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FI BER LASERS FI ELD OF THE | NVENTI ON The present

invention relates to fiber |aser devices, systens and
woreaohosis93 nore particularly, to fiber |aser deRCTEHR006/001090

systens and net hods for producing Band | and Band |V

wavel engt hs. BACKGROUND OF THE | NVENTI ON Lasers for

use in the Band | range of wavel engths are suitable

for many applicati onsFIBER LA&SERSDt e sensing, | aser

radar, directed infrared counternmeasures, and others.

Typically, lasers which are capable of working in the

Band | range are RIELD OfSEIE INVENTIONN Crystals. |t

woul d be advant ageous to have Band | | aser capability

us.F@efwr@éeni drwandionnseletas &0 fikark lasesedevicess sysfems and

R, e oAU 47 30, A LA o, o

produdmﬂéncﬂBémmBéndUVMveh@@gﬂwsJ'bmver _such fiber
| asers have been thought to be highly inefficient or
inpossible to lase at the required wavel engths due to

ow gain, T eaRARBREUND OFTHEINVENTRIN ©F

absorption of t ost™ materi herm)re | asers
f orLasees ifor usecinBaeBand I mmge offwa\mlahgithgbi‘e salt@blan@if nﬁany
many applications as well. For exanp Direct
aPRIGEHE nadShr & (TR %l%stim RGP acdiRRied. nfrared
cotAARRAL 4RI YRR KISl ANCTSH TR BFlichng

in thet &and o mmmelb@lkzmsermona@@rmm cb;;staleferlémeuld be

|
advaRifadysdndils Pend lakencapablifirsigy ihee Reshidiaa abulk
lasére asfﬂué@rlaé@@%rreh@wmt@bbaéa&eew FRNERRLGE, néreesMEient,
fiber l'asers with hlgh powers (KW CW and noder at e

morengiablg| were hebusitegnd have a§tablerarei<mqﬂ| @ﬁr@duout@ut bagm.
Holg 5, AR s Mocher ol RHEUIRY S5 BerRlnf g or
lmpbh’sbie e eveahiethebequiredewavelengths al i ’to?lwvﬁ gaRy aeabgdiption
by theractlve qgg\ eor a%go(r)pﬁ}c;ncgfl thg%ro%?erhtartlenal

Furthermore, lasers for use in the Band IV range of wavelengths are
useful for many applications as well. For example, Direct IR Countermeasures
(DIRCM) are systems that activate a directional jamming means against an
incoming missile. An example of a DIRCM system is described in greater
detail in WO 2004/109323, incorporated by reference herein in its entirety.

An ideal source for producing Band IV energy for DIRCM or other
applications would be a fiber laser having a large pulse energy. However,
fiber lasers with high powers (kW CW) and moderate (mJ) pulse energies
(such as, for example, double clad fiber lasers) at Band IV wavelengths do not
exist or are not practical for engineering. Specifically, Band IV is generated by
converting an available wavelength. For example, an optical parametric
oscillator (OPO) based on periodically poled lithium niobate (PPLN) can
convert the output wavelength of a Yb fiber laser from 1 um to 4 ym with an
efficiency of about 10%. In order to obtain a 4-5 W output, a 40-50 W laser

must be used. However, the characteristics of the fiber (such as a 20/400 Yb
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oscillator (OPO based on periodically poled lithium
ni obate (PPLN) can convert the output wavel ength of a
worboof7iosse3 | aser from1l nmto 4 mmw th an effiRPCEIRY06I01090
about 10% In order to obtain a 4-5 Woutput, a 40-50
Wl aser nust be used. However, the characteristics of
the fiber (such as a 20/ 4063 Ybfl ber) dictate a fiber
fibery dintateoa fiapplengithat approximatelynd ¢n, whishreasutesuitrin nonlinear

ord8! b0 3# A St YA 4L gt Raman

scaatwmgedszShm solfiphase mdu&é’mn ($P)ah hfyﬁﬁésénggmﬂm level)

| evel’) pul ses are_generated. Furthernore

pules e generaterd. haﬁle!!’“éer@t‘ﬁl’ér 4be JAPSY wallvngt e rﬁhle to handle
t
oeBEHpELLEr W Minge e (ERRaPOLRSe e B epdbibs s
waveldngtho nasuitingf rredu@nctyemaiveffectenag@ nlaswtin;ty r edididitiemally,
olarized | aser sources, which e difficult and

