 nm which was attributed to
the interaction with the silica surfaces within the fibre. Although water vapour absorption spectra were also shown, the
development of these with time was not discussed.

Here, we describe optical measurements of water vapour absorption in HCFs over a range of time scales in both open
and sealed conditions and at elevated temperatures. The absorption at 1369.85 nm varied with time in both of those
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conditions and the temperature behaviour was observed. Furthermore, the attenuation was also recorded and it was
found that loss at 1550 nm was not significantly influenced by water vapour dynamics at 22 °C and 85 °C.

II EXPERIMENTAL SETUP AND RESULTS

For this work, all the fibres used were 19-cell HC-PBGFs with a similar design to the fibre reported’. A typical cross-
sectional image is shown in Fig. 1(c). The fibres were designed for operation around 1550 nm but also have low
attenuation between 1350 nm and 1550 nm which overlaps with the v; + v; and 2v,; absorption bands of water vapour
(HITRAN data Fig. 1(a), PBGF transmission Fig. 1(b)).

(a) ©

(b)

20 pm

Fig. 1: (a) Transmittance of water vapour from HITRAN database (1 ppm, 1 km, 0.05 nm filter) (b) transmitted spectra
recorded at 0.05 nm resolution and (c) scanning electron micrograph of PBGF-A (55 m).

2.1 Water vapour ingress into open HCFs

(a) (b)

Fig. 2: (a) Evolution of spectral absorption of water vapour in 35 m of PBGF-A with time. The arrowed line is at 1369.85
nm. (b) Ingress of water vapour in PBGF-A; the sample was open to the atmosphere for 12 hours. The measurement time
was started when the first fibre end was cleaved.

In this section the ingress of water vapour from the atmosphere is investigated. A 35 m length of HC-PBGF (PBGF-
A) was kept in a laboratory with sealed ends prior to this experiment. The aim of the experiment was to measure the
variation of water vapour absorption in the HCF immediately after opening the fibres to atmospheric conditions by
cleaving both ends. For this measurement, a supercontinuum (SC) laser was used as a light source because high power
spectral density was required to obtain high resolution measurements of the gas absorption lines. The transmitted power
as a function of wavelength was recorded using an optical spectrum analyser (OSA) at 0.05 nm resolution. The SC light
was launched into the HC-PBGF via a single mode fibre (SMF) and the output was collected by a SMF. A ~0.3 mm gap
was set between the SMFs and the sample to allow atmospheric air access to the hollow core region. The laboratory
relative humidity and temperature were 35.5 % and 24 °C for the duration of the test. In order to eliminate any
contribution other than from the HC-PBGF assembly (e.g. water vapour in the free-space path within the SC laser and
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the OSA), reference data was separately recorded and subtracted (Fig. 2(b)). Note, reference data was also collected for
measurements presented later in Fig. 3(a) and 4.

The time variation of water vapour absorption between 1369.5 nm and 1371.5 nm in PBGF-A is shown in Fig. 2(a).
In this paper we selected the absorption line at 1369.85 nm for detailed analysis of water vapour dynamics because it is
a relatively isolated peak and has moderate absorption strength (excluding PBGF-C measurements where absorption at
1399.65 nm was monitored due to the limited transmission at 1369.85 nm).

Fig. 2(b) shows that the water vapour absorption strength at 1369.85 nm gradually increased for 12 hours after
opening the ends in PBGF-A. It indicates that water vapour present in air diffused into the hollow core when the fibre
was exposed to the atmosphere. The initial absorption at the start of the measurement is attributed to water vapour pre-
existing in the HCF as well as water vapur that has previously ingressed. Further data (not shown) showed that the rate
of increasing absorption and the initial level of water absorption varied between different HCF samples.

2.2 Water vapour absorption in sealed HCFs

In this section, the behaviour of water vapour in sealed HCFs is discussed. Two different HCFs (PBGF-B, length 625
m and PBGF-C, 498 m) were prepared by splicing them at both ends to SMFs via solid buffer fibres (BFs). The BFs
were used to adjust the mode field diameter between the HC-PBGF and the SMF. During the splicing process, the fibres
were open to the atmosphere for ~1 hour. After splices at both ends are applied, the HC-PBGFs become effectively
hermetically sealed; in this condition, further atmospheric ingression is prevented and cannot impact the fibre’s
transmission properties.

(a) (b)

Fig 3: (a) Evolution of water vapour absorption strength with respect to time; black circle: PBGF-B at 1369.85 nm, red
circle: PBGF-C at 1399.65 nm. (b) Insertion loss at 1550 nm at 10 nm resolution.

The two fibres showed similar trends over time and the results are shown in Fig. 3(a). The absorption by water
vapour significantly decreases over a time period of ~14 days post-splicing. Following this, the observed absorption
level continues to decrease, slowly approaching a stable state, but does not disappear even after 600 days. The
decreasing trend is not a simple exponential decay; following previous work'’, the absorption strength, P(t), can be
described by

P(t) = AXexp (— (f)a) + B. (1)

Here, 7 is defined as the absorption decay time and a is a constant depending on the adsorption mechanics. A and B are
the absorption strengths for the initial and equilibrium states, respectively. Fitting (1) to the experimental data in Fig.
3(a) gives 0.57 and 0.47 for a and 5.17 day and 18.6 day for T in PBGF-B and PBGF-C, respectively.

In parallel, the transmitted power at 1550 nm through the samples was recorded. Fig. 3(b) shows the measured
insertion loss of the HC-PBGFs (including the splice losses) as a function of time. The shaded areas represent the
measurement uncertainty due to variable connection loss at the input which was separately measured by removing and
reattaching the connectors. The standard deviation of the transmitted power due to the variable connection loss was +
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0.6 dB and + 0.8 dB at 1550 nm for PBGF-B and PBGF-C respectively. Overall, no significant power change was
observed with time within the measurement uncertainty.

Section 2.1 suggests that water vapour in the atmosphere is one of the sources of the water absorption post-splicing
(day 0). This vapour can, through diffusion, move along the fibre length. The data in Fig. 3(a) shows that in a sealed
condition, water vapour absorption decreases, indicating less water is in the light path. Possible scenarios which explain
our result are that water molecules are sticking to silica surfaces within the HCF or chemically reacting with another gas
species, such as hydrogen chloride, in the core. It is well known that water is a very reactive molecule with glass, both
chemically and physically®'". Water molecules that chemically react with silica can exist on the glass surface as a
silanol (Si-OH) and can also physically be adsorbed. An OH-covered glass surface can capture further water vapour
through hydrogen bonding (SiOH-OH,) and thus there are possible reactions describing the interaction of the water
molecules with the glass involving mono- and multiple layers.

(@)

(b)

Fig 4: Variation of (a) water vapour absorption strength and (b) insertion loss at 1550 nm recorded at 2 nm resolution in
PBGF-D with high time resolution.

