WD 01/ 32348 PC T/1800/01730 METHOD AND APPARATUS FOR LASER SPLI CI NG OF
OPTICAL FIBERS 5 Technical Field This invention relates to the splici.ng

t oget her girdss0f @ pair of optical fibers using an | eam of

| aser raﬁf'(z);ltlon“.8 10 Background There has been heavy gifcg't\f\ﬁﬁa(ﬁ%ﬁt he area of
optoel ectronics and particularly'in the utilization of optical fibers as
the preferred nmedi uMMETEOD aXND/ IAPGAREENS FORNDASER BELOCINGads over |ong 15
di stances and safely -past strong cowpegeanfrrERSt ronic interference. Such
optical fibers have | owloss capabilities, the optical transm ssion path
providing electrical input and output isolation in a light weight and | ow
cost cgble@é@ﬂhkgalaygéﬂing susceptibility to el ectromagnetic induction
effects. 2 n optlca I ber conprises a first transparent dielectric
cylinder surroupded by a second transparent diel.ectric |.i nder | i ght
transported by ggéﬁr}%‘éerbtfmpef? actte’lsoﬁga\g}?%rﬁp Ilflg-'f??%%r o5t EN4fR of

I nterface between the inner cylinder (the core), and the. outer. cyli-nder
(the cl addiPngPeidh@t ePPEEFINELEFES NHELNP0SY plREeRSepyPean gf rﬁ??%ﬁ:t i ve
i ndex of the core material and a |ower refractive index of the cladding
materi al , sadhatham.light is '

10
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 and safely past strong sources of electronic
interference. Such optical fibers have low-lqss capabilities,
the optical transmission path providing electrical input and
output isolation in a light weight and low cost cable, while
avoiding susceptibility to electromagnetic induction effects.
20 An optical fiber comprises a first transparent dielectric
cylinder surrounded by a second transparent dielectric cylinder,
light transported by a series of reflections from wall to wall
off an intérface'betWeen-ﬁhe iﬁher éflinder'(thg éore) 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



-1 WO 04/ 32348 PCT/1800/01730 transported froma light source to a |ight
detector. {aséMaaqgy! i nders are typically covered by a protective plastic
jacket and there nmay al so be included strengthening nenﬁ%pémgﬂfyh
surround and further protect the optical fiber. Miltiple optical 5 fiber
cabl es are tksuspeated Pfowt sa ohighist sbercadeof ar 1jighti dgteptexral fThbes
cables together as joints are frequently enployed in |ong haul fiber

links as wekllpfdérs | oealtyrieal npt vovdsed L bRobosim v %ﬁrﬁ&%ntjack@i nt
between fibers in the field. However, coupling optical 10 fibers can result
in various Lgsehe3dChnfs Liwough @mhagamltrengéhé&f%g[ L@g‘é‘?] 1S B8P

| osses, etc. Proper joining, preferably by splicing o i

i nperative t i evi ng.hi rformance froman_goptical, fjiber |ink. Such

fiber spli cfsﬁﬁg‘lglgﬁgﬁr ?eﬁ%@gﬁg%%%r%r%t Vi %%{?usf"%ﬁeﬁ'S g}ﬁ#{b@hear??&é?al

splicing technigues.. In arc-fusion splicing, an electric arc is enployed
[

to provide FobS% S APNGLIEP YR interface between two butt ed,
pre-aligned fiber ends causing them to soften and fuse. In nechani cal
splicing, fibersPrEpeisiend must &g gradentfayy umdngeopsireadl fibanscgblesh as
speci al tubes, 20 grooves, etc.) and optical epoxies are injected at the
fiber jointogetlsetiae jdintls kers fregquently enployed dpl longghael hbilser of t en
restrict the quality of the joint and thus can degrade the

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

1)

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 buttea, pre-aligned fiber ends causing them
to soften and fuse. In mechanical splicing, fibers are held in
alignment by some mechanical wmeans ({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



transmtted signal. For exanple, the use of arcing electrodes -2 WO, .
01/ 3234 0/ 01730 may cause contam nation of the joint. Further, the
time reﬁﬁﬁg@g{)o obtain a joint is excessive. At houg#T’%?Q%‘?‘é’?‘“are
extensively used in many applications such as welding, soldering, narking,
etc., theiay patssntdatamonatforsplfi ehagjqipiti.carufinaas,s thase i reg8Rred
exploited. This is partly due to the difficulty in determning the

appropri &l opeh@Ath ejSint Qs lede@kssPei cing and partly because of problens
with process inplenentation due to small fiber size (dianmeter of about 100

i Gt ahd abobt SLCoR of T ESer T G Eeehe e e, appLhRFSREL ] o

| i ght and absorption o aser Into s ve such,
melting qQf the fj . ends not occur. easily a i.f sone melii does
occur, itsulczé1 %Isf #" ?géf?gtosggé%ﬁlé‘g’uﬁﬁﬁé?ﬁ?ty?t%}m& En®yenEh eE‘g]F ul
commer ci al 1I,aser splici ng. of optical fibers has not been achieved, 15
Summary &P tlﬁén‘-f’n?ﬁgtrﬁqadh tPere hBps difteleehr kRO &R entThHisy éft PBREIY
provide a method for fusing optical fiber ends rapidly and with | ow
di storti ée tetthe Giffjcudsy hjdetenrminingyibe appreniidtieopakanenerL0
optical fiber ends with a precise heat source to mnimze defects.
for laser splicing and partly because of problems with process
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 commercial laser splicing

of optical fibers has not been achieved.