frequfqyy CorvVesioBBPReY Yr{SqH'é‘?& PRISOHER§S Which are
n E
O sy “ShBsagnbe, v ey St?ﬁ‘a%"ﬁt paRMepal anaiptaining
corpponénted a fi ber | aser for producing Band |
wavel engt hs, including a |aser cavity having an
optical fiber with an inner clad, an outer clad
surroundi ng the inner clad, and a core surrounded by

the inner clad, the inner clad havin | east punp
pover entry poi SUMBARYGE Tmmw&o&ﬁ@r\b | asi ng

- oreseir e Y aRih B W ol Biite 8 plalidéa adiber laser
o ek ol e by bttt s

fibeg ithanrienereledr auoHieg oiast suraanding.theinrer ¢lads gnd g core
surﬁﬁﬁ)@ieh by, &1 He ﬁl?u%F 3)@\05% frfnet %!ao%oﬁ\gﬂé\%g gc?aég M power entry

urce) power 1 n
pomih anduhg cpnmbavmgta Lasmg input/eutgubend aptiangfieetihgend ma first

refieglor Rasitiber RabPipbUliBBot Gt a0 seponpiTedteiat Beerioned
at fF'I%SFéﬂeQ:ﬁﬁ %h@ffHeCfln%T‘treflé&SF Ha@ﬁ%g éﬂf )@%ﬂ?ctlvity and the

wavel engt | onger than 20
secontigeflector hafnnghmgre ﬂmﬁ?/meﬂenﬂit;dmsBandnl ramentrgy sdace

(als?)ﬂfnfgqybjh g? hﬁ@@fn%@%&; B“éf Bﬁrrﬁpl gaggwer lnrt)o Eﬁ’e Ias%r cavity via the

pump power entry point, and a coupling mechanism for delivering the pump

power from the energy source to the laser cavity. More specifically, this
invention describes an efficient fiber laser to produce wavelengths longer than
2075nm. An additional embodiment of this invention includes a mirror for the
pump light to cause a second pass of pump light through the active fiber,
thereby increasing the overall conversion efficiency and increasing the ability
of wavelength selection.

According to another aspect of the invention, there is provided a fiber
laser for producing Band [V wavelengths, including a depolarized laser
oscillator for producing depolarized light in a first orthogonal state and in a
second orthogonal state, at least one amplifier for amplifying the depolarized
light, a polarizer for separating the amplified depolarized light into a first
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thereby increasing the overall conversion efficiency

and increasing the ability of wavel ength sel ection.
w@\ewonslissyy t o anot her aspect of the invention, P€THER2006/®1090

provided a fiber |aser for producing Band IV

wavel engt hs, including a depolarized | aser oscillator

for producing depolarized 1PBight in a first orthogona
ortkeganal shatei andh asseanmd @rrtlncngglahaltatet atfarst frequensyt comeersion

oo ol 5L R oSBT 6 o T, Bgoons

stated, gitid a@e@oﬁdffrécﬁj%?mvéiﬂloﬁﬂét/@eafﬂﬂ c8n¥&diRgdhe amplified
orthogonal state irst frequency conversion device

de@QJ?”@ﬂﬂ“@?W“H@Fﬁﬁ@%ﬂh@@W' 8tai®l ari zed light in the

fir u

CorabeBUrC 40 Vet hdiher AR, O Breddifl FlHtion, there is
prodiziaol aaflbeebhsler g’mludlngtdmeaaeeowmloai fibehavihg sindin@er clad, an

Accordi n et another aspect of the present
outef G BRLSBTPUNH (e BNBF SR Jatd & a8 sHIoNBEsd Bydhadnnay clad,

whéfélrfl‘ﬂ‘ié Yﬁ&pﬂégaﬂasf ép%rast‘@)\‘lb Jﬁﬂ ZPdg\ﬂﬁf efth? o lrﬁ‘nfopgfaﬁgmg

surrounal ng the 1 nner cl core surroun
purbp emﬁgy thmeughc trm:lactnreomoal fiber inrenéirst dhredtlmahatcok@aat/ing