In order to finely capture the trend of the water vapour absorption, the same measurement was performed using
PBGF-D (55 m) but with much higher time resolution. Furthermore, the temperature behaviour of the water vapour was
also recorded. The 55 m fibre sample was exposed to atmospheric conditions for 3 hours before both ends were sealed
using the splicing process described above. Subsequently, water absorption spectra were recorded for 12 days at 22 °C
and a further 12 days at 85 °C before the temperature was reduced again to 22 °C. Fig. 4 shows the evolution of
absorption strength at 1369.85 nm during this time period. Day 0 corresponds to just after splicing. The water
absorption strength decreased and approached the equilibrium state at 22 °C as observed in Fig. 3. When the sample was
baked at 85 °C, the absorption quickly increased and then gradually decreased again. When the temperature returned to
22 °C, the absorption quickly reduced and did not show any further change. In addition, it was confirmed from the
transmission at 1550nm during these measurements (Fig. 4) that the insertion loss did not significantly vary due to
water vapour dynamics or temperature changes (a very small change in insertion loss ~0.07 dB occured when the
temperature was returned to 22 °C). Here, there was no variable connection loss as all connections were fixed during the
measurement. This result suggests that transmitted power at wavelengths away from water vapour absorption bands is
not affected by the dynamics of water vapour.

The high-time resolution measurement indicates that the reduction of the water vapour absorption strength does not
follow a simple exponential decay; in fact, initially there is an approximately linear trend. There are two possible
explanations to the discontinuous point at day 1. Firstly, different reaction processes with the glass surface; chemi- and
physi-sorption were observed in the adsorption kinetics of water vapour onto borosilicate glass surfaces'”. Secondly, the
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gas flow dynamics within the fibre; water molecules could be removed from the optical interaction path due to the
combination of convection and diffusion of water vapour'® along the fibre length in the hollow core. Through these
processes, water vapour driven along the fibre length could move to regions with lower overlap with the optical path
(e.g. near the inner surface) or with surfaces with a higher probability of reaction with the molecules.

The large jump of the absorption strength at the change to 85 °C suggests that the water vapour adsorbed on the inner
glass surfaces prior to day 12 returned to the core region by desorption of physically adsorbed water molecules''. Prior
to day 12, these water molecules existing on the surface would not be optically detectable due to the small overlap of
the mode field with the glass. The desorbed water molecules would then be captured by other available sites on the
silica surface during the high temperature period, which results in the subsequent reduction of the absorption strength.
In addition the high absorption strength (~9 dB) observed at the change to 85 °C indicates that there had already been
some water molecules adsorbed onto the inner glass surfaces prior to day 0, possibly originating from previous
exposure to the atmosphere, because it surpassed that observed at day 0 by ~3 dB.

The reduction of the absorption strength at day 24 could be due to the adsorption-desorption process of water
molecules. The physical and chemical reactions of water vapour with a silica surface'" are given by
kpa(T)

Si-OH + H,0 —— Si-OH...OH, T <400°C 2)

kpa(T)

. kca(T)
Si-0-Si + H,0 —— 2-(Si-OH) T >400°C  (3)

feca(T)

where ky,,(T) and k,4(T) are the physical adsorption and desorption rate coefficients, and k., (T) and k.4(T) are the
chemical adsorption and desorption rate coefficients, respectively. When the temperature returned to 22 °C in our
sample, the physical coefficients adjusted to satisfy the new equilibrium state, which resulted in the quick reduction of
the absorption strength.

III CONCLUSIONS

Water vapour has the potential to impact the optical properties in HCFs. In this study, water vapour absorption in
HC-PBGFs was monitored to obtain insight into the behaviour of water molecule in HCFs. HC-PBGFs in an open
condition showed an increase in water vapour absorption. This indicates that water vapour in the atmosphere diffuses
into the hollow core. The diffusion rate varies between different fibre samples and due to changes in the surrounding
environment. A reduction of water vapour absorption was observed in spliced HCFs and the hermetic condition
suggests that some chemical and physical reactions occurred inside the HCFs between the confined water vapour and
the silica glass surfaces. Although trends were consistent across a range of fibre samples, different rates of change of
the water absorption were observed which could be linked to the condition of the silica surfaces and possibly the fibre
length. No negative effects of these reactions (e.g. increased insertion loss from surface scattering) were observed as the
transmitted power at 1550 nm did not significantly change at 22 °C or 85 °C.
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Abstract
An all-optically-driven and all-optical-fiber modulator based on the phase delay introduced by an optically pumped,
luminescence-quenched, Yb-doped fiber microheater is presented. Results indicate that the system has the potential to
achieve ~MHz modulation speeds.
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I Introduction

External modulation is useful in fiber research such as Q-switched fiber lasers', narrow linewidth lasers?, femtosecond
pulse shaping®, and the writing of Bragg gratings*. Conventionally, external modulation is achieved using bulk-devices
via the acousto-optic'** or electro-optic? effects. However, these devices often suffer from low damage threshold, large
insertion losses, and high cost, making them unsuitable in many applications, such as high-power lasers. An alternative
approach to overcome these disadvantages is by using fiber-based Mach-Zehnder interferometers (MZI), which rely on
phase control of either one or both arms of the MZI. Specifically, it is first assumed that the optical fields in the two arms
are initially in phase, having the same polarization, and initial intensities of I; and I,. After propagating in both arms, if a

phase difference of A¢' is introduced, the output intensity yields
Lot « [l + I + 2/, 1, cos 4¢'] . 1
Therefore, external modulation can be achieved by controlling 4¢’ to switch between two values such as 0 and g This

phase difference can be introduced by heating a segment (length L") of fiber. The phase delay in this heated segment of
fiber (the “heat fiber,” or HF) is

!
o = Znneff

T L ()

where A is the signal wavelength and n, is the modal index. Taking the derivative with respect to temperature yields
de'  2mdngsy y 2mdl 2nl

ar =7 ar Ve =1 (T0CHTEC ) ()
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in which TOC is the thermo-optic coefficient and TEC is thermal expansion coefficient. Since typical values in optical
fiber for the TOC (~1075K 1) are usually much bigger than the TEC (~5 X 10~7K 1), Eqn. (3) can be simplified to

r

, 2m
AP’ =~ -TOC - AT . 4)

Several approaches have been applied to introduce a change in temperature, AT. One way is through the controlled
pumping of an absorbing dopant which exhibits non-radiative relaxation from the upper excited state. For instance, this
can include pumping rare earth ions to a non-radiating energy level® or pumping ions in a clustered state®. However, this
rare earth-based approach suffers should the dopant absorb and optically re-radiate any of the pump power, which leads
to inefficient fiber heating. The use of absorbing transition metals is also non-ideal since it is difficult to obtain a high
concentration of them in glass and they have broad absorption bands that can render large losses to the signal wavelength.
Here, efficient fiber heating is accomplished through the novel fabrication of a very highly Yb-doped fiber (23.4 wt%
Yb203). When pumped with a 978 nm diode, no evidence of luminescence is observed, indicating efficient conversion
from optical energy to thermal energy. The signal wavelength can be chosen to be far from the absorption band (signal
wavelength in this case is 1550 nm) and the system loss then is mostly limited by splicing the HF to the commercial
passive fibers comprising the components. The high Yb*" concentration enables the use of very short active fibers (~ mm)
giving rise to the possibility of a high-temperature (in a very low volume), optically controlled thermal element. Here, this
microheater is demonstrated in an all-optically-controlled phase and intensity modulator.