15
Summary o e 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



It is another object to provide a nmethod for fusing optical fiber ends
that is ra?}'}p‘, ngfAgy to use and adaptable for use in -3 WO 01/32348

PCT/ 1 BOQ 0 Sd renote field | ocations with | ow power coﬁ%’r’?ﬁwlm. It is
yet another object to provide a field usable apparatus for fusing optical
fiber ends ot &ikddeloastidies hdah 36uWrpéwer ldonisamppodmer object to
provide a nethod and apparatus for 5 the rapid epoxy fusing of the ends of

a pair of opticale fikbpss ancfhes Couttothes-RRIBCE Sriqh dt hﬁam@/l%?&ﬁ&ﬂ e
|

achieved by a nethod for fusing the ends of a pair of optica ers

t th i Si.0g: [,di t fi o I-Tof he t
optical 1007 por eHRP AL cTbek "Endg hE8ls & T8Re I o, FERBOedied 1

contact and applying an _i.ntense beam of electromagnetic radiation to the
contacted ends i é‘% ARRUHRE Q?PfJFFEi ERtPTY 8c?eﬁlé?‘§iarfb{ 3RRERERST fPTof t he

fiber ends. |In one enbodinent of the invention, the beamof 15

el ect r 8nagnets Eapidi 8PPBh fusiag afckhectnda R4t aj Baby Ffufoptdcant fibensnsity

so as to create a plasma effect during fusing. According to conventi onal

t hi nki ng, |ight Thiesei pad i Brheat obhiectporhtthef inveatien iz skbikdedasula in

erratic performance, distortion and/or higher attenuation. It has been

di scover ed mé&tHddafoa fasilg aper ahti8gofita JAG bif etpPirlnFidessCodgetHreve a
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 1in erratic performance,
distortion and/or higher attenuation. It has been discovered

20 that 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



pl asma effect which results in high energy absorption, resulting in an

excel | enwddipgiagj oint, with | ow power consunption. Theé,eg{-@f %&ég of the
i nvention conprises neans for coaxially -4 WD 0113234 /'l 0/ 01730

aligning two optical fiber ends, nmeans for generating an intense beam of
el ect r onaghtaning gupacboicaind ilpeanendsr meaplsy fay gérerdtingnse beamsef

el ectromagnetic radiation to the aligned fiber ends for a tine sufficient
to ef fectbéarsi off eletheohadrestiendsadiatRoal @nabineanish e appeg@inisiof WHeher

i ncl udes neans for observing the fiber ends, neans for testing the fused

ends 10 @sSaHee QanNED RALLEBRAGRet PN RILioh FBabgel 8116 rolddng the
fusion process. . Mst preferably, a conputer controlled | aser system using

10 1 aser ghadeor & NP RAFskhAAL o SYSIAR 3LiAgCEP CADCE Al SndiSed 1o
I fiber spli

obtain high quality renote field [ocation optica ces, ie

t timal i ng bat d_ | t her, diment_of the
Tvertlon, Undareane FRe! AR R, PuPtRRRT i Sacpur BEPES | GOF ng

conmpound to the 15 fiber ends and access nmeans for applying the beam of
el ect r omaGRREFERR NG iTPaTo WE  f MEBPS AT BRETIRI nf %ﬁﬁ%ﬁﬂis e

advance the curing process. Brief Description of the Drawings 20 Fig. 1 is
a bl ock dRregHEETCPREWFA P foxgercPasid §pRt¥Phgeans 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 mweans 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.



systemaccording to the present invention. Fig. 2 is an illustration

show ng thgv(;(ﬂgi on process of the invention. -5 WO 01/32348 PCT/ 1800/ 01730
Fig. 3is agP4pit®showi ng the maxi mum power linit for a PCRAMIYHNI®US wave
CO2 laser versus tinme. Fig. 4 is a graph showing the effect of using a

| sed CO2 | 4! [ d f.th ' limt
B exposure ti o g Y5t} o, Bt e RRRAE U stk BRFRET TR Eor oy

based joint il]ustrati ng th&ﬁ ffect of maxi num power versus epoxy curing
time. Fig. BOFS*WUYSPRYENG SEReVEEF At e of attenuation as 10 a
function of |aser power and exposure time. Fig. 7 is a photograph of a