f di )
2 R ORGP Ot e i B einet st et FatdBa Pedhusmping
sourbe 6Pk anm\ég gﬂav@erl A% MBe 'efb@iVé/éﬁﬂc@Ptﬁb@F‘Qneﬂrﬁl?e HUNFS ig¥hver

refl ec at | east one punping source
entpuppinhgainlemst onat eoumisgasethanispt faraleliveting the purhe power

o AR eEB5 ke L e e 8 RSP i, gortion a o

sedondpeny cfoecitiNke dlde fac 6ENMEINgPPUPR! ehéldgr thrétigh ahd oRftive
portion at a secgnd end of the inner clad for sending

opth&b@m@ rPoseaamdlifaetionavhieh isseprasitedal the ffisdinestion.
second g 'nbe%t g 8?’1‘5%%? ds@e{gp P ?ﬁ% ?rp\}e% %gg tlgér]% %h%rowded a

direction anot t

systefmémltmcmpllnghlghemte aOﬁbBrl dee systoratinciubies acmwﬂlbérmavmg a
e systemincludes a first

t fib
f'rS#AQgﬁrr?ét& 70 §f‘dﬁ st F@%& eXit peitia saeend Apykle gia® dbephaying
ble f r C
a stRbhd foreERRY SOD S pEITHY TbBFTeXit¥bRY dhdd SRS SHper
posattmeplrimrtwealthemntje‘tbmsmmyrrmrs andrtte fseleend diber exit port,
and.the s

an S RS Boter e e Ehed o befiai 1Y et B BBl anc
the B@ESn@fiBer entry port.

Unless otherwise defined, all technical and scientific terms used herein
have the same meaning as commonly understood by one of ordinary skill in
the art to which this invention belongs. Although methods and materials
similar or equivalent to those described herein can be used in the practice or
testing of the present invention, suitable methods and materials are described
below. In case of conflict, the patent specification, including definitions, will
control. In addition, the materials, methods, and examples are illustrative only

and not intended to be limiting.



10

15

20

25

30

the second fiber entry port. Unless otherw se defi ned,
all technical and scientific terns used herein have
w0 b@7839%e3 meani ng as commonl y under st ood by onkRCD{L2006/001090
ordinary skill in the art to which this invention
bel ongs. Al though nethods and materials simlar or
equi val ent to those descrited herein can be used in

t he practi GRIF PESGRIPTION QE THE RRAWINGS:t i on, :
i £abl hod . i al d i bed bel ow, In.

oL AAB) FBFAPS. ABRN AR BR8, 27 IBLE AR Sy i
reféi%hbéitbitﬁésaccw;ian?mgt d@wind{;é! ih pedific rBRréRée ho @ the

met hods, and exanples are il|lustrative only and not
drapings die etail. bé issifassed. that tie presticwlang ehowr areeby way of

The i . : ; ' hed.

xRN 7% TP ST YR, RO o il brlores
embodimergs .of lité pregeat iiivantioaf @ty il ampiesehteal i tei clise of

in.detail, _i?o i,s stressed that the particul ars shown
proa}dén%wa\p@ylso e&%\éﬁﬁi)r@ bedheomostiryssdelsad ieadily t yrdargiood
deé@r@%ﬁ?df%eﬁ:{ r{cﬂgﬁ%’%‘?\ﬁeédrﬁ:%gg{ﬁ?g%bgﬁ&t e mﬁnf?{;ﬁ.sqﬂtthis

I nvention o rg/, are pre I'n the cause o
regardialatigmpihdg maslebio sheowe dtruotunal detailsrof thelswentiormin more

di | d tood d i ption of the pringiples apd
detpf Hapia APospht iy SRndasenabnidersiandig Af b Eerfon. the
dedtPipAbh SN ivith THE /rARnBIarihg Hpdréht tB8&hasd SkMbd il the art

invention in nore detall than™i s necessary for a
how theia@verahformsditee imugintign enay be embastied onpractice.

descrjptjon.taken with the draw ngs nmaki ng apparent to
tholg'ethgldr Y895 n the art how the several forms of the

