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ABSTRACT

Fused fiber components are the key building blatlkd enable reliable and efficient operation ofthjgpwer fiber
lasers. In this paper, we review fabrication teghes for the manufacture of such devices, includimafe-field
adaptors, fiber tapers, fused couplers, and fusetbimers. We present the basic equations goveitmitly the optical
performance and fabrication requirements for ttaeséces, and demonstrate how these apply to somenoa fiber
laser applications. We then describe and discusgponent fabrication techniques and available hardwa
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1. INTRODUCTION

Fiber lasers have been increasingly used for variodustrial applications, such as material praogssmarking,
cutting, and welding because of their high opttoabptical and overall wall-plug efficiency and elent output beam
quality [1,2]. CW fiber lasers with multi-kW powdevels from a single fiber have been demonstrafied],| and
compact, low cost pulsed fiber lasers with highkpgawer have been developed [4]. With the avaiilghilf fiber Bragg
gratings and fiber coupled pump diodes, a fully olbhic (i.e. all fiber) system architecture can aehieved with
appropriate fused components. A fully fused sysfeity exploits the inherent advantages of fiberelasystems,
including simplicity, compactness, robustness ahdlility. For a typical all-fiber fiber laser ggsn, there are a number
of fused components that must be considered, imgugump combiners, mode adaptors, output combiaeib
couplers, and end-caps. Even a basic splice cahdught of as a system component, as splices lier fasers are
typically between dissimilar fibers and thereforaynrequire some form of mode adaption. There amsesanique
challenges associated with fiber laser compondrgginning with the very high power levels that dainvolved.
Losses that would normally be considered very featisry for typical telecom applications, can lgadcatastrophic
component failure due to localized heating. In &ddj large mode area (LMA) fibers are commonly ¢oypd as a
means to reduce power densities and subsequeninean-effects. By design these fibers are veryklyeguiding and
often support higher order modes. They are thegzefery susceptible to bending or kinking, as wsllsanall angular
misalignments. Because LMA fibers can effectivety ultimode waveguides, it is not simply a matteensuring
extremely low loss but also beam (fundamental mode)ity.

Further component fabrication challenges arise ftbemwide variety of fiber types possible, incluglinon-circular,

double clad, PM, micro-structured (PCF) and ramthedoped [9-13]. Mechanical reliability of the &dsdevice is also
of a critical concern [6-8] due to potentially Hafield environments and inherent thermal cyclinghe power levels
involved. Signal feed-through pump combiners [14§l dhe potential for extreme high power output coviny add

further challenges. It is easy to see why propeaigieand fabrication of fused components is aaaiitchallenge for
fiber laser systems.

2. FUNDAMENTAL OPTICS FOR FUSED FIBER COMPONENTS

In the fabrication of fused devises for fiber lasevhether simply splicing together dissimilar fib@r trying to feed a
signal through a tapered pump combiner, it is ex#ély important to understand mode matching and mode
transformation. There are two basic methods foallpacchanging the waveguide properties of an opfiter: thermal
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core expansion and physical tapering, shown scheatlgtin Fig. 1. Thermal expansion involves hegtihe fiber at
very elevated temperatures such that the core doeayin to diffuse. The speed of diffusion is detant not only
upon the temperature at which the fiber is held,d&p upon the chemical makeup, or dopants withéncore (e.g. Ge,
Al, F, or rare-earth elements — Yb, Er, Tm, etE9r silica based fiber, significant diffusion caaké place at typical
splicing temperatures of around 2000°C, over timanes of several seconds to several minutes. Dagiffnsion
causes the core diameter to increase and the tiefracdex delta to decrease, resulting in an iaseein the mode field
diameter (MFD) of the signal. Because this is pueethermal process, the outside diameter of ther fitays nominally
the same. (Note: processing at very elevated teatyrers and/or extended times may cause some Oimitormity
due to surface tension effects).