| aser spliced filbe# j%ilst a8 IFRBh shawing Fhevebfect fafhasiagi yrmpired 60l .
Det ai | ed Description of the Invention 1S Referring to Fig. 1, a block
di agram i | | Ussentiddustiaeing tisaldepesgénce nof sthet maridudqeoredi Agmio dhe
present invention. Prior to explaining the inventive system it should be
under stsood eikpadutene ifieher ends need to be prepared for joining using the
wel I known techniques for renoving the protective covering, 20 cutting,
polishing, etc, mng Becausq LREER SEAPHAMRKNAWOr B ing of an epoxy
based joint illustrating the effect of maximum power versus epoxy
curing time.
Fig. 6 is a graph showing the wvariation of attenuation as
19 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, polishing, etc, and because 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



are not repeated in this application. The splicing station 1 has several
subsyst el o1 dd@s€e | ncl ude an i magi ng subsystem 2, mhiggﬁ%@@,% canera 3,
preferably a CCD canera, and a canera -6 WD 01/32345 8Y7H1730
controller 4 which directs the canera 3. The canera is used to viewthe
fi ber endsomtupildgrthevdidiedizkgamend @mbrapBi.ci DThe @imeessis Tredstation 1
further includes a fiber positioning subsystem 5 5 which has a pair of
M cro- posiildwonglie Hibd CBn@si Buthfgpahe @FHiveki BRAgnhEnbE asBl isgAdciagd a
pair of corresponding mcro-position controllers 7 that directs the
m cr o- posdidRgrs to nove in response to input froma user view ng the
fiber ends, to nove the fiber ends into alignnent. 10 A | oss neasurenent
subsystem 8 | S a I t_hr, j.oint _after fusion
Thi Ef%éf%nﬂ? ?H#Eﬁééﬁﬁpggﬁées qugﬂgp.ﬁggitlonlg%s%ﬁFs%s em

This may utili'ze an optical Toss or deferm™me 10Ss

macr 0- bendi ng. course, other tests could also.be used and the invention
e B bas thawan, BE| TherHRReL18Ha D db MG SRL8 R PO T Bhpr | ses
a laser driver 10, a laser source 11, a_lens assenbly 12 and a delivery
syst em 1Fibgzsi bAsbe |spddcedmynder R3dd, of oFOBaSRINE1NEPiFERROSitREN YAG

| asers (Neodymiumin a host crystal of yttrium alum num garnet), exciner

| asers, He@rraldiergm? thaihi dhyeots sthe conduetprsidiisterdsastey smove in

S

response to input from a user viewing the fiber ends, to move the
fiber ends into alignment.

10 A loss measurement subsystem 8 is used to measure the loss
through the joint after fusion. This may ﬁtilize an optical loss
test or determine loss based on macro-bending. Of course, other
tests could also be used and the invention is not limited to
these test methods.

15 . A laser gun assembly 9 comprises a laser driver 10, a laser
source 11, a lens assembly 12 and a delivety system 13. Various
lasers may be used, for example, CO, lasers, Nd:YAG lasers
(Nepdymium in a host crystal of yttrium aluminum garnet), excimer
lagers, Eecd (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




20 Conti nuous wave or pul sed outputs can be used, though pul sed output is
preferred rse, while the term"laser" is used, | | e
understooavﬁulg?ﬁgny i nt ense beam of el ectromagnetic rah#gmokthbnhat i s of
sufficient power to fuse the fiber ends i -7 WO 01/32348 PCT/ 1800/ 01730

coul d be usedldnbé hesed eisenthel preséhtonnvankasal gun . lignnent system 14 is
integrated with the fiber positioning subsystem The |aser gun alignnent

system utilizesp ?aééi:WgBQV\@hérﬁn%%‘; Srads 12 ANdReBhAQ RERCLIL £iBef-Or
precisely 5 positioning the l'aser beamon the fibef ends to be spliced. The

di ode i SSU ti&‘(‘ir%ovﬁ{bng gg,th he' Slagﬁgd 59 47 rgﬁ’x%tenl‘.ge Lt':el:)n?r\bt.l;ﬁtlg Fusi ng.

al | owi ng p Ion nt of t ergy aser

A t t 17, .t hat b d d nqt ebook 10I
computer, &?ﬁ?wﬁw”éw%&as%geﬁf‘ﬁ%elé?eé oG o HERTo G L6 SRE R SORBRBI | er

and | aser driver, receiving |nformat|on from t he canera and | oss
measur 2menPosiEi RN tSnLAPRY thRRm PRethtidoderi epdF tende mabEcedbw Cbss
characteristics. Referring to Fig. 2, the imging subsystem?2 is used to

view 15 tHéoflebésseseisa IBwambves beam vt tier used Thetaogguttdre $ibeem 17
Is used to direct the mcro-position controllers 7 to position the fiber
ends, cl aneadsi nallwvimicC posposoh | jestmént | ¢f adaxXibdbh energy laser gun
prior to fusing.
A computer system 17, that can be a standard notebock 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 activates the laser gun
alignment system 14, powering the laser diode 15 and receiving
20 a signal from i:he photo detector 16. The computer system then
directs the laser alignment system to move into the optimum

alignment with the fiber ends, thus simultaneously aligning the

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



alignnment. The conputer systemthen activates the |laser gun alignnent,
system 14 owering the |laser diode 15 and receiving 20 a signal fromthe
phot o deﬁ@%FUP&TG. The conputer systemthen directs tHRCWIAI?M| i gnnent
systemto nove into the optimum alignment with the fiber ends, thus

