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(57) Abstract: A method and apparatus for fusing a pair of optical fibers (18, 19) together using an intense beam of electromagnetic
radiation (26) directed against the aligned ends of the optical fibers (18, 19). The intense beam (26) is of a power sufficient to fuse the

g fibers together, and is applied for a time sufficient to effect j joining of the fibers (18, 19). Preferably, the beam (26) is of a sufficiently
high intensity to create a plasma which increases the amount of optimal power absorbed by the fiber ends (18, 19).
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Background
There has been heavy growth in the area of optoelectronics
and particularly in the utilization of optical fibers as the
preferred medium for carrying heavy communication loads over long
15 distances ahd safely past strong sources of electronic
interference. Such optical fibers have low-loss capabilities,
the bptical transmission path providing electrical input and
output isolation in a light weight and low cost cable, while
avoiding susceptibility to electromagnetic induction effects.
oy 20 An optical fiber comprises a first transparent dielectric
cyiinder surrounded by a second transparent dielectric cylinder,
light transported by a series of reflections from wall to wall
off an interface between the inner cylinder (the core) and the
outer cylinder (the cladding). The reflections are made possible
25 by a high refractive index of the core material and a lower

refractive index of the cladding material, such that light is
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sufficiently high intensity to create a plasna Ich increases

of opti r . he fiber.ends (18,19). 2 9.MAR 2004 WO

01/ 3234%17%651 %%%389&$%Aﬁbviﬁ$%&(¥aﬁef}%ﬁﬁ BRRFE NG 2 toPTI CAL
FIBERS 5 Techpjcal Field This invention relates to the splicing together of
ends of ‘f)a °b¢ 8BYi adS9 i ber stndiusgdars transisdenp agmsfmblexsewhich

radi ation. 10 Background There has been heavy growmh in the area of

opt oel ectFwHicadapnd famtheyl Rroye¢t thieeoptidalz £iiben. of Mdptiipdal oftideans as
the preferred nmediumfor carrying heavy communi cation | oads over long 15
di stancesfidred sabdkey pastakis omgedources of electronic interference. Such
optical fibers have |owloss capabilities, the optical transm ssion path

providing el edtrbivagiohNpuktand wiHP Ufordt SPSALIHYN dgt @d1l Fnaiel dith cand | ow
cost cable, while avoiding susceptibility to €l ectromagnetic induction
effects. dQeimedPldscabibleh LOPVEALEy | Lhstofd AP SY il §5LEEC
links as well as in local area networks (LAN) to form a permanent
joint between fibers in the field. However, coupling optical
10 fibers can result in various losses such as through misalignment
of the fiber ends, gap losses, etc.

Proper joining, preferably by splicing of the ends, is
imperative to achieving high performance from an optical fiber
link. Such fiber splicing is currently performed by arc-fusion

15 or mechanical splicing techniques. In arc-fusion splicing, an.
electrié érc is employed to provide localized heating at the
interface between two butted, pre-aligned fiber ends causing them
to soften and fuse. 1In mechanical splicing, fibers are held in
alignment by some mechanical means (such as special tubes,

20 grooves, etc.) and optical epoxies are injected at the fiber
joint to splice the fibers. However, current splicing methods

often restrict the quality of the joint and thus can degrade the

transmitted signal. For example, the use of arcing electrodes



" cylinder surrounded by a second transparent dielectric cylinder, [|ight

transported by a series of reflections from wall to wall off an @nﬁﬁfﬁ@fe
between the inner cylinder (the core) and the outer cylinder (thg N
cl addi ngy¥O%A&4Bef | ecti ons are made possible 25 by a highieisiaet i ve i ndex
of the core material and a |lower refractive index of the cladding

mat eri al , at Jight is -1 MAR .2004 WO 01/ 32348 PCT/ 1 BOQ 01730
transpor€g§“$%8%?ag?+%%€u§%398e°€dgﬁaPF@HF'dé?E%PSF: iR delmec FRawieads ar e
typically covered by .a protective plastic jacket and there may al so be

i ncl uded %ﬁlg’ﬁﬁﬁﬂbﬁiﬁﬁl bR r &R TLHVe -surround and further protect the
optical fiber. Multiple optical 5 fiber cables are al so used. Provision
must be rmade PHCHoiGH Agsepsi sue éibensDatilyeusediogat hahyasppDi dd S GHse
frequently enployed in long haul fiber 1links as well as in |ocal area

net wor ks SUcANjpst oveflokimga peldaneny, hatkindelseen £hberSpbfedditnf i@l d.
However, coupling optical 10 fibers can result in various |osses such as

thr igh riakciggnepticaf iR L BRE BBESpedARIAS588 ot i €700 Itgip{“i ng,
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preferably by splicing of the ends, is Inperative to achievin

performapge tHOPKLAN i cale fiber, . link. . Such fiber splicing is currently
per formed by arc-?u%f%ﬁ#éﬁ?tgilﬁeéﬁgﬁf%%Tlﬁﬂﬁ%ﬂﬁ REPFBBEh?EﬁmgﬁrQW?tﬁFé-fusion
splicing,f an , electric arc is qukgred to provide |localized heating at the
interfaceBerWESH CROIGULE R RREGHY divc@vernef preRlensisiiy mroresso

soften and fuse. In nechanical splicing, fibers are held in
implementation due to small fiber size (diameter of about 100

microns), complicated further because the fiber is itself
10 transparent to light and absorption of laser light into the fiber
is very small. As such, melting of the fiber ends may not occur
easily and if some melting does occur, it is difficult to assure
uniformity. Consequently, successful cqmmercial laser splicing
of optical fibers has not been achieved.
15
Summary of the Invention
It is an object of the present invention to provide a method
for fusing optical fiber ends rapidly and with low distortion.
It is 'a further object to provide a method for fusing
20 optical fiber ends with a precise heat source to minimize
defects.
It is another object to provide a method for fusing optical

fiber ends that is rapid, easy to use and adaptable for use in



al i gnnment by sonme nmechani cal nmeans (such as special tubes, 20 grooves,
“etc.) and optical epoxies are injected at the fiber joint to splice th
fibers.. However, current spli-cing methods often restrict the qudﬂiﬂ@zg¥é
t he j oi nPYOM@2¥hus can degrade the transmitted signal .pdrapesidep! e, the
use of arcing electrodes -2 2 9 MAR 2004 WO 01/ 32348 PCT/ 1 B00/ 01730 may