By contrast, physical tapering does change the Obeofiber, and, by simple geometric scaling, tloee diameter of
the fiber is reduced. The basic process for tagatifiber is to heat it to an elevated temperatypgcally a minimum of
1400°C for silica fibers, and pull. At typical tapey temperatures and times, dopant diffusion isimal, so the
refractive index delta of the core does not chafdge change in MFD of the signal is therefore basaldly on the
reduction in core diameter.
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Fig. 1 Schematic of two types of mode modificatpyocesses

For both thermal core expansion and physical tagethe transition characteristics are very impdrfar minimizing
losses and maintaining beam quality. The mode itiangegion needs to be adiabatic and the modd &ethe output
needs to match that of the interconnecting fibefulhquantitative description of the optical fiepdopagation through
the transition region requires solving Maxwell'suatjons with associated boundary conditions basedhe actual
waveguide property of the fiber and the opticalrabteristics of the transition region. When ligtansmits in a weakly
guided fiber core, its field components in the fiaee governed by the Helmholtz equation [15]. Ftieraction between
different fields in the fiber transition region cea described by the coupled mode theory. The @wvalof the field is a
superposition of many Eigen modes [16,17]. Numdyicghe Helmholtz equation can be solved usingnitd beam
propagation method (BPM) with commercially avaiialsbftware, e.g. [18] based on the fiber propeny houndary
conditions. When a fiber is subjected to a heatttnent, the dopant in the core diffuses and tlidddo fiber waveguide
property change [19]. The dopant diffusion chandsties at the fiber joint can be analyzed by Ficldw [20] witha
prior knowledge of the dopant distribution in the filbeffore diffusion.

When two fibers are interconnected to each othefulsjon splicing, transmission loss typically oczuifo further
understand the transmission loss, it is converierdecompose the total loss at the joint into tveotgy mode field
mismatch loss and transition loss. As shown scheait in Fig. 1, transition losses occur when thede
transformation of light propagating through thensiéion region is too rapid, or, by definition, radiabatic. In addition,
mode field mismatch loss occurs at the interfadevéen two fibers because of the waveguide propdftgrence at the
vicinity of this interface. To a lesser degreeskxsdue to light scattering and reflection may alstur at the interface.
It is also important to note that the transmisdass is wavelength dependent [12]. To determindrdmgsition loss, it is
necessary to solve Helmholtz equation or the calplede equation numerically. The mode-field misindtss can be
estimated based on the overlap integral of thd fiehplitudes of the guided modes using the follgnequation,

2
Loss(dB) = - 10logy| / A(r.9)% &(r.g)drdg| » 1)
where/ ,(r,g)and/ (r,q) are the normalized field amplitudes of the guidemtles for two fibers A and B. For a step-

index fiber, the guided modes can be solved ex§21}to determine the mode-field mismatch loss.

The above discussion has been concerned with @gatiion of signal losses and beam quality. Anothajomarea of
concern for fiber laser components is the fabricatf pump combiners, which are used for scalirgtthal pump
power delivered to the gain fiber. Here multipleltimode (MM) fibers carrying pump power can be fdisegether and
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tapered down and spliced to an appropriate outbet.fTo ensure lossless transmission in the fatwimection, the
brightness of the beam needs to be conserved cohigersation of brightness for our discussion &t lgéven as follows:

TR™ NA, £ NA, )

where NA, and NA,_, are the numerical apertures of the input and outpatms respectively, and TR is the taper ratio,

defined as the effective diameter in, divided by dffective diameter out. By effective diameter ave referring to the
diameter of a round fiber that gives the equiva@oss sectional area of the actual fiber or bufidiie “glass” area).
The taper ratio, as so defined, also ties in tantkehanics of fabricating the physical taper thtobgsic conservation of
volume. For a typical taper process where the fibgulled out of the heat zone at velocityuy and fed into the heat
zone at velocity . The effective input and output diameters areteelas follow:

Dout =TR= Vout (3)

Y
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The shape of the taper (linear, sinusoidal, etn) therefore be defined by the rate of change eftiuare root of the
velocity ratio.

3. FABRICATION TECHNIQUES FOR FUSED FIBER COMPONENTS

In this section, we review some techniques foritathing high power fused fiber components with eufon mode field
adapting between dissimilar fibers and fused fdmnbiners.