I NVIRIB.i Piis BBscHeenatPldsEatidr oP BafiidrdBser fort s in the Band |
drawngs: FIG 1 is a schematic illustration of a

range e ACFRrsiance arithere prbodimentef the psespntiinventioni dance
TR ST IR of ACeBUBCH S PRSP Sysle i s
desidnierhid svelesimgnibe linoitaticeisdovsivédién producitlg amigh sxetgyefiber
in oduci ng a high energy fiber laser in Band 1V,
'asﬁl'@a’éﬁﬁ}énd 3B are schematic illustrations of
deqEX.i X Sand B are schematic illustrations of depolarizers, in
accordance with embodiments of the present invention;
FIGS. 4A and 4B are schematic illustrations of depolarized sources, in
accordance with another embodiment of the present invention;
FIG. & is an illustration of a first setup of a fiber laser which was tested;
FIG. 6 is an illustration of a second setup of a fiber laser which was
tested;
FIG. 7 is an illustration of a third setup of a fiber laser which was tested;
FIG. 8 is a graphical illustration of an efficiency curve, showing the
efficiency of the fiber laser of FIG. 5;
FIG. 9 is a graphical illustration of measured and simulated
wavelengths at various powers, using the fiber laser of FIG. 6;
FIG. 10 is a graphical illustration of an efficiency curve, showing the
efficiency of the fiber laser of FIG. 7;
FIG. 11 is an illustration of efficiency curves for high wavelength lasing;
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accordance wi th enbodi nents of the present invention;

FIGS. 4A and 4B are schematic illustrations of
walep@ohzsspyed sources, in accordance w th anot hBCT/IL2006/001090

enbodi nent of the present invention; FIG 5 is an

illustration of a first setup of a fiber I|aser which

was tested; FIG 6 is an ilPlustration of a second

set bl3.012 ds farbdlustraien ofitineaswiad ansk sisallatedzoutput posver at

e | ration of hir f i,her | aser which

d'ﬁﬁb@ﬁé % ,o‘ﬁa’r@,\%égi%a\%l%@g%ugpaqt%ﬁf?ﬂggtm&ti on of an

ef f FIG.e1B ks anlilN@traib® of Reel BRabality wilersperafed Weeh higrepump

| aser of FIG 5; FIG 9 is a graphical illustration of
poweasur ed and si mul at ed wavel engths at vari ous powers,

usi h [ F 0:  FEl .0 i .

or et P A Efdplaa iR uston; vl 18 <Trisneies =t
20935ren €61 foar diffeyent cdritenfratiens daadunctiorrbfGibef;iemdt.antimirror

is.an illustration of efficiency curves for high
refigaidiVengt h 1 asing; FIG 12 is an illustration of

me i t: i . vpr

o o grpeal R RIoR o BRI b7 BREhhith spgeific
pretidfingd pararhéiess;r at i on of |aser stability while

operat ed, wi th high. ower;, FIGS. 14A-14D are

or oo 914 Petiriais UHEr&iRTPt 2 Prizgeaten PRt  es

20951038 F OYATSMY 198\ AiRY §FphG GRINHRbhS T t@ﬁg%)réluﬁééé§ Bnd

of fiber Iength and mrror reflectivity; FIG 15 1s a
spagitrap respsctivelyuet a dasesdiasie beforg apdaies depolarizatien;, with

spegif i redef i ned .pa ters... F 16 | schemat i ¢

PrEiG i RS b AeR R Ao iabhtatyyasUits fors HaRBlarfec
fibek HsarrroducingiB=rid IM; | ustrations of tenporal traces and

spectra, respectivel of a | aser_di ode before and

af tiRlG. ddifbisan isgaemﬁz illastzation of & fibeylagar feruse in the Band |
ranpblit SbE&aABe Shit] AP GABRYI SEBUANTLrk % e FRARNETVERflon;
Iber Taser produci ng Ban ;
. FIGS. 19B and 19C are schematic illustrations showing the paths of the

pump energy and the laser signal, respectively, in accordance with the
embodiment shown in FIG. 19A;
FIG. 20 is a schematic illustration of a system for recoupling of high
power light in accordance with embodiments of the present invention; and
FIG. 21 is a schematic illustration of a spliced fiber from the system of

FIG. 20, in accordance with embodiments of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is of fiber lasers for various applications.
Specifically, the present invention is of a continuous wave or pulsed fiber laser
which can be used to generate radiation in the 2.08-2.3pum band, and of a high
power and/or pulsed depolarized fiber laser which can be used to generate
radiation in the Band IV range.