cause co 1.natd. of the.joint. Further, the tine required to obtain a
j oi nt isnéﬁg%géﬁéggdAé?ﬁ%ﬁﬁ%nTé%%ﬁQ; Yo PEYEENSPYBITPHISEH i n nany

applications _such as welding, soldering, marking, etc., their potential

for 5 splicin§ optYeal2iOthersoniechde peevidx @ siebd. usHile apppartiisy due
to the difficulty in determning the appropriate paraneters for |aser

spl i ci ng B fysing yopleicals € iblerpeodkensing td Jprsecess thaphesenddiicen due to
smal | fiber size (dianeter of about 100 mcrons), conplicated further

because the fiIlbetsisnotiset fobli@ctr @BSpaseide tL rldc®dl and §?§9§£EJéJQ09f | aser
light into the fiber is very small. As such, nelting of e fiber ends may
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uniformty. Consequently, sucCcess commerci al” Taser splircing of “opti cal

fibers has no ,.eved. U ry, of. the Lnvention It is an object
of the presen?h?%§2é§§i§$ %% SpégFgg ] n%??uﬁ?qu§F°Pu§Fﬁgafﬁﬁ?Yﬁﬂ i Ber ends

rapidly an% W, t Iqw distogﬁion. It is a further object to provide a
met hod f SEPAE gr tusing the ends of a pair of optical fibers together

comprising:
providing two optical fiber ends, placing the two optical
10 fiber ends in coaxial alignment, ‘such that the ends are in
contact and applying an intense beam of electromagnetic radiation
to the contacted ends in an amount sufficient to effect melting
and fusing of the fiber ends.
In one embodiment of the invention, the beam of
15 electromagnetic radiation is a laser beam that is‘of sufficient
intensity so as to create a plasma effect during fusing.
According to conventional thinking, light dissipation at the
point of irradiation should result in erratic performance,
distortion and/or higher attenuation. It has been discovered
20 ﬁhat a laser operating at specified parameters can achieve a
plasma effect which results in high energy absorption, resulting
in an excellent fiber joint, with low power consumption.

The apparatus of the invention comprises means for coaxially



- 20 optical fiber ends wth a precise heat source to mnimze defects. It
is another object to provide a nethod for fusing optical fiber ends that
is rapi d)’v i@%“to use and adaptable for use in -3 2 9 MAR 2004 WO DI/MAR 2008
PCT/ | BOOS $emote field |ocations with | ow power c@GIOBEUOITN. It is yet
anot her object to provide a field usable apparatus for fusing optical

fi ber endg ;WS . e source. _lt is another object to
provi de ?&%ﬁo% gﬁéag p%?%t bfggfagr&gd?hemeraéjﬁi 8°’ép%§&eq‘33§f“ﬁga8f l‘E‘t-heé’séinds of
a pair of eoa%tioctal %i bter s. These and other objects of the invention are
achi eved By s “hef hoaCFRPegNRsifg 1ae adi@s Gmda gains ForoRRRIAMANG ides
together , conprising: providing two optical fiber ends, placing the two
optical frefeFePediu®li glesaxrprgngtighmadiatéoohtohbbe t abigmes fitexi n
contact and applying an intense beam of el ectronmagnetic radiation to the
cont act ensisdgom aak imepsuf fsaiénci ente el ffeetingebti tige afthdtisddsg .of t he
fi ber ends. In one enbodi nent of the invention, the beam of 15

el eci r onagnet Peefathbliyon tise a dp?&%tb@a”fﬁf@ieﬂ S jlc18HbE! Chédls iFakensity
SO0 as to create a plasma effect during fusing. According to conventi onal

i nkingoblseaing! $3EPEKAR BhalNeneRL Nto Ol (LLLAM Ao Shatlddesyl t in
. performance, distortion and/or higher a nuation. it s ‘been
d'scover%gsure optimum performance, and control means for controlling the
fusion process.
Most preferably, a computer controlled laser system using
10 laser diodes, a micro positioning system and a CCD camera are
;used to obtain high quality remote field location optical fiber
splices, thg system optimally being battery powered.
In another embodiment of the invention, the apparatus
includes means for applying a curable joining compound to the
15 fiber ends and access means for applying the beam of

electromagnetic radiation to the fiber ends and joining compound

to advance the curing process.

Brief Description of the Drawings

20 Fig. 1 is a block diagram showing a laser based splicing
system according to the present invention.
Fig. 2 is an illustration showing the fusion process of the

invention.



20 that a | aser operating at specified paraneters can achieve a plasm
effect which results in high energy absorption, resulting in an zfﬁéﬂﬁm
fiber joint, with | ow power consunption. The apparatus of the invent -
conpri s¥OHBAHE for coaxially -4 WD 01/32348 2 9 MAR 2a8BodAT 01600/ 01730
aligning two optical fiber ends, nmeans for generating an intense beam of
el ectromagnetic radiation and neans for applying the intense beam of

el ect ronagnet§ 2 r adli a6i 6n AGPPhEPQMi AP BPakimendeover himitefaeufd i ci ent
to effect fusing of the fiber ends. 5 Preferably, the apparatus further

i ncl udescoRipiruIwt wales §10yi hasatherdrisuer ténds, neans for testing the fused
ends to assure optinmum performance, and control neans for controlling the

fusi on processig Mistigpreeigaphl ¥hori eHE aff feitt bel L188nd as g5uiskst es) usi ng
- 10 | aser diodes, a mcro positioning systemand a CCD canera are used to

oo h ¥ . ! ) . \ o
obtain l%ﬂ%@ﬂ&sﬁtrﬁ%ﬁ'ﬁéetﬁé%ébér%%UeOPfOQBéC xirﬁﬁg{%@&t h‘fﬁfct#]rge

systemoptinmally being battery powered. In another e ment o

inventio | atus includes neans for applying a curable joining
corr;g)ound&tt%égt]ﬁreé%ef'i ber ends and access neans for applying the beam of

el ectromagnetic radiation to the fiber ends_ and joining conpound to
advance the I ng prict &SN SPOBLRY FRe i tREHH TS CBRGWPAGRN 22PNy, 1 i s
a bl ock diagram showing a | aser based splicing systemaccording to the
present Pasechiicdnt Hiustratdngnthe |effiecst pEnmationimgover varsusnepracess of
t he
: curing time.