3.1 Mode Field Adapting

For mode field adapting, the thermally expandedec@EC) and physical fiber tapering methods are tweful
techniques for modifying the modal property of lzefi. The choice of which method to use is typicdilgtated by the
application at hand. If the only consideration imal signal matching, then there may be multigég/s to achieve the
same result using different combinations of thermglansion or physical tapering. The choice of Whiechnique to
use in such a case may be more based on easerichf@mm or mechanical robustness. When it is @soessary to
match the OD’s of the fibers, say due to pump dogplequirements, then the choice of mode adaptiethod may be
limited. It is also important to remember that jositching the mode field diameters (MFD’s) does me&an zero loss.
The modal shapes must also match and the modétimansiust be adiabatic (lossless). Ultimatelyjgorous analysis
of the transition of the refractive index profill®ag the length of the fiber will determine the iopdl mode coupling.

As an example of how thermal core expansion cansee to change the mode field diameter of a fiwerconsider a
single mode (SM) 1060 fiber, which is a common aldiber for seeding a MOPA fiber laser configuoati This fiber
has a cut-off wavelength of 920nm and is robustigle mode at 1060nm with an MFD of 6.5um. For $rddfusions,
it is possible that simply the heat profile of thusion source along the length of the fiber is isight to provide an
adiabatic transition of the mode. For most fusioarses, such as arc discharge or filament fustomheat zone is on
the order of 100’s of microns. One technique fotreeding the heat zone and achieving better cotvel the TEC
process is to scan either the fiber or the heae zmack-and-forth

42
Tz

axially in a process termed fire polishing. One hstite polish —Fiber, MFD =65um
technique involves scanning the heat source badkearth in ever 1 TECH!, MFD = 115 pm
increasing distances, given by an incremental wigtadelta. If for — -TEC#L MPD= 175 um
instance 10 passes are performed with a delta @firhQ the total AR

scan distance would be £1mm. This scan profiledgi€lssentially a 3

triangular heat profile with the greatest thernmgdut at the center //I \\\

and decreasing thermal input at the edges. Theusilif is y

therefore gradually increased over this scan distan Joo \

Figure 2 shows the results of different fire polfiocesses on the : // 6 \\ ‘
above SMF 1060 fiber. The thermal heat treatmemaﬂm"ed to a 02 -015 -01 -005 0 0.05 0.1 0.15 0.2
continuous length of fiber that was then cleavethatcenter of the Numerical Aperture (NA)

diffusion region. The mode field diameter was thegasured using
a far field scanner. (Note that an increase in MikEhe Fig. 2 Mode-field expansion with the TEC method
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near field yields a reduced profile in the fardi¢IThe original MFD of 6.5um could be increased To5um with very
low loss and good beam quality. This is approximyadefactor of 3 increase in MFD, which is a typipaactical upper
limit for thermal core expansion.

As an application example of how the above theraxplansion method can be used to minimize the tressgn loss
between two dissimilar fibers, let's assume thevab®M 1060 fiber needed to be spliced to a tydmaje mode area
(LMA) fiber with a MFD of 12.4um at 1060nm. The tretical splice loss based on the MFD mismatch 7slB. To
optimize the optical transmission between theseftlwrs, we used a filament-based Vytran FFS-2Q@@bh splicing
system and actively monitored the transmission thsing the fiber diffusion process. The measuradgmission loss
change versus the thermal treatment time is shaviig. 3. The loss between these two fibers wasaedi to 0.02 dB
with approximately a three-minute thermal diffusio@atment. In this case the loss is very low ebugh both fibers
are experiencing thermal diffusion. For some appiins it may be beneficial to pre-diffuse the deraliFD fiber first
and then splice this to the large MFD fiber usirgiandard “quick” splice process.

For comparison, the simulated result of transmis$iss vs. diffusion time between the above twersbis shown in
Fig. 4. In the calculation, we assumed that théusiibn occurs only in the SM 1060 fiber. Both résuiave a good
agreement. In addition, we show in the simulatedltehat low transmission can also be achievedideh the SM 1060
fiber and a 20-um LMA fiber via diffusion.
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Fig. 3 Optical coupling optimization using the TEnethod Fig. 4 Simulation transmisdimss due to diffusion