II Fiber Fabrication

The optical fiber investigated herein was fabricated using a reactive molten core (rMC) approach’. Specifically, a 1 mm
diameter ytterbium wire (99.9% purity, Sigma-Aldrich) was placed inside a pure sapphire (Al,O3) sleeve (Saint-Gobain),
which measured 1.1 mm inner diameter and 1.5 mm outer diameter. This Yb wire- Al,O3 assembly was inserted into a
pure silica capillary tube (Heraeus Tenevo Inc., Buford, GA) with 3mm inner diameter and 30 mm outer diameter, which
served as the fiber cladding. The fiber was drawn at a temperature of about 2050°C and to a cladding diameter of 110 um,
during which the Yb metal oxidizes to Yb,Os. A conventional single UV-curable acrylate coating was applied during the
drawing process yielding a fiber diameter of 250 pum. The use of pure Yb wire significantly increased the Yb3*
concentration in comparison to other Yb-doped fibers used for lasers®, leading to one that, while bad for laser applications,
forms the basis for a very efficient optically-pumped high-T thermal element. A measurement of temperature change vs
pump power for a 2.4 mm segment of this fiber is shown in Fig.1. Note that the HF temperature was measured using a
bulk metal probe, in the open air, with much larger mass/volume than the HF. Therefore, Fig. 1 represents a minimum
temperature, with the true temperatures likely being at least somewhat higher. Fig. 1 also suggests a thermal power density
on the order of ~ 10 W/nL generated in the core of the fiber. Considering a phase shift of A¢" = 1 (at A=1550 nm), the
required AT is 32.3 K, corresponding to only ~31 mW of pump power. In addition, the fact that all the optical power was
absorbed within 2.4 mm of HF gives a small thermal volume (that of the fiber core), rendering a short response time and
therefore high modulation speed.
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Fig. 1. Temperature change of 2.4mm HF with different pump power, the dots are measured data and the line is a polynomial fit

to the data meant as a visual aid to the reader.
III Experimental Setup, Results and Discussion

The experimental set-up is shown in Fig. 2. A Mach-Zehnder-based modulator was constructed using a 75:25 splitter
and a 50:50 coupler. Signal at 1550nm was generated by a narrow-linewidth tunable laser source followed by an isolator
to prevent feedback from destabilizing the source laser. In Arm 1, a WDM was introduced to combine the 1550nm signal
and the 976nm diode laser (LD) pump. A 2.4 mm segment of uncoated HF was spliced after the WDM, which absorbs the
976nm pump while passing the 1550nm signal with only 0.4 dB loss per unoptimized splice. To roughly balance the MZI,
1.65 m of passive fiber was used to extend the length of Arm 2. Finally, after the 50:50 coupler, the output signal was
collected for the different measurements discussed below.

Fig. 2. Experimental Setup

First, a DC current was supplied to the pump and a measurement of modulator output power versus 976 nm LD power
was performed using an optical power meter; see Fig.3 (a). Using Fig.1 to convert pump power into temperature change
yielded the result shown in Fig.3 (b). The results directly show the intensity modulation introduced by the phase change
in the pumped HF. The measured extinction ratio, ~ 60%, was limited by the unbalanced power between the two combined
arms. The average temperature difference between neighboring peaks in Fig. 1 (d) (corresponding to A¢' = 2m) is 11.7
K. This, according to the equation for A¢’ above, should theoretically be 64.6 K. This result indicates that the neighboring
passive fiber near the HF is also heating via thermal conduction, corresponding to a longer L' and therefore a smaller
required AT.
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Fig. 3. (a) Output power versus launched pump power to HF. (b) Output power versus temperature change of HF

Second, to determine the modulation speed, a pulsed current (pulse width 5 ms, pulse repetition interval 6.5 ms) was
supplied to the pump, as shown in Fig.4 (a). The long pulses were used in order to observe both slow and fast responses
of the MZI. The results for the output signal with three different pump powers are shown in Fig.4 (b)-(d), which
correspond to cos(4¢") = —1,0,and 1, respectively. When fitting the signal within one pulse width to a double
exponential function, as shown in Fig.5 (e), both fast and slow temporal components are observed with the former and
latter having characteristic times (e™!) of 95 and 800 ps, respectively. The former time constant is limited by the rate at
which energy is deposited into the core, or simply by the peak pump power, while the latter is limited by the slow
thermal diffusion from the core through the much more voluminous (~ 121x%) cladding. Using the Flash Method outlined
in reference’, the thermal diffusivity, heat capacity, and thermal conductivity of SiO» are used to determine the time (-3
dB as opposed to the ¢! time) it takes for thermal diffusion from core to cladding to reach equilibrium, resulting in
~540 ps, which is in reasonable agreement with the measurement. Therefore, increasing the pump power (therefore
faster thermal energy deposition) and etching some of the passive HF cladding (therefore faster thermal diffusion) should
help to ultimately increase the modulation speed to ~MHz range. These and other issues are currently under investigation

and will be discussed at the conference.

Fig. 4. (a) Input current into the laser diode. (b) Output signal with cos(4¢") = —1 (¢) cos(4¢") = 0 (d) cos(4¢’) = 1.
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Abstract
We experimentally demonstrate an all-fiber Q-switched laser in L-band using two-dimensional(2D) hybrid organic-
inorganic((CsHsC,H4NH3),Pblys) perovskite solution. by adjusting an optical fiber end face micro air-gap distance, we also
achieve a tunable peak wavelength blue shift of 7nm at the center wavelength of 1600.6nm using Fabry-Perot structure.
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I Introduction

Saturable absorbers(SAs) have been well demonstrated using a different kind of materials, such as a two-dimensional
material, carbon-based material, even biomaterial[1-3]. Since the discovery of the two-dimensional structure of
perovskite, perovskite has been at the center of solar cell and quantum dot research.[4] Along with these applications,
perovskite has recently attracted been attention as a new photonics material for optoelectronics applications. In the case
of perovskite, nonlinear optical properties of 2D perovskite thin film were reported.[S] We demonstrate for a Q-
switching all-fiber laser based on 2D perovskite solution in N, N-Dimethylformamide(DMF) using nonlinear optical
phenomena of the tunable L-band region.

II Method

Figure 1. (a) 2D perovskite 40wt% solution VIS-NIR spectrum (b) the fabrication process of 2D perovskite liquid saturable

absorber and configuration of a laser ring cavity

As shown in Figure 1(a), the near-infrared(NIR) spectrum of a 40wt% perovskite solution. In the NIR region,
depending on the wavelength, the absorbance decreased at the C- and L-band. The end face of optical fiber was
immersed into glass ferrule filled with the prepared 40wt% perovskite solution. The configuration of the fiber laser
cavity is schematically shown in Figure. 1(b). The optical gain medium is a 1.2m Erbium-doped fiber(EDF) length
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forward pumped by a 980nm laser diode (LD) via a 980/1550 wavelength division multiplexer(WDM) coupler.
Following the EDF, an independent polarization isolator(ISO) and a polarization controller(PC) are used to make the
adjusting the polarization state, respectively.

