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ABSTRACT

We review fundamental waveguide optics at a fib@intj between dissimilar specialty fibers and it$fudiion
characteristics when the joint experiences thetmgatment. We then describe optical coupling tegpies including
thermal diffusion and fiber tapering in order tdiwe minimum transmission loss through the filwéntj We discuss
the optical coupling property change due to diffasand the effect of fiber taper ratio and tapagthe with application
examples.
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1. INTRODUCTION

Optical fibers are widely used in fiber lasers atelices for metal cutting, welding, material preieg, remote

sensing, and optical telecommunications. Efficiantl high quality optical coupling between differdibers in these

devices ensures the performance and long ternbilélaof fiber lasers and fiber systems. Emergspmecialty fibers,

such as large mode area fibers and microstrucfilyets, pose a new challenge to optical couplimdptéques between
fibers because of their distinct fiber propertisew coupling techniques need to be developed ambr@ in-depth

understanding of optical characteristics at thécepgbints is required [1], [2], [3], [4]. Fusiorpkcing [5], a method

which heats fiber tips to a sufficient high tempera (approx. 2000°C for silica fibers) for fibétsbe bonded together,
has been widely used to interconnect optical filvéth low loss optical transmission between distmiibers. When

two fibers are fusion-spliced together, a longitadly varying transition region at the splice joist created. The
transition of the optical waveguide property at fpdice joint leads to optical field change whea tight propagates
through the splice. As a result, optical transmissioss occurs at the joint. Optimal coupling o$sitnilar fibers

therefore depends on the proper optimization otlieemal treatment around the joint.

In this paper, we first discuss fundamental thenthat govern the optical transmission and themlifflision at the
fiber joint between two dissimilar fibers when thaye subjected to a thermal treatment. We theneptesome
advanced techniques, including the thermally expencbre and the tapered fiber method, to achietienapfiber
coupling. We will provide both analytical and expegntal results.

2. FUNDAMENTAL WAVEGUIDE AND DIFFUSION OPTICS

When the tips of two fibers are treated with higmperature during fusion-splicing, the dopants. (@} F, Al) in the

fiber core of the treated fibers diffuse. As a teghe mode fields of two fibers are changed aatidition tapers are
created. A schematic of the fiber transition zamshown in Fig. 1. Transmission loss occurs at lwehtaper region
and the splice interface. Ideally, the taper needse adiabatic and the mode-fields of both filarthe splice interface
need to be perfectly matched.
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Fig. 1 Schematic of a splice joint formed by fusgpiicing of two dissimilar fibers

A full quantitative description of the field propapn from one fiber to the other through the spliansition region
requires solving the Maxwell’s equations with asated boundary conditions based on the actual wasegroperties
of two dissimilar fibers and the optical charaatcs of splice transition. For the light transemittin a weakly guided
fiber core, the electrical field components in fiteer are governed by the Helmholtz equation [6hick can be
expressed as following assuming that the fibeylisdrically symmetric.
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whereg is the electric fieldn is the fiber refractive indeX is the wavenumber,is the radial coordinate, arzds the
longitudinal coordinate.

The interaction between different fields in theefiliransition taper can de described by the coupiede theory. The
evolution of the field is a superposition of manigé&h modes [7], [8]. Numerically, the Helmholtz etjon and the
coupled mode equation can be solved using theefisdiam propagation method (BPM) with commercialigilable
softwares, e.g. [9] based on the fiber propertytamehdary conditions.

When a fiber is subjected to a heat treatmentdtpant in the core diffuses and this leads to fiseveguide property
change [10]. The dopant diffusion can be analyifo@éscribed by Fick’s law [11], which is shownHig. (2) by again
assuming cylindrical symmetry of the fiber.
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whereC is the local dopant concentratianis the radiust is the time, an® is the dopant diffusion coefficient, which
can be described by the following Arrhenius equafar the silica glass.
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whereDy is a diffusion constank is the activation energR is the ideal gas constant, afds the temperature. Eq. (2)
needs to be solved numerically based on the imdtglant distribution. The diffusion equations canused to analyze
the dopant diffusion characteristics at the filméntj and the transmission property of electricdgecross the joint. This
analytical approach can be used to optimize the difusion witha prior knowledge of the dopants.