While thermal diffusion does change the core siz@ @efractive index difference of a fiber, it dosst, to first order,
change the V-number of the fiber. This means thfhex which is single mode before diffusion withg single mode
after diffusion. This is not the case with physitsdering, where the refractive index delta (andckethe NA) stay the
same but the core size is reduced. Physical tapesin example of which is shown in Fig 6, is esgcimportant for
making combiners with a center feed-through filben
a fiber with a step index profile, the mode fieldbfile
of each guided mode can be computed analyticdlly.
5 shows how the mode field diameter (MFD) variesias g 22 177§
function of core size for different fixed values of 2 20 {--it|-4-%
refractive indexDn, or fixed NA. The MFD change has E 18
a saddle shape, where, starting at large core thase I 16 |
the MFD decreases with decreasing core size. For= 14 ]
given NA there is a certain core size at whichiteD ®©

; L . - . - o 12
is minimized, after which point any reduction inreo w
size actually causes an increase in MFD. This means 10

that for a given NA fiber, there are actually 2 rgei 8 -
where the MFD matches. For example, if a 400 um ¢ ; ‘ ‘ ‘ . . .
diameter LMA fiber with a 20pum, 0.06NA core is 0 4 8 12 16 20 24 28

tapered down to 125um (TR=3.2), the core size bdll
reduced to 6.25um but the MFD wil end up
approximately the same at 18um.

Core Diameter (um)

Fig. 5 MFD for fibers with different NAs and cor@cheter
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Although MFD provides a quantitative number to defthe fiber modal property, it is important toethat MFD is a
highly simplified parameter. Even though two fibéesse the same MFD value, it does not necessaglgmthat these
two fibers have a perfect mode field match. They imave distinct modal profiles and therefore stihibit significant

loss per the overlap integral given in Equation (1)

Fig. 6 Typical tapered fiber image

Similar to the thermal diffusion transition regiome need to properly control the physical tapeglierio ensure that the
tapering is adiabatic. A general rule of thumbhiatt in order not to excite higher order leaky mof2?], the slope of
the taper needs to be gradual enough to meetiteeaishown in Equation 4. This implies that ataer minimum taper
length is required to ensure what is effectivelgssless modal transition. While very long tapegkas may ensure low
loss, they can make device fabrication more chgifenand end up resulting in a package size thatuish longer than
necessary. So, proper tapering length optimizati®n
required. To estimate the required tapering lenfgth 1.05
different fibers, we used BeamProp software to udate

the transmission loss due to fiber tapering. In the{gg
simulation, the tapered fiber has a tapered secimh a //;,

straight section. We varied the length of the tager$ 0.95 Foed TR
section at a given tapering ratio (TR) in the chdtian, ' —a—Fibar #2, TR = 2
and the length of the straight section was 5 mnalin
cases. The results of the calculated transmisgmmtvo
cases (Fiber #1: 20um/0.06NA with TR of 3 and Fiti&r
10um/0.08NA with TR of 2) are shown in Fig. 7. This 0385
analysis indicates that the minimum tapering lengthds

to be on the order of 12 mm for these two cases. In, g,

0.90

Transmissiol

addition, we need to be careful not to generateronac 4 6 8 1'0 1‘2 14 16
micro bending loss in the tapering process in orer Taper Length (mm)
minimize the transmission loss and preserve godgdubu
beam quality. Fig. 7 Transmission loss vs. fibgraialengths
d_E<L(b1' bz) 4)
dz 2p

wherer is core radius of the tapered fiber, aﬁ?idand b2 are the propagation constants of the core fundaheride
and higher order mode respectively.

Microstructured fibers pose new challenges to toderfield adapting technique because of disconirafithe material
property in transverse direction and presence ohaies in some cases. Several methods have begosed for
optimizing mode field matching of microstructuraldeirs [23, 24] by properly controlling the fusiosnperature and
fusion. Another strategy is to match the mode-figldhe microstructured fiber using an intermedistéd fiber, e.g. a
GRIN fiber lens to achieve both low transmissiossland high mechanical splice strength [11].