Figure 2. Q-switching fiber laser output at 458.5mW power pump. (a) Optical spectrum analyzer data (b) RF spectrum data
(c) oscilloscope trace data

By turning on the pump laser, the stable Q-switching pulse will be generated in the L-band regime, Figure 2.(a) shows
the optical spectrum output of the Q-switching operation at the pump power of 458.5mW with the central wavelength of
1600.6nm. Application of Fabry-Perot structure using fusion splicer program, we achieved a 7nm of tuning wavelength
data in the L-band by controlling the optical fiber end face air gap distance from 20pum to 100um, each z-axis moving
distance is 20pm. Figure 2.(b) shows radio frequency(RF) spectrum indicates the repetition rate of 19.1kHz and signal to
noise(SNR) is 36.6dB. The stable Q-switched pulse train is shown in Figure 2.(c). The repetition rate increased from
9.7kHz to 19.1kHz while the pump power increasing from 127.21mW to 458.5mW, and the pulse width decreased from
12.0ps to 3.8us, and the output power increased from 0.53mW to 4.23mW, respectively.

IIT Results and Discussion

In conclusion, we have fabricated liquid saturable absorber using 2D perovskite solution and glass ferrule. The proposed
liquid SA has several advantages: all-fiber configuration, efficient fabrication process, recovery, and high optical damage
threshold. Stable passive Q-switched pulse was achieved with the repetition rate from 9.7kHz to 19.1kHz. This result
confirms the characteristics of liquid saturable absorber by using the Fabry-Perot structure as a novel method for tunable
wavelength ultrafast pulse generation.
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Abstract
We report temperature-dependent gain and NF of single-pass and double-pass O-band BDFA from -60 to +80°C. A
maximum gain of 41dB, NF 3.8dB was achieved at -60°C for -23dBm input-signal. The temperature-dependent-gain
coefficient was -0.04dB/°C.
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I Introduction

The demand for optical fiber communication is growing dramatically in the last three decades owing to the increased
internet based applications such as cloud services, live video streaming, virtual and augmented reality technologies etc.
The transmission capacity of standard single mode fiber (SSMF), in contrast, is now approaching the fundamental limits
of 100-200Tbit/s [1]. Potential technologies such as space division multiplexing (SDM) using multi-core fibers (MCFs)
and few-mode fibers (FMFs) are under investigation. However, the immediate solution is to explore the low-loss
window of silica fibers from 1250 to 1700 nm by developing efficient fiber amplifiers [2]. Bismuth (Bi)-doped fibers
(BDFs) have attracted significant attention because of its broadband near-infrared (NIR) luminescence properties. It has
been reported that emission around 1.2, 1.3, 1.45 and 1.7 um can be realized in BDFs with different hosts [3, 4].
Recently, various types of BDFs have been developed and used to construct fiber amplifiers covering the O, E and U
bands [5-8]. However, there are very few reports focused on the thermal behavior of gain and noise figure (NF)
characteristics of Bi-doped fibre amplifiers (BDFAs). Such studies are of significant importance in understanding the
system stability and robustness when incorporated in the communication network where the ambient temperatures
fluctuate. Here, we present our work on temperature dependent performance of a BDFA operating from 1300 to 1360
nm in a temperature range of -60 to +80 °C, in both single-pass and double-pass amplifier configurations. The
temperature-dependent-gain (TDG) coefficient was investigated at different signal wavelengths. The gain and NF
characteristics with pump power and signal power was studied at -60, +20 and +80 °C. Also, we observed that similar
gain and NF performance as in the case of single-pass amplifier can be achieved with double-pass configuration with a
reduced length and pump power.

II O-band Bi-doped phosphosilicate fiber amplifier

Figure 1. Schematic of experimental setup used to characterize the temperature dependent performance of the BDFA. Solid
line: single-pass BDFA; and dashed line: double-pass BDFA.

A Bi-doped phosphosilicate preform was fabricated using an in-house MCVD-solution doping technique. The Bi-
doped phosphosilicate fiber (BPSF) was drawn with a core and cladding diameter of 13 um and 125 pm respectively.
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The index difference (An) between the core and cladding was ~0.005. The small signal absorption at 1270 nm and
unsaturable loss (UL) at 1240 nm were measured to be ~0.5 dB/m and 13%, respectively. The background loss at 1550
nm was 0.02 dB/m. The BDFA experimental setup used in this work is shown in Fig. 1. Two laser diodes (LDs)
operating at 1270 nm were used to pump bi-directionally. A tunable laser source (TLS) operating in the wavelength
region of 1260-1360 nm provided the input signals. The BPSFs were placed inside a temperature-controlled oven with
an operating temperature range covering from -60 to +80 °C. The input and output signal spectra were recorded using an
optical spectrum analyzer (OSA, YOKOGAWA AQ6370). Two wavelength division multiplexer (WDMs) were used to
combine or separate pump and signal wavelengths, while three isolators (ISOs) were utilized to prevent back reflections
from damaging the pump and signal sources. Two circulators (C1 and C2) were used to construct either a single-pass or
a double-pass amplifier configuration. The fiber length of the BPSF was optimized to 212 m at room temperature (RT)
of 20 °C with respect to gain performance. The input signal power was fixed to -23 dBm. The maximum available pump
powers launched into the BPSF was 386 mW and 359 mW from the forward and backward pumps, respectively.

III Temperature dependent performance of the BDFA

Initially, the gain and NF characteristics of the BDFA were measured at RT. For a signal power of -23 dBm, the
maximum gain was 22.3 dB and 39 dB with a NF of 4 dB and 4.2 dB in the single-pass and double-pass BDFA,
respectively. Then, the temperature dependent gain and NF performance of the BDFA was measured from -60 to +80 °C
at intervals of 20 °C, as shown in Fig. 2(a) and Fig. 2(b). Increment in gain and reduction in NF were observed as the
temperature decreases at signal wavelengths from 1300 to 1360 nm. The maximum gain increased to 25.4 dB and 41 dB
at -60 °C for the single-pass and double-pass BDFA. The gain and NF variation with temperature was found to be linear.
In order to quantify the gain variation with temperature, the TDG coefficient was calculated, which is defined as the
amount of signal gain change per unit of temperature change (in dB/°C). Fig. 2(c) shows the TDG coefficient in the
spectral region of 1300-1360 nm. As can be seen, the TDG coefficient of the single-pass and double-pass BDFA is
similar at longer wavelengths (1340-1360 nm), however it is different towards the shorter wavelength side (1300-1340
nm). The TDG coefficient at maximum gain wavelength (1350 nm) was around -0.04 dB/°C.

Figure 2. Gain and NF spectra at different temperatures from -60 to +80 °C of (a) a single-pass and (b) a double-pass BDFA
(c) TDG coefficient from 1300 to 1360 nm of the single-pass and double-pass BDFA (fiber length = 212 m, signal power = -
23 dBm, total launched pump power = 745 mW)

Later, the gain and NF variation with pump power and signal power was measured at -60, +20 and +80 °C in the
double-pass BDFA, as shown in Fig. 3(a) and Fig. 3(b). The gain was increased whereas the NF was slightly decreased
as the pump power increased or the signal power decreased. The gain coefficient was 0.073 dB/mW at RT, and increased
to 0.083 dB/mW at -60 °C. At RT, a small signal gain of 40 dB was obtained for a signal power of -30 dBm, and it
increased to 42.8 dB at -60 °C. In addition, the optical signal to noise ratio (OSNR) for a signal power of -23 dBm was
observed to be ~20 dB over the spectral region of 1300-1360 nm.