I mul t I Lgnd 17
Then st s Fherrleey Yol G R tie el 100 tlok 1008 AT R BT
ti i tiat I firi f t | ect ed i e, d
Chen teat Serrechd: siing Bt | Hi Vet boblRoRbe sty cBg. CRes)RTEm

utilizing various high power |aser sources has been 5 evaluated which
confi r med MERSVTEYSRY FYSYSG Rict h high energy and short pul se duration
provides high quality fiber joining in_ a mnimmanount of tine. Contrary
to the expected eyrieyy utdlizinehivagaous thighy payennldasrenouredediasoheemet i c
beam that induces a plasm effect, causes a substantial increase in the 10
absorbed eyhiloakedowkiclhycdnfE ficdeithab dafect sphinichchinglthqhdbht gnefaysi on

wi th | ow power consunption. This overcones a problemwith «currently

avai | abl e aln@s ehsrwhinClisee urae DR Qyrdxtidsay @ligRgihsl i hatfivere jouhjiggtino | ow
absorption by the optical fiber. The plasma causes a significant increase

in the absorpid QMO ahdithd aSEr tihd. I adicayaled OVh@bagpetian wRYELENat hs.
Wil e the plasma effect can occur with conti nuous wave
dissipation, utilizing 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 continuocus wave
lasers, the effect is more pronounced 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




|-asers,, the effect is nore pronounced in the pul sed node of operation.
This is detected as a sudden increase in adsorption of the |aser power at
the fiber jWPAY32348or a di ode | aser operated 20 in CW nodectT/mon8@&nm pl asna
generation occurs at power |evels above 35W In pulsed node, the peak

ower is in nge, .ihbough the. average power is very small due to
ltohe smal | pu és}l:é’:}(\v/\\ﬁ'/%%a%&andaﬁ?}gcy YRy B%’fﬁ'geetet’??ese poftBY | egars ey
vary with -9 WO 01/32348 PCT/|B00/ 01730 other |aser and/or fusing

par anet ers. YORAPBELie| EREFIMERIhethat raah aPFANaehdthe api anmed (&ff etclie
pl asma effect could of course be used in the present invention. Various
| asers and phid Pévepsrserke assduanethe resehitr Anvensimeessful fi ber
splicing utilizing the present invention. The splice performance and

properties were Faréousnbasdns sindlyiongr 188€ls PAwRS eveauat €A%, e rm
conti nuous/ pul sed node of operation, |aser pulse width, pulse repetition

rate, dety cycesefal Aibst Cé?ﬁ.?.c'iﬁgpu@i%gth@ r&é&&@‘i&%h&%‘ﬂﬂ?r Mt h

active feedback 10 was used fi ber aligniment. These are preferably

pi ez0- el ectyia o charaarhiiongls ML SIaKe B-LesaLULLONLA ST acn ln the

nanometer range. These devices ty I'y "have "a coarse _
& Tesol uti on Bl AR el afy) it Ceke dRen e S5oeeeTB o ow ng
of the fiber, ends . .
laser pulse width, pulse repetition rate, duty cycle ete. A
closed loop piezoelectric micro-positioner with active feedback
10 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
adjustwent range of 4mm, with a resolution of 1um, and a fine
adjustment range of 300um, with a resolution of 50nm. A high-
15 resolution CCD camera was used for viewing of the fiber ends
during the splicing process. After laser splicing, the splice
joints were examined using optical/electron microscopes to
identify any structural defects of the irradiated fibers. The
attenuation of the splice joint was estimated using (i) optical
20 return loss measurement (ii) fiber image profile analysis and
(iii} macro-bending techniques. These tests established the

effectiveness of laser splicing utilizing specific process

parameters of silica fibers (both multimode and singlemode) and

-10-



during the splicing process. After laser splicing, the splice joints_ were .

exam ned using_optical/electron mcroscopes to identify any structural
defects dﬁ’ol"r‘%’ﬂsrradi ated fibers. The attenuation of tHEI/IBElGIT® | Oi Nt was
estimated using (i) optical 20 return | oss neasurenent (ii) fiber inmge

profile anal\sies 3 I i1) macro-bending techniques. These tests
est abl i sh(rélﬂ:l %S(Ede e?ggg’%fveness of laser splicing utilizing specific process

parameters of sgili g%_}gl bers (both nultinode and singlenode) and -10 WO

01/ 32348 PCT/ 1800/ BYIIR | AARSE S WEEPSSTRHRYSH | owi ng | asers were

enpl oyed: CO2 Laseré'garV\avel ength = 10.6m Nd: YAG | aser( Wavel ength =
1.06m) 5 echagsT| baVelgRBEPergl B-8#M8NN) He- Cd Laser ( Wavel ength =
385nm Diode Laser( Wavel ength = 820nm 850nm and 950 nm) Single and

mul ti - nod¥&iYACGcdapebér Bavwekendtdser 1spbpokd, with close to 500 fiber pairs
spliced under various operating 10 paraneters from each of the above |aser
sour cgs. @E&imed: YAGeadwd¥aldndtiser 248nk)2 | aser has a typical energy
conversion efficiency of 10% A chief advantage of using a CO2 | aser for

splicing de-cal lLasarfi Wevs1drigtnt & apenal i Ng wavel ength of 10.6m which
gi ves :
Diode Laser( Wavelength = 820nm, 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 10.6um, 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
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 NA: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