3.2 Fabrication of Fused Fiber Combiners

There are a number of different types of fusedrfimmbiners that may be required in a fiber lagstesn. These can be
divided in two general classes: pump combinersutput combiners. For a typical fiber laser systdm,goal of a pump
combiner is to deliver multimode pump power to ¢fedding of a double-clad gain fiber. This can liker via a single
fiber delivery in what is termed a side pump coufaion, or with very high counts of multiple purfipers, in what is
typically an end-pumped configuration. For many leggpions, such as MOPA's, amplifiers, or countemping
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configurations, a center signal feed-through fiberst also be included in the end-pump design. hirast to a pump
combiner, the objective of an output combiner isctmbine multiple fiber laser outputs. These catheei be
incoherently combined, such as bundling multiplgpats on to a power delivery fiber, or coherentiynbined, through
appropriate interactive coupling of the individdaser arrays. In the coherent case, the term owpupler is more
appropriately used versus output combiner.

Except for the side-pumped case, the fabricatiothaukis similar for the other devises and involtles following steps:
bundle, taper, cleave, splice. One method thaphasen to be a fairly convenient way to bundle ipigtfibers is to use
a silica capillary tube. By selecting a silica f#itag tube” with an ID that matches the bundle déden of the coated
fibers, the starting tube then also becomes paitteofinal combiner “package”. Fig. 8 illustratiss concept for a 7:1
combiner. The selected starting tube is first tagefown such that it has a straight section wittDathat will match the
OD of the stripped fiber bundle. The fibers arentB&ipped, cleaned, and loaded into the startibg.tIf a feed-through
fiber is required, it must obviously be loaded ectly at the center of the bundle. The fibers i ¢fadding section are
then tapered down by a given taper ratio (TR) @prescribed taper length. A straight section lengften added to
allow for cleaving the fused bundle. This cleavexhdie end face is then splice to an appropriatputtber, perhaps
with some TEC mode adaption thrown in as requikadi-view images of 7:1 and 19:1 fused fiber comtsrdabricated
with a Vytran GPX 3400 glass processing systenshosvn in Fig. 9.

Fiber coating

Fig. 8 Schematic of a fused 7:1 fiber combiner

(9a) 7:1 combiner (9b) 19:1 combiner
Fig. 9 End-view images of two fused fibermdmners

For pump combiners, the brightness of the MM pumgeads to be conserved for lossless pump light riressson. If
there is no loss in the device there will be notinga This means that thermal management reallyesodown to NA
management. If a fiber or bundle is tapered douchghat the NA of the pump light increases beyth&l carrying
capacity of the fiber, then loss will occur. Itvery important then to characterize the NA disttidn of the incoming
pump power. It is this NA distribution of the pummt the NA of the fiber that will determine thetiopal combiner
design and the actual pump losses. The overalligagalminimize the taper ratio, however, and ahstis important to
reduce the area of “dark fiber”. By “dark fiber” vege referring to any cross sectional areas thatadacarry power,
such as the fiber cladding or capillary startingetuTo further reduce the brightness loss, it exdfore often quite
advantageous to use hydrofluoric (HF) acid to etehy any “unwanted” dark fiber.
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For pump combiners with a center feed-throughwtheeguide property of the center fiber changes issapered along
with the surrounding pump fibers. The signal filmay need to be specially designed or selected aotile modal
properties of the fiber before and after taperirgjah those of the input and output fibers respebtivPump combiners
with a PM fiber feed-through can be especially l#mjing as the stress applying members of a PM fibe typically

low index structures and may interfere with the ma@nsition within the taper.

For output couplers, the coupling characteristitshe input beams depend on the taper length, tegiér, and the
length of the straight (interaction) section. Irdiidn, the degree of fiber fusion can be conteblte alter the fiber
coupling characteristics. Fig. 10 shows how surferesion can be used to vary the degree of fusioa 7:1 output
coupler, from almost completely interstitial, to ngpletely round. This degree of fusion is also arpantant
consideration for pump combiners, as the more gs#lawithin the bundle, the lower the taper ratoguneed.

Recently, coherent beam combining has been of gnearest for both power and brightness scaling.[28hile most

coherent beam combining has been demonstrateceénsipace, it is also possible to achieve this lifikar via an

appropriately designed output coupler. Fig. 11 cispihe simulated results with a 7:1 coupler wheves input lasers
are combined incoherently and coherently. Whenldkers are combined incoherently, the total oummwer scales
with the number of lasers combined without brigkghx@nprovement. However, if the lasers are combuowtkerently,

both output power and brightness are up-scaledoptiopally to the number of lasers combined.