Furthermore, the gain and NF were measured in the double-pass configuration again with the fiber length shortened to
159 m and the total pump power reduced to 370 mW. As shown in Fig. 3(c), the gain and NF was found to achieve a
similar performance as that of the single-pass BDFA with a fiber length of 212 m and a total pump power of 745 mW.
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This shows the advantage of double-pass configuration over single-pass configuration with a reduced device length and
pump power.

Figure 3. Gain and NF variation with (a) pump power and (b) signal power of the double-pass BDFA at -60, +20 and +80
°C, for a fiber length of 212 m (inset of Fig. 3(a) and Fig. 3(b) presents the gain coefficient, and the OSNR spectrum for -23
dBm signal at -60 °C) (c) Gain and NF of 212 m long BPSF in the single-pass double-pump (SP-DP, total pump power =
745 mW) and 159 m long BPSF in the double-pass single-pump (DP-SP, total pump power = 370 mW) BDFAs

IV Conclusions

In conclusion, an O-band BDFA was demonstrated having a maximum gain of 39 dB with 4.2 dB NF at RT and 41 dB
with a NF of 3.8 dB at -60 °C respectively, in the double-pass configuration for a signal power of -23 dBm. The TDG
coefficient was -0.05+£0.01 dB/°C on the wavelength range of 1300-1360 nm. The gain and NF variations with pump
power and signal power were also reported at different temperatures. Furthermore, a similar amplifier performance was
observed in the double-pass configuration to that of the single-pass configuration with a 25% reduction in fiber length
and a 50% decrease in pump power.
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Abstract
We report a novel fabrication technique to achieve a hollow-core antiresonant polymer optical fiber for THz guidance. The fiber can
be directly extruded from a 3D printer using a modified structured nozzle in a single step procedure. The possibility to use fibers made
from acrylonitrile butadiene styrene (ABS) for guiding in the THz region is assessed through the profile of the confinement loss.
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I Introduction

Terahertz (THz) or T-waves, electromagnetic waves with frequency ranging from 0.1 THz to 10 THz (wavelength from 30 um to
3 mm), have been widely studied because of their unique characteristic to be able to penetrate most of dielectric materials. Security
scanning, non-destructive testing, and imaging are amongst the most promising applications of THz waves, which exploit wavelengths
relatively shorter than microwave and millimeter waves providing better resolution in imaging [1, 2]. Because of the non-ionizing
nature, THz waves can pass through the organic tissue without causing any damage, thus it can be safely applied for medical and
biomedical sensing [3, 4]. In chemical sensing, THz waves are also of great interest for detecting wide variety of chemicals and
biological compounds because vibrational modes of many macromolecules are associated to strong absorption peaks in the THz
regime [5, 6]. Moreover, THz waves can be also applied for the applications in wireless communication and have been proposed to
increase data transmission rates due to the large bandwidth of the terahertz band [7].

Although THz waves have been shown to be beneficial for imaging and sensing, most of the THz systems are based on free-space
optics that require delicate alignment and is associated with high loss due to the absorption of water vapor which cannot be avoided
when working in free-space. Because of this, a large amount of THz research has concentrated on achieving low-loss and low-
dispersion THz wave guiding. Metal wires are the very first material that have been used in THz waveguides due to low material
absorption, but their applications are limited owing to their finite conductivity [8, 9]. An alternative is represented by dielectric
waveguides. Several polymer optical fibers were exploited as THz waveguides because of the low cost, accessibility of materials, and
relatively low loss when compared to other dielectrics in the THz spectral range [10, 11]. However, most of polymers have high
material absorption in the THz range leading to the high loss. To overcome this issue, hollow-core waveguides or fibers have been
proposed because the mode is mostly confined in the hollow air-core, and the effect of material loss can be minimized. The hollow-
core can be easily filled with dry air eliminating water vapors and their absorption.

In this paper, we report the design and fabrication of a hollow-core antiresonant polymer optical fiber (HC-MOPF) for guiding
THz waves. The traditional extrusion technique and 3D printing were combined to fabricate HC-MOPFs for THz guidance in a single

fabrication step. Simulations confirmed the possibility to guide THz using the fabricated fiber.

IT Hollow-core fiber design and fabrication
A hexagonal fiber was chosen for extruding HC-MPOFs because of its relatively simple geometry. 3D models of the nozzle with the
fiber cross section inverse structure profile were designed with the Fusion 360 (Autodesk) software [Fig. 1(a)]. A structured nozzle

was fabricated from stainless steel using a metal 3D printer [Fig. 1(b)].
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The metal 3D printed nozzle was mounted into the micro-heater of the printing head allowing to heat the nozzle up to 250°C. The
polymer fiber was extruded by feeding a commercially available 3D printer filament (acrylonitrile butadiene styrene (ABS)) through
the heated nozzle. The 3D printer interface was used to control the temperature of the nozzle and the extrusion speed. In the first
experiments, bubbles were forming on the surface of the extruded fiber as the result of the high fictive temperature experienced by the
extruded polymer, which was caused by the combination of a high nozzle temperature and the low polymer feeding speed. The quality
of extruded fiber was improved by optimizing extrusion parameters. The optimization process provided good surface roughness of
extruded fiber that has an average surface roughness (Ra) less than 100 nm and the processing parameters: the polymer fiber was
extruded at temperature T ~ 240 °C through the structured nozzle at the feeding speed s ~ 250 mm/min by using a built-in feeding
motor [Figs. 1(c)-1(d)].

Figure 1. (a) Structured nozzle design including a 3D model and a bottom-view, from left to right respectively. Yellow
colors represent the cross-section of the extruded fiber from structured nozzle. (b) Metal 3D printed structured nozzle. (c)

Schematic and (d) photograph of the experimental setup used to extrude HC-MPOF.

III Results and Discussion

The HC-MPOF used in this experiment consists of a hexagonal air-core with the diameter of 2165 um. The thin layer surrounding
the fiber core has a thickness of 650 um and the outer diameter of the extruded fiber is 8 mm. Light in the hollow-core antiresonant
fiber can be confined to the central air-core owing to the resonant reflection of the guided wave in the air-core with membrane
surrounding the core which behaves effectively as a Fabry-Perot cavity. To observe the cross-section of the extruded HC-MPOF, the
fiber was briefly heated at a temperature higher than the glass transition temperature of the material (100 °C), then cleaved by using a
heated razor blade. The cross-section image of the extruded HC-MPOF showed that the microstructure inside fiber was maintained
after the extrusion process [Figs. 2(a)-2(b)].