-11-



15 an absorption of around 10dB/min silica, conpared to the 1- 2d] 3/km
absor ption &251 - YAG | aser. For the avail able diode |asers, the
absorption Th"& P ca.is between 0.16 dB/kmto tens of dEFHIBOUEA®NI ng on
their em ssion wavel ength. However, when silica fibers are irradiated with

a hi gh powees ki ¥NGyQr albﬁservéﬁ%d@eOdeopékéﬂﬂBH,fiC@ﬂécéfgﬂf%asecbﬂtrol
absorption is observed, nost Ilikely due to plasma generation wthin the.

bulk of theobhbirsnsTaks! | ShathOME, £OLLA fob.2slip) o pover | evel's. Laser

di odes are preferred as these o r benefits as inproved I|ight

em ssion -11 /323 CT/ | oL fflcjenc I vol t age
operation, el e\éﬁsg#gcaccg% f% e 3???’55?%3%%%?&5% %?Flzg‘\,%%ﬁ?ﬂ‘tl g@\f"%é‘?‘bht .
Usi ng a C02| aser éS nrad Model 48-1-28 and Coherent Dianond 84, 250W, 500
fiber pairs®havé® @in elfoddPein RALEFarkdifs Perypexeeser pedeeveriods om
the laser, both in continuous and pul sed node of operation, to identify the
range 6f pafPRepateing Ragangiexsf dirosplihs nigsefhe kiepentencenvindduse 4l
splice was also determned with various |aser paraneters, to determ ne the
opti num spepdlsdd timeles pifi iprgrapiongsso AR ithie FRRGE 6TEPhBandany €
performed on 100 fiber pairs to confirmsuccessful splicing at various

| aser par aneiffableAfpkoiphiciae TR dBpEnpewes df Mikme(bSYSd ehivgh dhg fi ber

will evaporate or nelt down due to excessive heating) for fiber
determined with wvarious 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
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 cbtain a fused joint. A photograph of a typical laser-spliced
Eiber 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
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splicing with continuous wave (CW CO laser radiation, is shown 15 i.n
Fig.3 a ates that the maxi num | aser power:for sl;H}J | I s dependent
on the ex%o{s)%?ée% time. The power range was from about "@b‘WPé’ 30 W with
an exposure tine of fromabout 28 sec to about 1 sec respectively. Power

| evel s belimit OW expbsure aguier @s wedl | amgorexpdser period (P.R.O .noWichuse
sufficient nelting to 20 obtain a fused joint. A photograph of a typical

| aser - spl 4 gRf sef bBeiofl GbMNtanisS thé Usdstidid potveli Banged SRbinC&Eodtd 8 o
obt ai ned using pul sed CO2 | aser radiation are shown in Fig. 4, which

i ndi cat es, § hg. depangenge QfodEHeMIMROVEE  apk WG &/ @g%o%@ww@@/cmmo

limt on exposuretlrre as well as on pulse period (P.P.). Wth a pulse
period of_4ns, .t.he.maxi n opkabout th an
exposur e ﬁ?Pe B VEddut gﬂg‘l gvgg gggle%é Irg}é:s%%e?'gt \%gl 3tt/:geFo%(r%m\él “S& peri od

of 2ms at the same power 5 range, .the eé[)o ure #IITE reduced to, elr)LzYUt 2-4
sec, 5r espERAGSrelthie eXPOSUTR tdTenEPRicRd Ouf 2-4 IF8 2 ahESPRTiE nge, the

exposure tine reduced to fromless than 1 sec to about 4 sec, the. wider
range attht utadise neried af gRer FONEThS SAERSPPYCY HATRaskHaS SIFFJEE Ther e
Is a significantly higher absorption at the high 10 power levels, at a
hi gh pul seimatmedigedaddi tfirom Lesslitkan ¥ idwer ticoabpber4| sger W iwﬁid¢g, | aser
splicing of fibers using optical epoxies (Epotek 301, 310 and
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 jeoining 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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314) injected between the fiber pairs. has also been achieved. In this
enbodi nent of the invent.d on; a curable joining conpound 15 is applied to
the aligne®a918&¥8ends. Again, the energy beamis al i gnecinmoediziohe fi ber
ends. However, since fusion will be effected by curing the joining

conmpound, t 0 er st, l aser for a.l power |evel . and
adj usts thewgf%bg%%%’tfné E?gkggééﬁcéﬂg%egﬁﬂr??ﬁfe5?88§§% §F?ﬁ%u?p%ﬁqﬁ¥9