Fig. 10 End-view images of fiber couplers with difint degrees of fusion
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(11a) incoherent launch (11h)aent launch
Fig. 11 Simulated results of with seven lasers ¢hed incoherently and coherently

Cleaving is one of the most critical process steggpiired for splicing not only fused fiber bundlémt also even
standard LMA fibers. This is because as the moeld filiameter of the fiber becomes larger, the seitgito angular
misalignment dramatically increases. For examplenea half degree angular misalignment on a standedom fiber
with a 6pm MFD results in a loss of 0.06dB. Thisgaangular misalignment on a 20um MFD LMA fiberulesin a
loss of 0.69dB. This implies that cleave anglemath less than 0.5 degrees are required.

Two common methods of fiber cleaving are: tensiod-acribe and scribe-and-bend. While cleaving is&imemely
quick and convenient method of end face preparati@thanical polishing or even perhaps laser shagonld also be
considered. The tension-and-scribe method of ahgpid the most applicable to large diameter fiteard bundles, and
also allows for the option of performing angledasies through the additional of a torsional compomentop of the
standard tension. The reason torsion induces de @gecause the crack propagates perpendicutaetapplied stress
field. This means that in order to achieve an emély flat, perpendicular cleave, the stress figidlied to the fiber must
be perfectly in line with the fiber axis. Even witkrfect mechanical alignment, internal residuasstes within the fiber
itself may make ultra-low cleave angles difficult achieve. One variation of the standard tensiahsmmibe cleave
method that seems to help when cleaving bundlespeadalty fibers, is what is termed a sub-critdakhve process. In
this process the initial applied tension is held &vel below which a crack can immediately pratagA scribe is then
carefully applied, generally with the aid of a bstop to support the fiber. Tension is then slowlgréased, perhaps
over several minutes, until the cleave completdss Thethod is especially useful when cleaving inbgemeous
materials, such as lightly fused fiber bundles éraistructured fibers. Examples of cleaved fusedrfsurface using
this technique are shown in Fig. 9 and 10.

4. HARDWARE FOR FUSED FIBER COMPONENTS
4.1 Fusion Heat Sources

The processing temperature for silica based fibenges from a minimum of 1200C for tapering appiaes, to over
2100C for true fusion applications where the vigtyoaf the fiber must be reduced sufficiently tdoa surface tension
to flow the glass together. There are a very lichitember of heat source options based on thesehigintemperatures
required. In addition, the heat zone needs to beigly controllable, not only in level and stalilibut also in size and
location. The most common heat source for fusiditisg applications is based on an arc dischargéhatk where a
high voltage is applied across two electrodes sapdrby an air gap. A current flows across the gagh heats the
surrounding air which, primarily through conductiomeats the fiber. While the arc discharge method ivery
convenient heat source for field splicing applicas, it can be difficult to control precisely dug ¢énvironmental
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variations such as temperature, humidity and bamienpressure. There are also limitations on howgdaa fiber or
bundle can be accomodated, since the fiber is tafédg an insulator placed between the electrotecently a three
electrode arc discharge method has been develapdd, tto overcome this size limitation and to pawvibetter
uniformity of the heat zone [28].

The other commonly used commercial heat sourcespicing fibers is termed filament fusion, and iasked on a
resistively heated element. At the temperaturesired there are very few options for refractory atetand historically
tungsten has been used as it has the highest gv@ltimt at
3410C. In order to achieve a uniform heat zoneratdhe fiber
and yet still allow for the spliced fiber to be rewed, a ribbon
shaped into an inverted Omega is typically useg, E2. While
tungsten does have a very high melting point, &sdoxidize,
and therefore an inert purging gas (typically ajgonust
suround the filament. As with the arc fusion methibeé fiber is
predominately heated by conduction from the surding
environment. Because of the need for a purging filasment
fusion is typically not used in field splicing apations. It does
however, offer significant advantages in contral annsistency
over arc dischage, and can be more readily scaekrger
diameter fibers and bundles. In fact, a resistieating element
is what is typically used in fiber draw towers abficate fiber
in the first place.
Fig. 12 Schematic ¥f shaped filament for fiber fusion