In order to evaluate the HC-MPOF optical guidance properties in the THz regime, simulations of the mode propagating through the
HC-MPOF structure were performed by importing the cross-section image of the fiber into a commercial finite element method
software (COMSOL®©). Figure 2(c) shows the supported fundamental mode confined in the air-core at frequency /= 0.7 THz. The loss
spectrum was calculated from the created HC-MPOF profile with the same structure and dimension as the extruded HC-MPOF. The
loss profile in Fig. 2(d) confirms that THz waves in the range /= 0.5 — 2.0 THz experience the antiresonance effect. This means that
the fabricated HC-MPOF effectively guides THz radiation in the antiresonance regions and also that the resonance peaks (where losses
are high) are clearly defined. It can also be seen that the loss decreases with increasing frequency because the core size is small
compared to the wavelength at lower frequencies pushing light into the surrounding material. To achieve guidance at different
frequencies, a different thickness of the cladding elements is needed to shift the resonance peaks. This can be experimentally

fabricated by applying pressure through the air holes while extruding the fiber.
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Figure 2. (a) Photograph and (b) cross-section of the hollow-core antiresonant fiber extruded from the metal 3D printed

structured nozzle. (c¢) Simulated intensity profile of the fundamental mode at = 0.7 THz. (d) Simulated transmission loss.

IV Conclusion
In conclusion, a polymer hollow-core optical fiber fabricated from a direct extrusion technique using a 3D printer has been
demonstrated. By using this technique, 1 meter of fiber can be fabricated within 30 mins. The structure profile of the extruded fiber is
clearly observed and maintained after extrusion. The modal profile simulations show the ability of the fiber to confine THz waves in
the air-core. The calculated transmission loss, reveals a potential to use the extruded fiber as THz waveguide in the spectral range 0.5 —
2.0 THz.
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Abstract
This article proposes a non-destructive imaging system providing a sliced view of an extruded coated fiber triplet. It
gives the relative positions of the fibers in the polymer coating with a £1.5 pm precision. The characterization of a 3D
shape sensor optical fiber triplet used for minimally invasive surgery is made using this system.
Keywords: imaging system, inverse Radon transform, optical fiber, shape sensing, extrusion

*Pierre.lorre@polymtl.ca; phone 1 514 340-4711 #4083

I Introduction

Performing minimally invasive surgery requires the knowledge of the catheter or needle’s position at all times. 3D
shape sensing allows a real time guidance for the surgeon [1]. 3D shape sensing can be performed through the analysis of
the Rayleigh backscatter signal of three optical fibers [2-4]. The fibers are positioned in a triangular cross-section called
the optical fiber triplet. When compared with a reference, the backscatter signal gives the information of the strain along
each fiber. Knowing the relative fibers positions, the triplet curvature values and directions can be calculated at each
point, making possible the 3D shape reconstruction. For high precision, the fibers positions within the sensor must be
well known. To ensure that the fibers are positioned at the same relative distance to one another while experiencing
different strains, it is possible to coat them together through a polymer extrusion process, as we have recently
demonstrated [5, 6]. The triplet position within the coating is necessary for the 3D reconstruction. A non-destructive
imaging method is thus required to locate the fibers and characterize the sensor. A transverse transmission image of the
sensor is the equivalent of taking a projection slice. By using multiple rotation angles, a tomogram is created that can
reconstruct the sliced view of the sensor through an inverse Radon transform [7].

II Methodology

1. Physical system

Figure 1 shows the set up used to perform the imaging. The triplet sensor holder is filled with a refractive index
matching liquid in order to minimize light refraction at the coating surface. A stepper motor rotates the stage holding the
fibers over 180 degrees. A white and spatially uniform light source under the holder illuminates the sample so the
transmission image of the sensor can be seen at the microscope CCD camera. An image is taken every 0.9-degree
rotation. The polymer used for the triplet coating is a polypropylene copolymer. This polymer is transparent, has a good
flexibility and its melt strength is high enough so when the coating undergoes strain, it is fully transferred to all the fibers.
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Figure 1: Scheme of the imaging system used for the sensor characterization

2. Inverse Radon transform reconstruction
The tomogram shown in Figure 2 is made by averaging the transmission image on a Imm length section on the
longitudinal axis, over 180 degrees. That tomogram can be described as

f(t,8)=1I (1)

where [ is the light intensity.

Figure 2: Tomogram of the coated triplet transmitted intensity
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Applying an inverse Radon transform on this function allows the reconstruction of the sliced view of the triplet:
R7f(t,8) = g(wcos(A),wsin(f)) )

Here, we can identify w cos(8) and w sin(8) respectively to the x and y parameters of a 2D cartesian coordinate system.

IIT Results and Discussion

Figure 3 A) shows the 2D reconstruction made through the inverse Radon transform of the tomogram shown in Fig. 2.
The three optical fibers are discernable in the polymer coating and it allows the position of the fibers to be determined
without cutting the sensor. As a comparison, Figure 3 B) shows an image taken with a destructive method consisting of
cutting the sensor, polishing the tip and directly observing the sliced view with a microscope. The triangular shape of the
triplet can be seen clearly. The darker ring around the fiber is a 15 pm polyimide coating, which is thinner than the usual
60 pum acrylate coating and protects the fiber to be handled during the extrusion process. The polyimide coating absorbs
more light than the optical fibers or the coating itself, which is why it can be distinguished on the reconstructed image. It
must be noted that the image on Figure 3 B) has been taken a few centimeters of fiber away from the measurement used
for the Figure 3 A) reconstruction, which is why there is are differences between them.

Our preliminary results show that the non-destructive method has two main advantages. First, cutting the sensor deforms
it, so the tip view is not exactly the true form the triplet had in the coating. The non-destructive method does not have this
issue. The second one is that it makes the calibration of the 3D shape sensor possible without destroying it. Even if the
extrusion process usually provides stable results, the fibers positions within the sensor still need to be confirmed in order
to properly calculate the curvature and then reconstruct the 3D shape. The destructive method would make the sensor
unusable.

The curvature and direction values for 3D shape reconstruction are calculated using the strain difference between the
fibers. Doing so, what really matters is the position of a fibers relative to each other. An image recognition algorithm is
used to find the circles corresponding to the fibers. With the Radon reconstructed image, the relative positions of their
centers can be determined with a 1.5 pm precision.

Figure 3: A) Sliced view of the coated triplet obtained applying an inverse Radon transform on the tomogram
shown in Fig.2. B) Direct image of the coated triplet polished face.
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IV Conclusion

We have shown that using tomography, it is possible to image a relatively complex structure in a transparent polymer
coating with a very good precision. This method is not only useful for characterizing the sensor itself and thus improve
the 3D shape reconstruction, but also in order to validate that the extrusion process is stable. For mass production, one
can imagine a similar system with the microscope and the light source rotating instead of the sensor. This system could
be directly set up on the production line in order to check, in real time that the extrusion process is functioning properly.
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Abstract
A highly erbium doped (up to 5 wt% Er,O3) optical fiber was fabricated using the molten core method
(MCM), with core elemental constituents that include Sr, Al, Er, Si, O and F. Its spectroscopic and lasing
properties are investigated.
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I Introduction

The development of erbium doped fiber (EDF) has driven the progress of active fiber technology in the 1550 nm
region, with sites currently set on passing the 1 kW benchmark in power scaling [1]. In order to generate 1550 nm
(*1iz2 — “Lisp) emission from EDF, the fiber may be pumped at either 1480 nm or 980 nm. The former is often
referred to as in-band ‘resonant’ pumping (*I;s» — *113,2), while the latter pumps the system to the *1;1,» energy level
from the ground state. In glasses of high phonon energy, the relaxation from *I;1, to the *I;3 level is non-radiative,
whereas this level may become metastable in the case of low phonon energies [2]. Compounded with the relatively
large quantum defect, the latter case results in low-efficiency laser operation.