Fig. 6 is a graph showing the variation of attenuation as
10 a function of laser power and exposure time.

Fig. 7 is a photograph of a laser spliced fiber joint.

Fig. 8 is a view of a fiber alignment tool.

Detailed Description of the Invention

15 Referring to Fig. 1, a block diagram illustrates a field
usable splicing station 1 according to the present'invention.
Prior to explaining the inventive system, it should be understood
that the fiber ends need to be prepared for joining using the
well known techniques for removing the protective covering,

20 cutting, pblishing, etc, and 5ecause these steps are known, they
are not repeated in this application. The splicing station 1
has several subsystems. These include an imaging subsystem 2,

which has a camera 3, preferably a CCD camera, and a camera



“invention. -5 2 9 MAR 2004 WD 01/32348 PCT/1BOO 01730 Fig. 3 is a graph
showi ng the maxi num power limt for a continuous wave CJ err] |aser versus
time. Fig, 4 is a graph showing the effect of using a pul sed CJ et? MAR{Wber
iIIustragWHBBFﬂé dependence of the maxi mum power |imt m@Bd@@@osuUre tine.
Fig. 5is a graph show ng the |aser splicing of an epoxy based joint

illustratd ffect. Xi_mu ower versus epoxy curing tine. Fig. 6
is a graﬁ%ﬂgﬁ%agﬁg %h@ﬁﬁégi%?%%gﬁso St FaNTET ibn dLC TaMEr? uhetyssd 6P | aser

power and.eﬁpo%gre tbne. Fig. 7 is a photograph of a laser spliced fiber
joint. FIG" ehe LiBFEweBASadprhes dheg T tajgigneetaidndd dpdsicringt i on of
the Invention 15 Referring to Fig. 1, a block diagramillustrates a field
usabl e sH4GeS§ -station 1 according to the present invention. Prior to
expl aining the inventive system it should be understood that the fiber

ends need to Bbepsepaied If Gorfleiniingludesda HiderWsbsi tikoMigt SQHYRURs for
renmovi ng the protective covering, 20 cutting, polishing, efc, and because

these siepshath kawwd pddiens Aferdlodieleakbed & Nl o20p! LEaLIAN. oIhe
splicing station 1 has several subsystens. These i ncPu an i'magi ng
_SngySt efiBers YOI KD A5 RCAURE S Jail %ffeEggxlré/spaong?ggcr%ggxr‘glpo%q(%igncarrer a
controllers 7 that | directs the micro-positioners to move in
response to input from a user viewing the fiber ends, to move the
fiber ends into alignment.

10 A loss measurement subsystem B‘is used to measure the loss
through the joint after fusion. This may utilize an optical loss
test or determine loss based on macro-bending. Of course, other
tests could also be used and the invention is not limiﬁed to
these test hethods.

15 A laser gun assembly 9 comprises a laser driver 10, a laser
sQurce'll, a lens assembly 12 and a delivery system 13. Various
lasers may be used, for example, CO, lasers, NA:YAG lasers
(Nepdymium in a host crystal of yttrium aluminum garnet), excimer
lasers, Hecd (Helium - Cadmium) or semiconductor/diode lasers.

20 Continuous wave or pulsed outputs can be used, though pulsed
output is preferred. Of course, while the term "laser" is used,

it will be understood that any intense beam of electromagnetic

radiation that is of sufficient power to fuse the fiber ends



WD 01/ 32348 PCT/ 1 B00/ 01730 2 9 MAR 2004 controller 4 which directs the
canera 3. The canera is used to view the fiber ends during the fiber

al i gnment_and splicing process. The station 1 further includes a fIbeAR 2004
posi ti onlwﬁ)g‘“’éii’ﬂgystem 5 5 which has a pair of mcro-pasitsewmens 6 which -
grip the pair of fibers to be spliced, and a pair of corresponding

M Cr 0- POSLL rol:lers 7 that directs the mcro-positioners to nove in
response %%ﬁ%pbuefq%%gfnlg‘ &2‘& Py FeW hg T Per ends, to nove the fiber
ends into alighnent. 10 A |oss neasurenent subsystem 8 is used to nmeasure
the loss thr ug%sfaﬁeg'j‘%i?'ﬂtlgi’f’"teé’rt PYRG9h 14ThS sinkagratiedi wetlanhepfilsat | oss
test or determ ne | oss based on nacro-bending. O course, other tests

coul d al SPHEIREeAIafidbe et ¢my erffheod aserngun| ahidgetkrto sydteseut £5tzd®et hods.
15 A laser gun assenbly 9 conprises a |aser driver 10, a |l aser source 11,

a |l ens aszemy poverahasar dilddeeny axdtL£mhbio Matkeusr i@sﬁfzspi@é’is%wsed,
for exanple, Co, |asers, Nd: YAG | asers (Neodymumin a host crystal of

yttrbum gpasiitienmgar oieé ) 1aaeid®in ohaS§d Srip8eCdnilel i " h UMy, OF
sem conductor/di ode | asers. 20 Conti nuous lWave gr pu‘lllslféegdsgu'%?gg%’s éra}fr? be

vsed. | hoasluouleds SU9BY bl Leh ik o SaUiRs. Wibe LIe, Lt aser”
pCTI | 003730 5 8%k b it qPESkeeRt | (i preoRReFAYCHIaN S | aser
gun ali gnprg:tgrcl)tr %\és SQ}%;‘.i s integrated with the fiber
A computer system 17, that can be a standard notebook or
10 laptop computer, controls the laser gun alignment system, CCD
camera controller and laser driver, receiving information from
the camera and loss measurement system to confirm that the fused
fiber ends have low-loss characteristics.
Referring to Fig. 2, the imaging subsystem 2 is used to view
15 the fiber ends 18 and 19 on a monitor 20. The computer system
17 is used to direct the micro-position controllers 7 to position
the fiber ends, clamped in the micro-positioners 6, in coaxial
alignment. The computer system then activateé the laser gun
alignment system 14, powering the laser diode 15 and receiving
20 a signal from ﬁhe photo detector 16. The computer system then
directs the laser alignment system to move into the optiﬁum

alignment with the fiber ends, thus simultaneously aligning the

laser gun assembly 9. The computer system 17 then sets the laser



- positioning subsystem The |aser gun alignnment systemutilizes a |ow power
| aser diode 15 and a photo detector 16 for precisely 5 positioning the

| aser beam on the fiber ends to be spliced. The diode issues a | ov pRAEND
beam t hatwo s1/3234d to target the fiber ends, allow ng position adjustnent -
of the high energy laser gun prior to fusing. A conput BfTEMPEM 17 that
can be a standard notebook or 10 laptop conputer, controls the | aser gun
al i gnment gepspewer CCGRtscaherexmeanireok s, andtliases HdetCFiri 856 Re
information from the camera and | oss neasurenent systemto confirmthat

the fusedsefiebeedeadsodiane tigw, | 958 Chat ALK %hlr:.cgoil‘?@f& {rlng:hteolFi 9 2
e | S iﬁ

the i magi ng subsystem 2 is used to view 15 th er en and on a

moni t or 2Qeadlifef@APUL %{a@ 17 is used to direct the mcro-position
controllers 7 to positllg%%ﬁt e fiber ends, clanped in the micro-positioners