In addition to arc and filament, two other classEfeat sources are also potential choices foofusplicing and glass
processing: flame and laser. While not used on ceroial fusion splicing equipment, the flame metli®dommonly
used in the fabrication of telecom couplers. Hetleee a direct flame, such as propane or oxy-hyelnogan be used, or,
in order to tailor the heat zone and minimize pddnces due to the gas flow, a flame can be uskdaba “crucible”
that surround the fiber. Flame fusion, while peghapbit more challanging to work with, can providery good
flexibility and long term stability. The final heaburce option is that of a laser. Because silaset fibers are of such
high purity and transparance in the visible and igfeared, the best choice for laser fusion appéate CO2, which at
a wavelength around 10 microns is well absorbediliga. Since the fundamental heating method ddrldission is by
radiation, the thermal dynamics are very uniqueam@d to arc, filament or flame. This presents sohalenges to the
sucessful implimentation of laser fusion.

One of the major considerations in the choice @iting method for fiber laser components is the fhaat the outside
surface of the fiber or component may “see” somé&eexely high power levels. Even very minute levels

contamination left on the surface of the glass metyas local absorbers that can create very ldmgrengl loads. For
example, deposits either from the electrodes oransplicer, or from the heating element of a fismsplicer, can
cause local hot spots on the surface of the fid#hile the loss induced by such deposits may be stmomeasurable,
the local thermal loads can be extreme.

4.2 Glass Processing

There are many varied requirements for a glassegsieg system for the fabrication fused fiber congmts. As

discussed above, the heat source must be extremedligontrolled, uniform and “clean”. The heat sceimust also be
able to be tailored in size for the applicatiorhahd. For example, a very wide heat source mayléal ifor certain
tapering applications, but would be almost impdssib use for some a splicing application. Recerlfilament fusion
method based on a graphite element has been dedelomddress some of these demands. The graphgevery clean
over a wide range of operating conditions and feentdemonstrated to have minimal heating effedherprocessed
fiber. In addition, because the graphite is madhiaed not formed, it can be fabricated in a widaetg of shapes,
including almost completely circular as shown ig.FL3. While this closed loop design is not praadtior splicing

together long lengths of fiber, it does provideyveniform heating around the diameter of a fibebondle, and is very
useful in component fabrication where the deviaetyaically be slid out through the graphite loop.
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Because of the wide range of techniques that mad t@ be implemented on a glass processing sydtexibility is
probably the single biggest key. High resolutioarecimaging optics and precision alignment stagescaitical for
splicing applications. For non-circular fibers dnthdles, the ability to view and orientate (rotate) fiber based on its
end-view is also of great benefit for accurate doraging or PM alignment. It is also very benefic@have some form
of adjustable registration between the glass peicgssystem and the cleaving system. This greathpldies the
fabrication of end-caps for example, where a filsecleaved, the end-cap material is spliced on, thad the fiber is
returned back to the cleaver for a prescribed eaxa@ (end-cap) length. An example of a commerdassgprocessing
system is shown in Fig. 14. Based on the tapes fatmula, Equation 3, a very convenient compuieet interface can
be established where it is a simple matter of dedirthe physical taper characteristics, Fig 15. Theect process
conditions can then be dialed in by monitoring teasion in the fiber during the tapering proceskisTtension
monitoring is especially beneficial for bundle apations where the degree of collapse needs t@mbtytcontrolled.

Fig. 13 Circular graphite filament

Filament
furnace

Fiber draw
stage

Fig. 14 Glass processing system for fabricatirsgd fiber

Fig. 15 Computer taper interface
components

5. CONCLUSIONS

Fused fiber components are essential for realitiegfull potential of fiber laser systems. Low ldsansmission of the
light through these components is essential forufaturing high performance and reliable fiber fas# is essential to
ensure that any modal transitions (both thermdlisibn and physical taper) are adiabatic and thadahproperties are
matched between dissimilar fibers. Optical desifjthe fused components and optimization of thediugirocess are
critical to achieving optimal performance. In adufit glass processing hardware needs to have isignifflexibility to
address the manufacturing challenges associatbdhtfabrication of fused fiber laser components.
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