The efficiency of the EDFA system can further be influenced by up-conversion and cross relaxation processes.
Due to multitude of energy levels associated with Er**, up-conversion processes become quite probable. Excitation
to higher lying energy levels from a metastable or pumping level can occur through the absorption of a signal or
pump photon [3,4]. Furthermore, with high concentrations of Er**, energy transfer between neighboring excited ions
in the metastable state becomes more likely and can adversely impact system efficiency [5]. The concentration of
different dopants and the host glass will also impact the properties of the EDF [3]. For instance, fluoride glasses can
incorporate relatively higher rare-earth ion concentrations prior to the onset of significant concentration quenching
[6]. To enhance the absorption near 980 nm, EDF routinely is co-doped with Yb*" [7], where energy transfer from
ytterbium (possessing a much higher absorption cross section) to erbium can be very efficient. However, at high
power these systems ultimately are limited by amplified spontaneous emission or self-lasing by the ytterbium ion
[8].

Here, a mixed anionic (O and F) fluorosilicate fiber, fabricated with cationic elemental constituents including Sr,
Al, Er, and Si, is presented and discussed. Much like was shown with the case of similar Yb-doped glasses [9], a
relatively high rare earth concentration can be doped into the glass while still maintaining good amplifier efficiency.
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Spectroscopic and lasing experiments are presented, suggesting a path for a highly Er-doped silicate fiber for high
power lasers.

II Experiment

The optical fiber investigated here was fabricated using the molten core method (MCM) [10]. In brief, a precursor
powder mixture composed of 5% ErFs, 23.75% Al>O3, and 71.25% SrF, (in molar percentage), was inserted inside a
fused silica capillary preform (3 and 30 mm inner and outer diameters). The preform was then heated to ~2000 °C
while inside a graphite draw tower furnace. At this temperature, the silica softens and the precursor mixture melts,
enabling fiber drawing. As the fiber is being drawn, silica from the cladding is progressively incorporated into the
molten precursor due to diffusion/dissolution processes, yielding to a graded-index profile silicate core — silica
cladding — optical fiber. Approximately 800 m of fiber length was drawn, and few meters were collected and
investigated for this work.

Composition analysis was performed using Wavelength Dispersive X-ray (WDX) analysis. Fiber refractive index
profiles (RIPs) were measured using a spatially resolved Fourier transform interferometer with a sub-micron spatial
resolution [11]. The fluorescence lifetime (1) was measured by pulse-pumping (977 nm) a short fiber segment and
analyzing end-emission with an avalanche photodiode. The background attenuation was obtained at 1310 nm using
the cutback technique. By setting up a standard EDFA system (Figure 1) with a saturating 1550 nm signal and 1480
nm pumping, the slope efficiency was characterized. Low efficiency was observed when pumping at 980 nm and
this is believed to be a result of the phonon environment in the vicinity of the Er ion. More details will be presented
at the conference. As shown in Figure 1, the 1550 nm signal was generated by an active fiber laser system. The
isolator was applied to guarantee the wave was propagating in one direction, and to prevent feedback from
destabilizing the seed source. There was an angle at the end of the output passive fiber which prevented the
reflected wave from being coupled back into core of fiber.

Figure 1. EDFA system setup for measuring the slope efficiency of EDF.

III Results and Discussions
Five different fibers with different Er concentrations were fabricated and are summarized in Table 1. Relative to
maximum absorption coefficients that can typically be found in commercial fibers [12], these fibers represent a
significant increase in Er concentration. For brevity, only selected results from Fiber 1 will be shown in this abstract.
This fiber core center consists of 2.2 wt% Er, 15 wt% Sr, 3.3 wt% Al and 2.2 wt% F, as indicated by the WDX data
in Figure 2, in addition to Si and O (not shown). Recent work [13] has suggested that the F preferentially
coordinates to the heavier cations (i.e. Sr and Er). Figure 2 also provides the measured refractive index profile (RIP).
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The maximum refractive index between the core and cladding An is about 0.04. The background loss (1310 nm) is
about 1 dB/m.

The measured fluorescence lifetime (t) is shown in Figure 3, which is found to be roughly 8.38 ms, which
remains roughly constant across all erbium concentrations. By using the lifetime and the Fiichtbauer-Ladenburg
equation, the maximum emission cross section can be calculated as 9.61 x 102° m?. The emission cross section
spectrum is consequently shown in Figure 4. Figure 5 shows the absorption spectra in the near infrared region (NIR),
in both the 980 nm and 1530 nm wavelength ranges. By setting up the saturated EDFA system described above, and
employing in-band 1480 nm pumping, the slope efficiency was measured as shown in Figure 6. Since the tested
fiber has a length of approximately 5 cm, the background loss can be considered negligible. From Figure 6, the
slope efficiency takes the values of 39.6%.

Results for the other fibers, with different Er*" doping concentrations, will be shown at the conference. Power
scaling for more reliable measurements (up to 10X the pumping power at 1480 nm) is currently underway, and
these results will also be shown at the conference. Results for 980 nm pumping will also be discussed in terms of
the glass comprising the erbium host. Other practical issues, including splicing, handling, etc. will also be discussed.

Fiber | Lifetime | Absorption Emission
Number (ms) Coefficient | Cross Section
at 1530 nm at 1530 nm
(dB/m) (m?)
1 8.38 250 9.61x10723
2 8.40 263 8.78x10%
3 8.58 373 9.03x1023
4 8.91 491 8.55x10%
5 9.12 391 8.67x10%

Table 1. Properties of five different fibers.

Figure 2. Composition profiles measured by WDX and fiber RIP with 0 um corresponding to the fiber core center.
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Figure 3. Fluorescent lifetime in the erbium-doped fluorosilicate fiber.

Figure 4. Emission cross section spectrum measured for Fiber 1. The emission spectrum is relatively narrow compared

with aluminosilicate glasses [14].

Figure 5. Fiber 1 absorption spectrum in infrared region (a) 900-1050 nm and (b) 1400-1700 nm.
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Figure 6. EDFA output power versus pump power with saturated signal input power. The slope efficiency is about
39.6%. A major source of loss is believed to originate from poor mode matching between the active EDF and the
EDFA system fiber.
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Abstract

Reported herein are two amorphous, all-oxide optical fibers derived from metal precursors, each possessing unique
attributes. The first is a novel erbium-doped fiber (EDF) utilized within a traditional erbium-doped fiber amplifier
(EDFA). The second is a highly doped aluminosilicate core possessing a very high ytterbium concentration sufficient for
luminescence quenching. While inefficient for lasing, the luminescence quenching promotes heat generation for use as a
novel all-optically driven fiber microheater.