6, in coaxial ,alignnent. . The conputer systemthen activates the |aser gun
al i gnnent systén?li%e“bé\txéll?‘ﬁbnq ﬁ'@rllak’érh%ﬁ}b@gwfs LRen eeBroendrerobeeni gnal
fromthe phoio detector 16. The conputer systemthen directs the |aser

al i griment S¥§ivaReE ovhibole Ferfdiames &hetmiasenl sphiming with thighf ebergends,
thus sinmultaneously aligning the |[|aser gun assenbly 9. The conputer system
17 then sepd shert guuise guratof PR 2BGYA hivh GhAB2SAS AGH HBARAAG7SH gun

power, sets the exposure tine, initiates laser firing for the selected
exposure &i meniamth taesuritesés theej Oi MortslaRg e £RSS exPBASHI CBRBL gy

subsystem 8.

dissipation, wutilizing an intense electromagnetic beam that
induces a plasma effect, causes a substantial increase in the
10 absorbed optical power by the fiber to effect rapid high quality
fusion with low power consumption. This overcomes a problem with
currently available lasers which emit energy at wavelengths that
are subject to low absorption by the optical fiber. The plasma
causes a significant increase in the absorption of the laser

15 radiation at low absorption wavelengths.
While the plasma effect can occur with continuous wave
B lasers, the effect is more pronounéed in the pulsed mode of
operation. This is detected as a sudden increase in adsorption
of the laser power at the fiber joint. For a diode laser operated
20 in CW mode, at 820nm, plasma generation occurs at power levels
above 35W. In pulsed mode, the peak power is in the KW range,

though'the average power is very small due to the small pulse

width and duty cycle. Of course these power levels may vary with
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duration provides high quality fiber joining in a mninmma
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which confirmed that |aser splicing with high energy and short  pulse
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significant increase in the absorption of t aser

de of

rapi d high

are

b ti I il . pl ffect, ith ti
absor pt | onyel gl fise VAL oLhe pl dsim elfeet can opeur wiLh conti nuous

wave |asers, t ect I's nbre pro
operation. Thiq,is detgcted as a sudden_increase in adsorpti

| aser power at ‘tHé%Fb
at 820nm pl asna generation occurs at power |evels above 35

produce t Hesphrapsieef Wesielet@bhd £a CRMESRUOE MRAZG M mbEE &Y
invention. Various |asers and power |evels were evaluated to

on of the

PSESPNENIEBPWEYr gl Rl g e Gyelarsad200 ¢onfdwmode,

g W In pul sed
node, 5t he $RefesséRer fibernsphiéciny retigd, zinghbhghprésenw erragmtjoner i very
small due to the small pulse wdth and duty cycle. O course these power

| evel s mayspddroe ietforgiadic MR 200beDi 0/ 32348aRETHLBEEY 037 30 @ihek | aser
and/ or fusing paraneters. Any beam of electromagnetic radiation that can

SREh

tion,
rrm

10

15

20

laser pulse width, pulse repetition rate, duty cycle etc. A
closed loop piezoelectric micro-positioner with active feedback
was used for fiber alignment.  These are preferably piezo-
electric micro-positioners which have a resolution/accuracy in
the nanometer range. These devices typically have a coarse
adjustment range of 4mm, with a resolution of 1um, and a fine
adjustment range of 300um, with a resolution of 50nm. A high-
resolution CCD camera was used for viewing of the fiber ends
during the splicing process; After laser splicing, the splice
joints were examined wusing optical/electron microscopes to
identify any structural defects of the irradiated fibers. The
attenuation of the splice joint was estimated using (i) optical
return loss measurement (ii) fiber image profile analysis and
(iii) wmacro-bending techniques. Thése test-s established the
effectiveness of 1laser splicing utilizing specific process

parameters of silica fibers (both multimode and singlemode) and
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5 successful fiber splicing utilizing the present invention. The splice
performance and properties were determ ned by studying |aser power,

wavel engt h, and conti nuous/ pul sed node of operation, |aser pul seZ8MiR004
pul se repabbidagqg rate, duty cycle etc. A closed | oop piezoelectric )

m cro-positioner with active feedback 10 was used for fPEEBP7¥hnent .
These are preferably piezo- electric mcro-positioners which have a

resol uti onddgoerracyibegs .t he nanoneter range. These devices typically have a
coarse adjustnent range of 4nmm wth a resolution of lam and a fine

adj ust ment  r ang®e0tro300L kg 1 T sid e gﬁ,ghg#,je?n of 50nm A high 15
(0]

resol ution CCD canera was used for viewn he fiber ends during the

splicing RIPCces Af t I spl i ¢i the splice joints were exam ned
usi ng opticél?e %%tgcﬁ?ﬁ%#§%§%80pegstggm]dentify any structural defects of