The principles and operation of fiber lasers according to the present
invention may be better understood with reference to the drawings and

accompanying descriptions.
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FIG 19A is a schematic illustration of a fiber |aser

for use in the Band | range in accordance with an
w@daossenl enbodi ment of the present inventi oPGT/HI2B%/001090

19B and 19C are schematic illustrations show ng the

pat hs of the punp energy and the | aser signal,

respectively, in accordancé with the enbodi ment shown

i n Before egplaifingGat kast sne esatvostimient of thHeuisvestioroim ddtai, it is

i ng..of . hi gh. Light,.in ,
to 53 Bhishitt (3 A b3t i bR RE s SBhicationdndhe detals
of @BAstlidEon2 ahdi the difdiyERidrft bt thStdhpoems s?etSR!r:trfﬁﬁ the

fiber fromthe systemof FIG 20, in_accordance w
follewingodersiipdionortifistinted imthe drasingsnThelseritieon iapeble of

F D . The t_jnvention is of
othpF e BIEE Sroo kY Blact b oregh ot B Bl f ey Also
it ist foebepurd@stoddthein theophizsedfogy arehtermitmisgyer®icyed herein is

ul sed fiber |laser which can be used to generate
for theipurpose af flesrEPHOHBNG shaukhned he regatdest as imitig. power
and/ or pul sed depol ari zed fi ber | aser which can be
used to generate radiation in the Band |1V range. The
Conptinuouglwavefibepiesartindhe &.08-283rmlkeawt s according to
th resent invention nma e befter, upderstood with
re?gf')% RYNG JVEH eﬂgtg\mdﬁeén‘g%@nah'&ﬁﬁgﬁlﬂ ggncentration, mirror

reﬂggﬁfrtgé ,Haﬁﬁéro%‘ﬁﬁqﬂfera@b@bﬁiitﬁhf‘gn@?ibé?%@gtm”e enbodi ment

the invention in detail, It iIsto under st ood
The pain inlacfibanlaseriisgivan indtg.li,mted in its application

to,the detgils of construction and the arrangenent of

th nefiit,;s t . for { ot foll owi ng descriptjon
Euigr j?fﬁ?gg"?r%ﬂea(zﬁﬁs Vﬁe ]Ej]’ttgé/\#’rfél E “The invention |§8 J'
capabl e of "ot her enbodi nents or of being practiced or

wheér@r 51,8 et total yaihi iIUhe ST, ofdSPis ithe igail &t Position z and
under stood t hat the phraseol ogy and term nol og

wagipngiet! his dhe length of thadibpur fdsis the plemdaiion %bmamlpper
asifpieyel; Bads B, PEREECR o7 Shes aNaiAng e el ani e nd o are

d 3 ty 0T
the R P e DS Rof rbr s PR af 1S Mabing, haDeicRplse)
shoukhgehnoted that o terms implicitly include the overlap integral of the

lasing mode and the core of the fiber, I i.e.,
o =To(ion)
where o is se or o, of Eq. 1, ofion) is the cross-section of the lasing material

(typically an ion), and I is the overlap integral.

Eq. 1 can be converted to an algebraic form by using Egs. 2 and 3 to remove

the integral.
Ntot=Nl+N2 qu

— _l_]'Nz(Z) dz

n,= .
=TI N Eq. 3

ot

After making this substitution, Eq. 4 shows the total gain is a function of the
average inversion and the fiber cross-sections.
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The gain in a fiber laser is given in Eq. 1, where
gtot is the total gain in the fiber, g(z,l) is the
w@200m03489posi ti on z and wavel ength |, L is theP¢EOQDH6/001090
of the fiber, Nis the popul ation of the upper |asing
| evel, Nis the population of the |lower lasing |evel,
and s e and s a are the eni’ssion and absorption
ngﬁG\é(; Be[n];vg(oﬁsl)aitogb@)l-agw}j wavel engths. It shpgld be
ted that s terns |an|C|tIy i nclude the overl ap
It oantlm@nmmedﬁatelyeseemthaj; thedieengdirt ischeaiily ddpeniiant upen the