To further understand the transmission loss, @oisvenient to decompose the total loss at the joiottwo parts, (1)
the mode-field (MF) mismatch loss and (2) the titaons taper loss. As shown schematically in FigtHe taper loss



occurs in the transition taper zone when the lgbpagates through the tapered area. Generallly,fibgtrs experience
the transition loss if the taper is not adiababe. the other hand, the mode-field mismatch lossiccat the interface
between two fibers because of the waveguide prpghifierence at the vicinity of this interface. Bolesser degree,
losses due to light scattering and reflection o@tihe splice joint. It is also important to nthat the transmission loss
is wavelength dependent [12].

To determine the tapering loss, it is necessasgotee Eq. (1) and the coupled mode equation nuiéricThe mode-
field mismatch loss can be estimated based onwbdap integral of the field amplitudes of the gzddmodes using the
following equation,

Loss (dB) = —10|og10[jj¢A(r,e) B, (r,0)drdd)|” . )

where ¢, (r,68)and ¢, (r,6) are the normalized field amplitudes of the guideades for two fibers A and B. For a
step-index fiber, the guided modes can be solvedtbx[12], [13] to determine the mode-field misttatoss.

3. OPTICAL COUPLING OPTIMIZATION TECHNIQUES

For optimal coupling between dissimilar fibers, thensition taper needs to be ideally adiabatic thiedmode-field of
two fibers at the fiber interface needs to be nedcperfectly. To achieve this goal, we describe teahniques, the
thermally expanded core (TEC) method and the tapiser method.

The TEC method utilizes the thermal diffusion of thopant in the fiber core to change the local \gaide property
(index profile) of the fiber. The fiber core is gaally doped with germanium (Ge) and/or aluminunf) ¢a raise the
refractive index and sometimes with fluorine (F) reduce the index. When the fiber core is treate@ digh

temperature, the dopant in the core becomes mabdes diffused into neighboring glass. The diffuscharacteristics,
which depend on the dopant, its distribution, amel fiber waveguide property, can be described kyRitk's law

shown in Eq. (2). When the fiber core is doped v@h or Al, the diffusion increases the fiber mouddf diameter
(MFD). Therefore, it is possible to minimize tharsmission loss at the splice interface by properatching the
mode-field property. In addition, it is desirabtehave a sufficient diffusion taper length to miisenthe tapering loss.
One technique to create a long dopant diffusiorrtégngth is to scan a splicer head back and #wtbss the fiber. As
most heat is applied to the center of the fibeattreent area, the mode-field changes the most &ptiint. The taper
length can be controlled by the scan length ofsiiiecer head. A scan length of 1 mm is usuallyisigfit to create a
lossless adiabatic taper for a typical fiber. Thanes the transmission loss between two distindifferent fibers can be
significantly reduced using this method.

To demonstrate this technique, we thermally diffas€060 single-mode fiber with a 920-nm cutoff wength. We
scanned the splicer head back and forth acroskate
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Fig. 2 Far-field measurement results g TEC method



As an application example, we used the TEC metboohihimize the transmission between a SM 1060 fireat a
LMA fiber. The MFDs of the 1060 and LMA fibers arespectively 6.5 um and 12.4 um at 1060 nm. Thisslates a
theoretical mode-field mismatch loss of 0.73 dBhwitt mode-field expansion. To optimize the opticalipling
between these two fibers, we used a filament-bfised splicing system, which can precisely conttw fiber position
and the splicer head. Compared to the electrodedbsglicing, the filament-based splicing has a witeat treatment
zone, which leads to a longer tapering zone witkelotransmission. In the TEC process, we firstcgptiwo fibers
together with a precise core alignment. We themnthdy expand the fiber core by scanning the splivead. We
actively monitored the transmission during thisqae®s. The transmission loss changes versus thedtina¢ion of the
thermal treatment are shown in Fig. 3. The losa/éen these two fibers is reduced from the origin@ldB to 0.03 dB
with about three-minute thermal diffusion. The samission loss increases slightly with additiondfudiion treatment.
Two microscopic images of the fiber joint beforedaafter the diffusion are shown in Fig. 4. The wguide
discontinuity is clearly seen in the pre-diffusionage, but not in the post-diffusion image. Theneated mode-field
distributions before and after diffusion at thenjaare shown in Fig. 4.
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Fig. 3 Optical coupling optimization using the TE®@thod
(between a SM 1060 fiber -- MFD of 6.5um and a LHil#er -- MFD of 12.4um)
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Fig. 4 Microscopic images and mode-field profileshe fiber joint before and after diffusion