the irradi .?% fhgers. The _attenuati-on of the splice joint was estinated
using (i) Calt 56T { VYol ansth reds@fement (ii') fiber image profile
analysis and (iii) macro-bending techniques. These tests established the
ef fecti ve&Sdmsr Laser ( sWaveliengtit i<l i24i8ng) speci fi c process parameters of
silica fibers (both multinode and singlenode) and -10 2 9 MAR 2004 WO
01/ 32348 BETLHBDOSOLT3Waypslgtgrh = Basam) The fol l owi ng | asers were enpl oyed:
C2 Laser ( Wavelength = 10.6m Nd : YAG | aser( Wavelength =1 . 06[err]m
5 Exci nmer piager {.a¥éyel vgiTergt2A8N8bonm, 850nm and 950 nm)
Single and multi-mode silica fibers were laser spliced, with
close to 500 fiber pairs spliced under various operating
10 parameters from each of the above laser sources.
CO,, Nd:YAG and Diode Lasers
A CO, laser has a typical energy conversion efficiency of
10%. A chief advantage of using a CO, laser for splicing of
silica fibers is its operating wavelength of 10.6pm, which gives
15 an absorption of around 10dB/um in silica, compared to the 1-
2dB/km absorption for Nd:YAG laser. For the available diode
‘ﬁ lasers, the absorption in silica is between 0.16 dB/km to tens
of dB/km depending on their emission wavelength. However, when
silica fibers are irradiated with a high power Nd:YAG or a laser
20 diode, a significant increase in absorption is observed, most
likely due to plasma generation within the bulk of the fiber

material above certain threshold power levels. Laser diodes are

preferred as these offer benefits such as improved light emission
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He-'Cd Laser( Wavel ength = 385nn) Di ode Laser( Wavel ength = 820nm 850nm and
950 nm) Single and nulti-node silica fibers were | aser spliced, W‘ZP% czh@se
to 500 fiber pairs spliced under various operating 10 paraneters fr H1 fch
of the abmmstmger sources. M2, Nd: YAG and Diode Lasers, "%]%@ser has a
typi cal energy conversion efficiency of 10% A chief advantage of using a
CO2 | aser for splicing of silica fibers is its operating wavel ength of

10. 6[ er r |§hEARHEERY gi vedo¥s afPldirger pt pparatiem ounclb@dBomicn Sidrita@)
conpared to the 1- 2dB/ km absorption for Nd:YAG | aser. For the avail able
di ode | awpatibhéibpsospel brsize sidndcaokwswbegneen 0.16 dB/kmto tens of
dB/ km dependi ng on their em ssion wavel ength. However, when silica fibers

are irradi at edswhiha acd)i XHE0WelmNdg YRGaar 4g_ha§§;al§p C%ih%?‘ént ap Sl gnisf i cant

increase in absorption is observed, nost I|ikely due to asnma generation

within thg bukowf theofidesk ' boye certain threshold power
| evel s. Laser di@des arefq%regf rrleé Z‘ﬂga\? e}sége%f FEPOBERe S s UAT 184S

i mproved lie@%tti m sgr%n -11 2 MAR . 2004 WO 01/32348 PCT/1 B00/ 01730

effici enSy. Fow Vot E§EEFEFati™oh Plecl?Eric BBHRrér coaRiauPes| png, smal |
size, and |.ow wei %ht. Using a CJerr] laser (Synrad Mdel 48-1-28 and

Coher ent PHLEREnGCY84 L2 9pRFatE00. f FBeidpariEy hehe bange exbasetnetdes
various 5 operating paraneters fromthe |aser, both in continuous and

pul sed nmsgdtablepkemtsrdicing.i teatddpendeaceaofjeinfe par 8pties Svas also

determined with various laser parameters, to determine the

optimum speed of the splicing process. Attenuation measurements

10 were performed on 100 fiber pairs to confirm successful splicing
at various laser parameters.

A plot of the maximum power limit (beyond which the fiber
will evaporate or melt down due to excessive heating) for fiber
splicing with continuous wave (CW) CO, laser radiation, is shown

15 in Fig.3 and indicates that the maximum laser power for splicing

is dependent on the exposure time. The power range was from about

1 ? 13.5 W to 30 W, with an exposure time of from about 28 sec to

about 1 sec respectively. Power levels below 10W either require

too long exposure time or do not cause sufficient melting to

20 obtain a fused joint. A photograph of a typical laser-spliced
fiber joint is illustrated in Fig. 7.

Spliced fibers obtained using pulsed CO, laser radiation are

shown in Fig. 4, which indicates the dependence of maximum power

-12-



suitable for splicing. The dependence of tine to splice was al so
determ ned with various |aser paraneters, to determ ne the optinum @)&eed
of the splicing process. Attenuation nmeasurenents 10 were perforngd Ao

fi ber pawvosidmqgconfirm successful splicing at vari OUSP%P/ P3j anmeters. A
pl ot of the maxi mum power limt (beyond which the fiber ~w P vapor at e .or
melt down due to excessive heating) for fiber splicing wth continuous
wave (CWLiE |ogsexpegurattiong ass weAdwaslbni puFie.rdnd i(RAPCRt esqidiat t he
maxi mum | aser power for splicing is dependent on the exposure tinme. The

pover rarfg@uiss pPeoipdbofitams]3the Whainkn Wowsirt Badde &XQaUEBohLE MEs Gf, from
about 28 sec to about 1 sec respectively. Power |evels below 10Weither

require 3@OW, ONgi € PAAUrdxddei@eOrt fife NQl gﬁb;ﬁ syffi %elrgbccg@ “f,zngsetco 20

obtain a fused joint. A photograph of aty | aser-sp i ber  j oi nt
is illustyatrddiReivg. TrooPLi S8 iﬁ s _obt ained using, pul sed CQ2 | aser
radi ation are shomlygi n Fcl)g. 4§ \Aﬂ%c g%ﬁﬂ?cﬁ?egmfheaﬁe SR SRTE RHOWREXi num
powes -1%a% % Mgﬁt 2004 WD 01/.32348 PCT/1B00/ 01730 limt on exposure tine as
vel 1° as o 501 s PeFTREYHS pife. Teivced, tarbeupetibFest AREPCEHEaX| mum
power ranged fromabout 15 to 30 W with an exposure tine of about 5.5 to
about 4 a PEipBCPPYNd ofFdms a RN dheamedpote? mmngal, the sgmsurever 5
range, the exposure time reduced to about 2-4 sec, respectively. At a
pul se petiige oldured tor frive bese touerl ranrgeo hbeuexposed £ tid MEdeeduced
to fromless than 1 sec to about 4 sec, the w der
range attributable at the higher power levels to the plasma
effect. There is a significantly higher absorption at the high
10 power levels, at a high pulse rate.
In addition to direct fiber-to-fiber laser splicing, laser
splicing of fibers using optical epoxies (Epotek 301, 310 and
314) injected between the fiber pairs has also been achieved.
In this embodiment of the invention, a curable joining compound
15 is applied to the aligned fiber ends. Again, the energy beam is
aligned with the fiber ends. However, since fusion will be
effected by curing the joining compound, the computer system sets
the laser for a low power level, and adjusts the exposure time
to advance the curing process without fiber melting. For laser
20 splicing of fibers using epoxies, the dependence of epoxy curing
time on laser power is shown in Fig. 5. One striking feature of