mel ting. For_ | aser 20 spli An of fibers using epoxies, the dependence of
epoxy curing eFFE46n P ‘%’éf quredndqmnt At fFomsabere Lt ¥o idhaptt ddt ure
of the epoxy splicing using | aser enhanced curing is that it requires a
consi der abl PECOREF - SFRAMANLAPNRY sRPOROWEChNAHBEs derBrally Venolr<s234m 1
PCT/ 1800/ 01730 Wor less, and is faster than the conventional epoxy
splicing teéchdi gde, providing a cured joint at fromabout 1 to about 18
seconds. Conventional epoxy techniques generally require from1l to 3 mn.
5 The vari ati on @heatd:Linitdbhosr f Ot drasasiocspkbeelhddbepl iasdari b laisog of

| aser power and exposure tinme is shown in Fig. 6. The two attenuation

curves showssingehgh Bat 18685 pdirtr | |ASREurd OWehe | BY Slitowd NG 1FA3S S very
close to Fresnel loss and for power |evels which are not of optifum val ue,

the splice LARSchs ditpaRibh ARG ThBlCL mi S oIBYeRE 01 fokOy b L ARe"

mel ting and subsequent structura |nperfeé¥|ons eveloped I'n %%e i ber

joint. power levels, the loss is very close to Presnel 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 losg 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 N4:YAG laser {from Fox labs and NEC M&%0B} 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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However, the curves do show that with optinumsplicing paraneters, the -
rel ati Veudl /\Eﬁc‘? | oss can be mnimzed. Simlar investi gat i ons have been
carried out % Nd: YAG and 15 diode |asers. For thesECT/HROMPEI0 1\,
significant nelting (and splicing) of fibers is observed below a certain

threshol d powprax For Nd: YAGyYmser (fremirox | ahgsgnd NEC M590B) the
t hreshol d povver Is found to be dependent on the |aser beam di aneter.

Splicing coul ¢ ﬁ grachi eved atp d%ﬁpowe%lﬁ)ﬁyel S PE@.%&%V%J{Z% licing at
S

| ower power Ieve may be possible using a sma eam - YAG
| aser. By u5| n NEC M590B | r W|th he pul s node of operatlon a
splice jdi Hgsgbgen achi ev?’e?%(/vlth t h® rJLTol I O\ﬂ?ﬂ{& parameter9814 i t WO
01/ 32348 PCT/1R00/01730 PEAK AVERAGE BEAM PULSE PONER POVNER W DTH
REPETI TI N RATR-FKNE 1. 13.244W 3. ow 300ms 3kHAKEEs 2. 13. 3K&AR. OW 50ns
3kHz 60s 5 3. 13.0kW2.6W50ns 4kHz 60s One inportant factor is the
al i ghnent3.of flReOkHser - beamav@h respews to tH&HzZ ber to ensaft= t hat
maxi num 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
hi gh
One important 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 and 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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pr.eci si on V-shaped grooves 22 and 23 which receive the pair of optical
fibers, the grooves having a tol erance of <11Am The mcro-positioners 6
t hus nove t‘ﬁa W88 s along a single axis, defined by thEBCEIBIGOES t he
grooves until the fiber ends are 15 abutted as shown in Fig. 2. A hinged

cover 24 is n. cl d Ve e al Lang cover havin n
openi ng 25 ngrsadn@lﬂzzg 8ﬁao t aﬁi goﬁl ener%’?ﬁ%l %58 E ? e %ﬁg mf'g%lﬁ%s
joint. Such a tool provides a ra d alignnen f the fi ber ends f

fusi on, and3taR>3P8o e S3IEH 81 EE‘t 3 [ cﬁE@#’ﬁa §H hF bdssou

descri bed above. Di ode | asers have many advantages and are a pref erred

radi ati on s8ghéevedj gh FoaBerdPoHer| é%ﬁé%deﬁém ngndt sBRURAY EXBYFUr850nm
(40W and 950nm (80W have been used to splice -15 WO 01/32348

PCTI | BUQ 01%30esf i Ner splie higsyvlmiev@d/ powaroweex devehyg bhkowi B s fTine 2

m nutes at 850nm or 940n(a can forma good splice. Splicing could be

achi eved at 1bbgherdipaesr dagvabes OpSbifedingn Slnar trydeS X AaSidver tEHEs. ae
splice is achieved at power |evels below 30W The 5 | aser di odes can be

operated i npLU¥ORMR., BRWRNEL] LiREYuREEd TGRS 8habh YhiyH V\E@&r@ﬁ B;Mls@d' $8cbyode
and a high power pul'sed |aser diode, is preferred. 20/ 850/ 950 nm

| aser di odeg;pgy beg gé;%ﬁ%‘&au 1599?29/535@%(4 Yol gbld?togé%' ﬁ%@ be

wavel engt hs " are hot usi ve I ¢l ng ‘application
wavel engt h nggebecause 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 sc 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 modifications could be made

without varying from the scope of the present invention.
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10 di odes which are now beconing nore readily available can be used to
provi de ¢ lity |aser splices with even | ower exposure