Instead of changing the dopant distribution orréfeactive index profile of the fiber, we can phoaly taper a fiber to
change the size of the fiber core or the fiber Yhhar, and thus the fiber modal property. An exanople tapered fiber
image and the input and output mode-fields are shiowFig. 5. For a fiber with a step index profitag fiber's LR,
fundamental mode-field profile can be computed ®ielly by solving the Helmholtz equation (1). Wi& fixed index
An, the mode-field varies with the fiber core siZbe calculated MFDs for a fiber with different numgal apertures
and core diameters are shown in Fig. 6. As we eartfse MFD change has a saddle shape. For a gi&eths MFD
decreases as the core size increases, reachesmuminand then increases again. Thus, it is passibimatch the
mode-field of two fibers via fiber tapering. WhildFD provides a quantitative number to define theefimodal size,
we have to be cautious that MFD is a highly sinidifparameter. If two fibers have the same MFD &aiudoes not
necessarily mean that these two fibers have agiemiede-field match. The overlap integral, equatié)y of mode-
field profiles between two fibers provides a betteticator for the mode-field matching. An exampfecalculated loss
between LMA fiber #1 — 0.06 NA and 20 um core ditan@nd LMA fiber #2 — 0.08 NA and varied core dé&ten is
shown in Fig. 7.
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Fig. 5 A tapered fiber image and the mode-fieldngfegadue to the tapering
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To achieve optimal coupling using the tapered finethod, we also need to properly control the tégregth. A short
taper length could lead to a transmission losstdygeneration of leaky modes. A long taper length €liminate the
tapering loss with added fiber processing congguirement and complexity. So the tapering lengéuds to be
optimized. We use the BPM method to estimate #uestmission loss due to the fiber tapering. We wsedifferent
fibers as an example. Fiber #1 has a 20-um comaléx and a 0.06 NA, and fiber #2 has a 10-um diamaeter and a
0.08 NA. The tapering ratios (TR) of two fibers &6 and 2.0, respectively. The tapered fiber hapared section and
a straight section. We vary the taper length incleulation, and the length of the straight sectioassumed to be 5
mm. The results of the calculated transmission flosthese two fibers shown in Fig. 8 indicate ttheg minimum taper
length without incurring tapering loss is aroundmi®. With a short taper length of 4 mm, the trarssion loss is
about 10%. This result helps set up a guidelinel&ermining the fiber taper length when we useapered fiber
method for optical coupling between dissimilar fibe
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Fig. 8 Transmission loss for different fiber tapengths
(fiber #1 — 0.06NA/20pm and fiber #2 — 0.08NA/10pm)

4. CONCLUSIONS

We described fundamental waveguide optics and sidfuat the fiber joint of dissimilar fibers. Whéhe fiber joint is

subjected to thermal treatment and the geometrggds theoretical prediction of the resulting waxdg property of

the joint requires solving the beam propagatioratiqus and dopant diffusion equations. InformedHhapry, empirical

approaches can be used to optimize dissimilar fipdices. The theoretical and experimental requksented show
that thermally diffusing the fiber core and phyflicgapering the core are two useful techniquesaithieving optimal

optical coupling between dissimilar specialty fébeindependent or concurrent use of these techsiguevides a
powerful tool for reducing the transmission lossa@en dissimilar fibers.
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