the epoxy splicing using laser enhanced curing is that it

requires a considerably lower amount of laser power, about 1.5
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range attributable at the higher power levels to the plasma effect. There
is a significantly higher absorption at the high 10 power |evels, Mﬂgmﬂh
hi gh pulse rate. In addition to direct fiber-to-fiber |aser spliciréﬁ ser

spl i ci ngwofo1Bisler s usi ng opti cal epoxies (Epotek 301, 3&%@%17@14)
i njected between the fiber pairs has al so been achi eved. nthrs

enbodi nent of the invention, a curable joining conpound 15 is applied to
t he al i gn@dori Bersendsd Agaifastenetbarr ghebeanvesticaidlgregoxy tsipltikéndi ber
ends. However, since fusion will be effected by curing the joining

conpound, tehenigueput prosydiemsehsed Hoihasat Foomaabaw POwRy abewel 1gand
adj usts the exposure tine to advance the curing process w thout fiber

mel ting. EeEohdsercfresitlibhhNdefbxf | 6 iiRicRd _@Heﬁ?ﬁymfébgu%p%gﬁ“fe of
epoxy curing tinme on |laser power 1s shown in Elg. 5. e striking feature
of the engy &plicing using |aser enhanced curing is that it requires a
consi derably | ower anount of |aser power, about 1.5 -13 2 9 MAR 2004 WO
01/ 32348 PCT/LEQO/OlZS Wor less, and is faster than, the caonventi onal
epox% spli cing ?eﬁﬁﬁﬁ%%i?? BEoRFtrMrE ¥uded 1orRF SRL¥GEMEABSEE 35t® about

18 seconds. Conventional epoxy techniques generally require from1l to 3
mn. 5 ThEuDarieR i @h bRSQX tRAWRN | VM fePasarer tdplei ded shpwaer §naBig- 6unction
of | aser power and exposure tinme is shown in Fig. 6. The two attenuation
curves shthe sivn ladrtepabtépnscuRors |shwwl aseilapqwartelragel sfoit Hew tasers very
close to Fresnel |oss and for
power levels, the loss is very close to Fresnel loss and for
power levels which are not of optimum value, the splice loss is
10 significantly higher. This may be due to improper melting and
subsequent structural imperfections developed in the fiber joint.
However, the curves do show that with optimum splicing
parameters, the relative splice loss can be minimized.
Similar investigations have been carried out with Nd:YAG and
15 diode lasers. For these lasers, no significant melting (and
splicing) of fibers is observed below a certain threshold power.
For Nd:YAG laser (from Fox labs and NEC M690B) the threshold
power is found to be dependent on the laser beam diameter.
Splicing could be achieved at CW power levels of 4W-10W and
20 splicing at lower power levels may be possible using a small beam
diameter Nd:YAG laser. By using a NEC M690B laser with the pulsed

mode of operation, a splice joint has been achieved with the

following parameters:
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power |evels which are not of optinmumvalue, the splice loss is 10
significantly higher. This may be due to inproper nelting and subkkeHiARHD
structural inperfections developed in the fiber joint. However, the curves

do show wbat/smug h optinmum splicing paraneters, the relatiye splice |oss
can be mnimzed. Simlar investigations have been carri SdPBM ™% th Nd: YaG

and 15 diode | asers. For these |lasers, no significant nelting (and
splicing) of PEB&rs is obseramRAms ow gegmrt ai negrtgeshol d power. For
Nd: YAG | aser (from Fox | abs and NEC M690B) the threshold power is found to

be dependent oowkke | aser beamwdiranet @rpTySP! i EhsiEr G lLeved at CW
power |evels of 4WIOWNand 20 splicing at | ower power wpg\gg‘?ga@n%ﬁbe

possi bl e jusi ngzapgiyrl I beam, djanet er - YAG | . By using NEC M690B
| aser with the puﬁsed node of operati gﬁ?sa spl ezjoi nt has B%&n achi eved
with the fO:E; L paranmeters: -14 2 9 MAR 2004 WO 01/ 32348PCT/ 11300/ 01730
PEAKAVERAGEREARPUREE PONERP DTHREPEF | TI ON RBFE TIME 608
1. 13. OkWB. 9W00ns3kHz60s 2. 13. 3kW2. ONb0ONns3kHz60s 53. 13. 0kW2. 6\Wb0ns4kHz60s
One 3 nportant 1Pal¥Br is the &6%nment 58St he | dddiz beam wi t h 6@=spect to
the fiber to ensure that maxi num power is received by the fiber. Referring
to Fig. 8 atool 21 for aligning a pair 10 of optical fibers is shown. The
tool 21 has a pair of high precision V-shaped grooves 22 and 23 which
recei ve the pehé Diportant factor is the alignment of the laser-beam with
respect to the fiber to ensure that maximum power is received by
the fiber. Referring to Fig. 8, a tool 21 for aligning a pair
10 of optical fibers is shown. The tool 21 has a pair of high
precision V-shaped grooves 22 apd 23 which receive the pair of
optical fibers, the grooves having a tolerance of <lpm. The
micro-positioners 6 thus move the fibers along a single axis,
. defined by the axis of the grooves until the fiber ends are
15  abutted, as shown in Fig. 2. A hinged cover 24 is then closed
over the aligned fibers, the cover having an opening 25 for
admission of a high energy beam 26 to the site of the joint.
Such a tool provides a rapid alignment of the fiber ends for
fusion, and can also be used to effect the epoxy fusion process
20 described above.
Diode lasers have many advantages and are a preferred

radiation source. High power diode lasers operating at 820nm

(16W), 850nm (40W) and 950nm (80W) have been used to splice
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optical fibers, the grooves having a tolerance of <l[err]m The

m cro-positioners 6 thus nove the fibers along a single axis, defined bﬁ/
the axis of the grooves until the fiber ends are 15 abutted, as shbMAR A0
Fig. 2. mdngasl cover 24 is then closed over the ali WB@W’EBS’ t he
cover having an opening 25 for adm ssion of a high energy beam 26 to the
site of the joint. Such a tool provides a rapid alignnment of the fiber
ends for fihegisonWibhd3 T rofalGo Powens eexpos Bid adte tiideepokyr fusiiMtREOCESS
20 descri bed above. Diode | asers have nmany advantages and are a preferred

radi ati oratscaB@en &k gh4 pamecadi ddenl asefcoOPESBIdNg BH1i8288MecL1EVWhe 850nM
(40W and 950nm (80W have been used to splice -15 2 9 MAR 2004 WD 01/ 32348