Keywords: metal precursor, aluminum, specialty optical fiber, optical fiber fabrication, amplification, luminescence
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I Introduction

As the demand for specialty optical fiber increases, so increases the drive for new dopants, fiber profiles, and methods
for developing these new fibers. Some recently developed specialty fibers include bend-insensitive fibers for FTTH [1],
multimaterial fibers [2], low Brillouin scattering optical fibers [3], low quantum defect fibers for high energy lasers [4],
and semiconductor core fibers [5,6]. Presented within this abstract are two novel amorphous, all-oxide optical fibers
derived from metals developed using the reactive molten core method (rMC). The precursor constituents of the first fiber
is aluminum metal wrapped around an erbium-doped YAG (Y3Al501,) crystal, and the second a ytterbium metal wire set
inside a sapphire (Al,O3) tube. The former yielded an erbium doped yttrium aluminosilicate core fiber for use within a
traditional erbium-doped fiber amplifier system [7] with the added aluminum concentration in the core leading to a
reduction in Brillouin gain coefficient. The latter yielded an aluminosilicate core fiber with exceptionally an high
concentration of ytterbium, sufficient for luminescence quenching. While bad from a lasing standpoint, the pump power
is converted to heat, considered the fiber an all-optically driven fiber microheater, generating sufficient temperatures for
damaging biological cells and ablating tissue. This fiber has also found use within a Pirani gas gauge as an improved
source for the thermal energy within the system [8]. Since conventional electrical heating elements tend to be impacted
by electromagnetic interference, which limits their capabilities within certain applications, an all-optic fiber reduces the
amount of electrical components that can be affected, potentially leading to higher accuracy gas pressure sensors.

IT Fabrication of metal precursor derived optical fibers

Both fibers described through this abstract were developed using the reactive molten core method (rMC) [9]. The first
of the optical fibers is an erbium-doped fiber (EDF) for use within an erbium doped fiber amplifier (EDFA) system, and
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the second is a highly Yb-doped fiber utilized within an all-optic fiber microheater. For the EDF, a 1.5 mm diameter 2
mol% Er:YAG (Y3Als01,) crystal rod (Northrop Grumman — Synoptics, Charlotte, NC) was wrapped in a 0.25 mm thick,
high purity aluminum foil (99.999% purity, Sigma-Aldrich). This metal foil/'YAG rod assembly was inserted in a
telecommunications grade, 3 mm inner by 30 mm outer diameter silica capillary preform that served as the cladding for
the fiber. For the Yb-doped microheater, a 1 mm diameter Yb metal wire (99.9% purity, Sigma-Aldrich) was sleeved inside
a sapphire (A,03) sleeve (Saint-Gobain) measuring 1.1 mm inner by 1.5 mm outer diameter. The Yb-wire/sapphire sleeve
assembly was inserted into an identical silica preform. Both fibers were drawn at a temperature of 2050°C to a target
cladding diameter of 125 um. A UV-curable acrylate coating was applied yielding a total fiber diameter of about 250 pm.
At the draw temperature, the core constituents are molten, and the silica cladding sufficiently past its glass transition to
yield a tension sufficient for drawing fiber. Further studies are necessary to understand the exact dynamics of the oxidation
process of converting the Al metal foil to Al,O3 and Yb to Yb,Os during the draw. The use of the metal constituents is
intended to incorporate higher concentrations of the respective oxides in the final core for reduced Brillouin scattering for
the Al, and luminescence-quenching for the Yb.

IIT Results and Discussion

For brevity, the results presented herein are limited to select characteristics and performance features of the EDF and
resulting EDFA. More detailed results of the Yb-doped all-optic fiber microheater will be presented at the conference.

1. Composition

The fiber composition was determined by energy dispersive x-ray spectroscopy (EDX) using a variable pressure Hitachi
SU-6600 scanning electron microscope operating with a beam acceleration voltage of 15 kV, an environmental pressure
of 30 Pa, and a working distance of 10 mm. The refractive index profile (RIP) was measured transversely through the fiber
using a spatially resolved Fourier transform interferometer with sub-micron resolution and is presented in Figure 1. The
Al-metal/Y AG-derived fiber core possessed a composition of 1.05 mol% Y203, 4.75 mol% Al;O3, and 94.20 mol% SiO;
(from the cladding) at the core center. The parabolic shape of the RIP is indicative of a graded index fiber, therefore the
dopant concentration is expected to decrease from the core center. The erbium ion concentration was below the detectable
limit, due to the low initial concentration in the precursor crystal, and during the draw, the core becomes further diluted
with silica. Considering the fiber possessed a rather large refractive index difference of 0.031 between the core and cladding
(An), the measured composition is somewhat lower than expected. For example, assuming the same ratio of Y>03 to ALLO;
(from EDX), modeling suggests the composition should be 2.0 mol% and 8.9 mol% respectively to achieve the same An.

Figure 1: Refractive index profile with the 0 position being the center of the core with an image of the fiber inset.
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2. Spectroscopy

Attenuation was measured in the fiber using the standard cutback method and determined to be 0.25 dB/m, which is
comparable to other fibers developed using the molten core method. Figure 2 provides the attenuation spectrum from 900
— 1700 nm showing the main Er** peaks at 980 and 1530 nm with a magnified plot inset showing the region of lowest loss
between 1000 and 1500 nm. The fluorescence lifetime was measured by pulse pumping a short segment of the fiber at 977
nm and analyzing the end emission with an avalanche photodiode. The pump driver used for these measurements only had
a pulse duration of ~6.5 ms, therefore the measurement was carried out to 6.5 ms and then extrapolated to the 1/e point,
found to be approximately 9.40 ms. This value is somewhat shorter than those reported in literature, however since the
lifetime is impacted by the Er** concentration and the local environment about the ions in the glass, it becomes notoriously
difficult to directly compare glass samples. The combination of a comparable attenuation, and only a relatively shorter
lifetime, further supports the hypothesis of complete oxidation of the metal precursor during fiber fabrication.

Figure 2: Attenuation plot of the metal-derived EDF over the region of 900 — 1700 nm. Inset is a magnification of the
region of lowest loss between 1000 — 1500 nm.

3. EDFA performance

To test the performance of the novel EDF as an active gain medium, a traditional co-propagating EDFA system was
developed. It consisted of roughly 4 meters of the EDF, a 976 nm pump source, 23.6 mW of input signal at 1550 nm, an
isolator and a wavelength division multiplexer. To minimize feedback at the facet, the fiber was cleaved at 12°. Figure 3
provides the output power as a function of the input pump power. The fiber exhibited a slope efficiency of 38.2% in this
deeply saturated state. The relatively low slope efficiency (considering theoretical limit of 976 nm/1550 nm = 63%) is
believed to be a result of background losses at the pump and signal wavelengths and not the metal precursor. The slope
efficiency was modeled using an equation found in Ref 10. When setting the background losses to zero, the model suggests
a new slope efficiency of 58.5% along a fiber of the same length. Further improvements can be made to increase the
measured slope efficiency by reducing the impurity driven attenuation by incorporating higher purity precursor materials.
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