Utilizi n‘gbtgﬁjzg‘g?esent i nvention, an optical fiber joint€ ?@"o’ﬂﬁ"al ned t hat
is of high quality in a significantly shorter time 15 period. Particularly
where the i ntwaseElainer gy beamis pul sed 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 renote | ocations. 20 Wiile preferred

enbodi mrents of the present invention have been shown and described, it

w Il be understood by those skilled in the art that various changes and
nodi fications could be made wi thout varying fromthe scope of the present
invention. -16 WO 01/32348 PCT/1BOJ 01730 We claim -17 WD 01/32348
PCT/1BOO' 01730 111111112111111411111 111111 CLAIMS s 1. An apparatus for
producing a fusion joint between a pair of end of two optical fibers
conprising: 5 neans for coaxially aligning the pair of fiber ends and for
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hol ding the fiber ends in coaxial alignnment; neans for generating an
I ntense beam of el ectromagnetic radiation; nmeans for directing the intense
beam of el"¥Pt¥33M8gnetic 10 radiation to the aligned fiPEHIBENRIIANG f or

applying the intense beam of electromagnetic radiation for a tine

p _ ;
suf fi ci ent tfﬂﬂlnﬂlm&mmmof the féhermsends. 2. The apparatus of claim1
further conp g 5 I 15 obtaining a viewable i mage of the fiber

*

ends. 3. The appéra&ug of cfaim1 further conprising neans for testing the
fused fiber ends for optical |osses and defects. 20 4. The apparatus of
claim1l wherein, the neans for coaxi al | i gnnent_caonpri.se at_ | east one
mi cro- posi ti onet* and™a?HREEEF UGN ornPE?%-l 13 R0 APABF | Bptwea anp
01/32348 1. L 1 11 L 111 11 1"l PCT/1B00/01730 I!'lIll1li 101 5. The
appar at us BRi¥|ef mE wfe LEP noRHcate £idersr cogptiatiagi:ng an i nt ense beam of
el ectromagnetic radiation is a continuous wave or pul sed wave beam havi ng
an avér age powereasis far temsitalll@alSoBinddeappir atfusibér cdralsmabdf fist her
conpri si ng conput er

holding the fiber ends in coaxial alignment;

means for generating an intense beam of electromagnetic

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

fusing of the fiber ends.

2. The apparatus of claim 1 further comprising means for
15 obtaining a viewable image of the fiber ends.
3. The apparatus of c¢laim 1 further comprising means for

testing the fused fiber ends for optical losses and defects.

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

micro-positioner controller.
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means connected to and con [ s for coaxially aligning the
pair of fyBeisBRds, the me“mmmm;m":mmmg the radiation beamand the
beam directing nmeans. 10 7. *Thé appatatsus*of claim1l whET BRI heans for
generating the intense beam of el ectromagnetic radi ation, generates a beam
of an intensit$.sufThei epparatpsodete cdaphasia.whkreBn THike apanat usopf
claim1 further conprising neans for receiving a curable joining conpound

about the ganegaedngi har inteese blham BifeRIRBeaMGhett] €CHIQMBGNEL I & &
radi ati on pronoting curing of the joining conmpound to effect fusing of the

fiber en%ntggugusT@&v@&@.@rﬁ}h‘é%d)fwa%abgﬁl%_ O N %Qre%%gf}agaér of

directing the intense beam of el ectronagnetic radiation co ses” a |l aser

driver, a Iaigé §oy§ﬁe, a lens system and neans for -19 WD 01/32348 CL n
S PCTJI805fO §- & Igning the | aser precisely over the aligned fiber ends.
10. The apparatus of claim1 wherein the nmeans for generating the intense
beam™of el ectromagnetic radiationis a 5 |laser selected fromthe group

consisting of a CO02 |aser, a Nd: YAG | aser, an Exciner |aser, a HeCd |aser
or a SeniConduétorFHPO&EParatu$ of claim 1 further comprising computer

means connected to and controlling the means for coaxially
aligning the pair of fiber ends, the means for generating the
radiation beam and the beam directing means.
10
7. The apparatus of claim 1 wherein the means for
generating the intense beam of electromagnetic radiation,

generates a beam of an intensity sufficient to produce a plasma.

15 8. The apparatus of claim 1 further comprising means for
receiving a curable joining compound about the aligned fiber
ends, the intense beam of electromagnetic radiation promoting
curing of the joining compound to effect fusing of the fiber
ends.