PCT/ | BOO/ k3@ cfsi her sniMhieh BolEe! 16%6ng r>’3s%§p%§ld;g?ﬁ4ﬁeij "SIk 2

m nutes at 850nm or 940nm can form a good splice. ICing co €
achi eved at. hi gher el level s (335W_.and shorter .exposure gi me No -
splice is achieved %ﬁ DOWET I%%gl Y el %Gw SR THRY 3 S g’?ﬁff’“’d?é} es ?:rgﬁ be
operated .in C,qumd , however they are pref erabl%ﬂoperat ed in pul sed node
and 3 hi gRS6EwWet it edoPadts CRFTREED | 30 p/C¥r PSR,  PRAVEEEB2BRBE0ATS0 nm
| aser diodes may be used because they are easily available, these
wavel engttrs¢fgrabhytopesatiadksiinreribsed piddsi agdapphigiatoses, pahskd drger
wavel ength | aser 10 di odes which are now becom ng nore readily avail abl e
can be usEddet 0ipr prieferiregh Yhalet §26A8%0/ 550 imesladdh dE\odesl magr bexposur e
tinme.
used because they are easily available, these wavelengths are not
exclusive for splicing applications, and longer wavelength'laser
10 diodes which are now becoming more readily'available can be used
to provide high quality laser splices with even lower exposure
time.
Utilizing the present invention, an optical fiber joint is
obtained that is of high quality in a significantly shorter time
15 period. Particularly where the intense energy beam is pulsed
over a short duration to assure obtaining a plasma effect,
excellent joints are achieved. The apparatus of the invention
is portable, and can be battery powered so that effective splices
are obtained even at remote locations.
20 While preferred embodiments of the present invention have
been shown and described, it will be understood by those skilled

in the art that various changes and wmodifications could be made

without varying from the scope of the present invention.
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Utilizing the present invention, an optical fiber joint is obtained that
is of high quality in a significantly shorter time 15 peri od. PartiggU%@UM
where the intense energy beamis pulsed over a short duration to a 04
obt ai ni NYOAI/IB#sma ef fect, excellent joints are achi epefhipodlis@ppar at us of
the invention is portable, and can be battery powered so that effective
splices are obtained even at renote |ocations. 20 Wiile preferred

enbodi ment s oWet?k?ﬁﬁ%sent i nventi on have been shown and described, it

wi || be understood by those skilled in the art that various changes and
nodi fications could be made w thout varying fromthe scope of the present
invention. -16 2 9 MAR 2004 WO 01/ 32348 PCT/1B00/ 01730 W claim 2 9 MAR
2004 Repl acenent page 2 4 MAR 2004 CLAIMS 1. An apparatus for producing a
fusion joint between a pair of ends of two optical fibers conprising: 5
means for coaxially aligning the pair of fiber ends and for holding the
fiber ends in coaxial alignment; nmeans for generating an intense beam of
el ectromagnetic radi ation of an intensity sufficient to produce a plasng,
.10 means for directing the intense beamof el ectronmagnetic radiation to
the aligned fiber ends and
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for applying the intense beam of electromagnetic radiation for a tine
sufficient to produce a plasma to effect fusing @i Nfie fiReplacemdstpale 2.
The apparatus of claim1 further conprising nmeans for obtaining a viewable
i mage of the fiber ends. 3. The apparatus of claim1 furthef @@mﬂrj(ggng
means 20 for testing the fused fibey e:r%s for optical |osses and efects.
4. The apparatus of claim1l wherein tlﬁ‘e nmeans for coaxial alignnent
conprise at | east one mcro-positioner 25 and at |east one

m cro-positioner controller. 5. The apparatus of claim21 wherein the neans
for generating arf} MRRARERHeAnfoF Rredishighet el Padi @i tbnletiueen

conti nuous r O£ U sed, boﬁggri\-ggalviﬂ qu?g ;age power of at |east
10 W -18 aZV%QMIVID\R 2004 Repl acenent page g}e}%l\/l&% é?lg‘.g}eThe appar at us of
claim B furthermeonpr fei ngoasdaplyerligaisge chreqadd taf ahibeongnds | i ng t he
means for _ coaxi all ligning the pair, of fiber .ends, .the neans for
generatinga?(ﬁeg?%&?%%?wggh%\%f@%dﬁ FRE NG YMERE. 7. The
apparatus of cléant furbher gonBri=i ggneans fiort 48681 Vikgad cuabl e

j oi ning conpound about the aligned fiber ends, the intense beam of

el ectrona Feramryrat a€i sadpréHen Mf curi Agtensihe jsoiffiimg asdnpound to

produce a plasma;

10 means for directing the intense beam of
electromagnetic radiation to the aligned fiber ends and
for applying the intense beam of electromagnetic
radiation for a time sufficient to produce a plasma to
effect fusing of the fiber ends.

15

2. The apparatus of claim 1 further comprising means

for obtaining a viewable image of the fiber ends.

3. The apparatus of claim 1 further comprising means
20 for testing the fused fiber ends for optical losses and

defects.

4. The apparatus of claim 1 wherein the means for
coaxial alignment comprise at least one micro-positioner

25 and at least one micro-positioner controller.