20

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

a laser driver, a laser source, a lens system, and means for
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laser. .11. A nethod for fust a pair of optical 10 fibers
t oget her conpri si ng: proviﬂum\mml‘lagn‘nlm fi ber ends; placing the two
optical fiO0ISAME i n coaXlkal ¢ |t + applyi ng an i nPETES0/IM Of

el ectromagnetic radiation to the fiber ends for a tine sufficient to
effect fusing. of. the fiher 15 ends.. 12. The nethod af .claim 1l further
conpr i si ng DLIFHIhEHE 1oPERaPrErTrlde SYPT RS 1 hanenfebe5ads The et hod
of claim 1l further conprising testing the fused fiber ends for optical

| osses and defects. 14. The method of claim 11 wherein the intense beam of
-20 1111212112221221200111111111U~1jL WO 01/32348 C L PCT/1800/01730

el ect romagnet i ¢ ¥&di dheonapparatysowef |elaim add ygrsdnperhed megupsf | £pent to
generate a plasma. 15. A nethod of claim 11 further conprising applying a

5 curabl e | genénsat Donprchendirdt@rislee bahingbéd el eberomayietdrnd ragphyicg id he

I ntense beamfor a time sufficient to cure the joining conpound and fuse

the filer engdseteuabbecd ffom The RSP Ecakist dNcElavisr ehded e Nat eRSE

beam of 10 el ectromagnetic radi ati on has an average power of at |east 10W
laser, an Excimer laser, a HeCd laser or a semiconductor/diode

lager.

11. A method for fusing the ends of a pair of optical
10 fibers together comprising:
providing the optical fiber ends;
placing the two optical fiber ends in coaxial alignment;
applying an intense beam of electromagnetic radiation to the
fiber ends for a time sufficient to effect fusing of the fiber

15 ends.

12. The method of claim 11 further comprising obtaining a

viewable image of the fiber ends.

20 13. The method of claim 11 further comprising testing the

fused fiber ends for optical losses and defects.

14. The method of claim 11 wherein the intense beam of
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17. The nmethod of claim 1““‘“1““‘"‘““*“““;%% beam of el ectronagnetic
radi ation is applied for bout 30 seconds. 15 18. The
met hod oWOME?HE 15 wherei if tlie Fnt&nse beam of el ect r eonAReeMizee r adi at i on
has an average power of about 0.5 to about 1.5Wand is applied for from

about 1 tQe%QQPEaéﬁeéﬁgOPQ&la@Qx%%ugggglgﬁ de183efggég1é&l¥$ égkgoéhe

I ntense beam o ectromagnetic ra I'S provi -21 WO
01/ 32348 PCL/.| BOOY O% The met hod of claim 11 wherein the
i ntense BAYAHLGEEE %ﬁ%ﬁ& p}aﬁﬁ“itlon is provided by a | aser selected

from the group consisting of a CO2 | aser, a Nd: YAG | aser, an Exci ner
| aser, a HeCd | aser or a sem conductor/di ode | aser. 5 21. A portable
apparatus for fusing a pair of ends of two optical fibers in renote
| ocati ons conpbi-si Agmebhpdr pibicd ahpudilnfurshesi songriaing applybed t&oner
means for precisely aligning the pair 10 of fiber ends and for holding the
fi bes endsirableodaiming alompooedt to hd addgndidofitbear anrsdsf andgepelgihdig an
i ntense pul sed beam

the intense beam for a time sufficient to cure the joining

compound and fuse the fiber ends together.

16. The method of claim 11 wherein the intense beam of

10 electromagnetic radiation has an average power of at least 10W.

17. The method of claim 11 wherein the intense beam of
electromagnetic radiation is applied for from about 1 to about

30 seconds.

15
18. The method of claim 15 wherein the intense beam of
electromagnetic radiation has an average power of about 0.5 to
about 1.5W and is applied for from about 1 to about 20 seconds.
20 19. The method of claim 11 wherein the intense beam of

electromagnetic radiation is provided by a laser.

-21-~




of el ectromagnetic radiation; geting the intense beam of

el ect rorrag%q’lﬁzs&S radi ati onuwrﬂl\“ﬂmm‘L ber ends; d) neans for

i magi ng the alirgned fiber endsy .. morsabt e computer HEARYMBMnected to
t he housing for recognizing the inmage fromthe nmeans for inmaging, for
controlling the.m the- peshbdoBer cIBRaAS1 ANGhéASH] hO Ot BARS Rt 3
applying 20 the pul sed beam of el ectromagnetic radiation at a power |evel

and a pU'él%di%bﬁ\Ebﬁ@tﬁé'fH&‘iiaﬁﬂ%nt QPP SRS ) aSTRsher sbvsing ey

optical fiber ends together. -2

the group consisting of a CO, laser, a Nd:YAG laser, an Excimer

laser, a HeCd laser or a semiconductor/diode laser.

5
21. A portable apparatus for fusing a pair of ends of two
optical fibers in remote locations comprising:
a portable housing containing:
a) micro-positioner means for precisely aligning the pair
10 of fiber ends and for holding the fiber ends in coaxial
alignment;
b) laser diode means for generating an intense pulsed beam
of electromagnetic radiation;
c) means for targeting the intense beam of electromagnetic
15 radiation on the aligned £iber ends;
d} means for imaging the aligned fiber ends; and,
portable computer wmeans 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
20 the pulsed beam of electromagnetic radiation at a power level and

a pulse duration sufficient to produce a plasma for fusing the

optical fiber ends together.
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