5. The apparatus of claim 1 wherein the means for
generating an intense beam of electromagnetic radiation
is a continuous wave or pulsed wave beam having an

30 average power of at least 10 W.
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effect fusing of the fiber ends. 8. The apparatus of claim1 wherein fhe
means for directing the intense beam of el ect royRgnENi C r Benlagement page
conprises a |aser driver, a |laser source, a lens system and a neans for
al i gning the |aser preC|ser over the aligned fiber ends. 4TMAR 2pldar at us

of claim1 wherg | ge rating the intense beam o
el ectromagnetic radﬁatlo %?éja aségfse?aégbdffréﬂﬁ%%%rgréﬁﬁnﬁﬁ%%?%tlng of
a C02 | aseoppatdd; ﬁ@é.‘mé asefine@be&xtbendl asetrodl Hekdt hasgeéans faér

seniconductor/digg ser, 25 10. A method for fusing the ends of a pair of
optical fiberElebhst ALFIROAGr FEPNG2 1z & dilkRen IR Upt i s If“?w EPEls;

pl aci ng thgehwPaeRhiyCalnd | Bery i9Rdsh N saeaxi @l + 12l '%Qgﬁntd ?’@Pﬁ’ ying an

i ntense beam of el eCtromagnetic radiation to the fiber ende ower
| evel and pedse. -19 2 9 MAR 2004 Replacement page 2 4 MAR 2004 period
sufficient to generate a plasma and for a tinme sufficient to produce the
plasma to effect fusing of the fiber ends. 5 11. The nmethod of claim10

further conprisingrhobigbiifgus yfevabte i MBgecir t Bomblbeingndsand2. The
met hod of claim 10 further conprising testing the fused fiber ends for
opt i cal | o§QBs Lffepiving a curable  joining compound about the
aligned fiber ends, the intense beam of electromagnetic
10 radiation promoting curing of the joining compound to

effect fusing of the fiber ends.

8. The apparatus of claim 1 wherein the means for
directing the intense beam of electromagnetic radiation

15 comprises a laser driver, a laser source, a lens system,
and a means for aligning the laser precisely over the

aligned fiber ends.

9. The apparatus of claim 1 wherein the means for

20 generating the intense beam of electromagnetic radiation
is a laser selected from the group consisting of a CO2
laser, a Nd;YAG laser, an Excimer laser, a HeCd laser or

a semiconductor/diode laser.

25 10. A method for fusing the ends of a pair of
optical fibers together comprising:
providing the optical fiber ends;
placing the two optical fiber ends in a coaxial
alignment;
30 applying an intense beam of electromagnetic

radiation to the fiber ends at a power level and pulse
-19-



10 defects. 13. A nethod of claim 10 further conprising apRiyd urabl e
joining conpound to the aligned fiber ends and ?ﬂﬂk Yiohg thgé{%’ﬂ?rétr@ggbeam
for a tine sufficient to cure 15 the joining c%rrpound and fﬁﬂ% ml‘fi ber
ends together. 14. The nethod of claim 10 wherein the intehse g of

el ectroma i ¢ .radiation has,_an average power, of _at east 10 W_20 15.
The met hoggg%iégai%%%cvﬁ%}mei hot B8 ShErs e bEAMSTG & c?%nﬁgnﬁlﬁ

radi ation ssfappiértd toerpkbancabetle bldmmabite Bk SecOdSng 25f 16he The

nmet hod of c¢laim 13 wherein the intense beam of electromagnetic radiation
has an avelhger pW@f- of about 0.5 to about 1.5 Wand is applied for from
about 1 to about 20 seconds. 30 17. The nethod of claim 10 wherein the

i ntense beam of electromagnetic radiation is provided by a laser. -20 2 9
MAR 2004 Repl ackhentTipacene Zhdd MARE 2004a 8. IThe faettiod: ofccadpat 1w 10g wher ei n

the intens eam of el ectromagnetic radiation is provided by a | aser
sel ect ed f?e% %%ﬁn%r%uﬁl%‘b‘?&f’gt}ﬂ?gg%fo &R ]%g%ee‘r epnéisﬁ Nd: YAG | aser, and
Excinmer |aser, a HeCd | aser or a sem conductor/diode |laser. 19. A portable

apparatus for fusing a pair of ends to tw optical fibers in renote
| ocati ons Conprlging?he method of claim 10 further comprising

testing the fused fiber ends for optical losses and

10 defects.

13. A method of claim 10 further comprising applying
a curable joining compound to the aligned fiber ends and
applying the intense beam for a time sufficient to cure

15 the joining compound and fuse the fiber ends together.

14. The method of claim 10 wherein the intense beam

of electromagnetic radiation has an average power of at

least 10 W.
20
15. The method of claim 10 wherein the intense beam
of electromagnetic radiation is applied for from about 1
to about 30 seconds.

25 16. The method of claim 13 wherein the intense beam
of electromagnetic radiation has an average power of
about 0.5 to about 1.5 W and is applied for from about 1
to about 20 seconds.

30 17. The method of claim 10 wherein the intense beam

of electromagnetic radiation is provided by a laser.
’ -20-



10 a portable housing conprising: a) mcro-positioner neans for precisely
‘aligning the pair of fiber ends and for hol di ng t he @Lbaemememtmageoaxi al
alignnent; b) |aser diode neans for generating hMAR{lhse  15- pul sed beam
of electromagnetic radiation at an intensity sufficient t® jpMARUGEL a

pl asma; c¢) nmeans for targeting the intense beamof electromagnetic

radi ation on the aligned fiber ends; d) neans for imaging the aligned fiber

ends; and, 20 pogtabhe aewpWe-MBANS CornestesiQ the havshbe Fekn
recogni zing the inmage fromthe neans for inmaging, for controlling the

m cr o- posi PitorrkegbanBagneg tiisseradiiadd omeans minev{dedappy yiengleherpul sed
beam of el r net j iatjon at_ a power |evel an ul se duration 25
§8E68%§ Ei6n EC%% &%&lpf conﬁ%&ﬁl@%pf’?ca&l QP?bglrase%s f"oget her .

sufficient t0 produce a plasma”Tor*fusing
-21 5 Nd:YAG laser, and Excimer laser, a HeCd laser or a

semiconductor/diode laser.

19. A portable apparatus for fusing a pair of ends
to two optical fibers in remote locations comprising:

10 a portable housing comprising:

a) micro-positioner means for precisely aligning the
pair of fiber ends and for holding the fiber ends in
coaxial alignment;

b) laser diode means for generating an intense

15. pulsed beam of electromagnetic radiation at an intensity
sufficient to produce a plasma;

c) means for targeting the intense beam of
electromagnetic radiation on the aligned fiber ends;

d) means for imaging the aligned fiber ends; and,

20 portable computer means connected to the housing for
recognizing the image from the means for imaging, for
controlling the micro-positioner means and laser diode
means and for applying the pulsed beam of electromagnetic
radiation at a power level and a pulse duration

25 sufficient to produce a plasma for fusing the optical

fiber ends together.
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