F, j..e. = i wh f Eq. 1, .
absarplip e ot BLtEBet (S B B 4 adPiRghieiuian Gy gives
nse( O e ab,ln)ooaem &aled ewdnaﬁe, v&h.bﬁ enév gel t?ﬁncbﬂ)‘/ ?&‘saﬂhag'-:élfew

can be converted to an ge raic form y usi n
perzeahd Thet gain speetuih ean heeghanged\itas by increagingdhe Mapant

corfesy fptgh of indBasiRl e B BPSHhc “aver sge i nver si on and

t heThé an m&@@m canhiolt bé Aetdithihadredingt BY v4 $@1€the gain
that the_fiber gain is heavily dependant upon the

of tssthet | bhe dagaiswileeneraie mhenhidiel mundt tsipngain isgqual to the

[ nly gives rise to the conmponent scal ed
Ios%gg éh%w'ﬁ IgtEhfpmaly be typically I ess than a few

perc ntL The gain 3pectrum can be changed thus by
R, R,rexp Asjg{@ t)de—Qopantl concentration or increasiBg. he
fibex length. The Jasing wavel ength can now be

determ ned using Eq. 4 for the galn of the fiber. The
HereasBr and Rzopker e reflecfivities phdhe eavity gérersi ansgeals the

ey i BEp AL g S ReoFly A B

mtdaaqurwgradm}@agngq gependent loss in the cavity. After
substituting Eq. 1 and 4 into Egq. 5, we arrive at Eq.

6. ," =aveNI i

1 1 a
n :-——-————-—-|i0:—ﬁln(RlR )+O' Ntot:| Eq6

s s

This equation gives the average inversion in the laser as a function of
wavelength, mirror reflectivities, background fiber loss, and dopant
concentration. The wavelength that lases is the wavelength in which na.e is
minimized, since this is the first wavelength to reach threshold.

To explain Eq. 6, the lasing wavelength is determined by how many
atoms (or other lasing element such as molecules, etc.) a photon sees. Each
atom will cause absorption and cause the spectrum to shift. For example, in
Yhb:silica fibers for wavelengths longer than 1040nm, the slope of the gain is
much higher than the slope of the loss. The continuous wave inversion will
remain approximately the same no matter how hard the laser is pumped in
CW operation. Inversion is relatively constant. However, the loss term can
be altered dramatically to shift the lasing wavelength to longer wavelengths. If
the doping concentration is increased, or the cavity lifetime is increased by
increasing mirror reflectivities, or the intrinsic fiber loss is increased, the

spectrum will shift to longer wavelengths. In this invention, a double clad fiber
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a- - In(RIR2) ss"Nt EqQ. 6 s '. +s 2i This equation

gi ves the average inversion in the |laser as a function
woRoorasssbengt h, mrror reflectivities, backgroRCMIE20601090

| oss, and dopant concentration. The wavel ength that

Iases is the wavel ength in which nave is mnimzed,

since this is the first wadel ength to reach threshold
allowes &)rpa high enoudh depiag |cenicagtratiorefeagtain ianglwavelengths.

I I t h
wi o8 FFbrefe bl oS 1RcwelSh el BECHbe Mo %f?gehave
mufipf® ERddMYysa_dcls étji‘zﬁplbftﬁaé AB&t, Iov it vtiatibns Flich as raised
exanple, in Yb:silica fibers for wavel engt hs' I onger

mdeh&ﬁreltsn@lmqu@em@d%ﬂpen@éogasmg coilii@h hi gher than

the’[ﬁuéjp?o Oﬁatkgetﬂé’s\ﬁ?v%lgﬁgﬁ aé:%fouﬁe"‘@‘b%r %@Wﬁ (g

reémai n appr oxi mat e no Rl er
inctdaeedaserhe depgthipednnat 6@/ inpesadado withow elirait.on Fos efficient

relativel const ant . wever, the loss termcan, be
OP%[ﬁf'%'?’eH"ed%HHﬁ ?lé%r mpist bes vertedrzo thay the siggeh iy got
reab@&%%rd WQ% Hidverldd 'Ber AQRBH. CORRENM bgﬁgﬁns is also
|ncrease e cavity lifetine is increase

beheivedetasoangenmerlaserr sighalctoi pulsé,eand tnuet @9/ lasing ws;ll never be
fiber loss is increased, the spectrumw Il shift to
aCh'%YﬁfLr wavel engths. In this invention, a double clad

fi brerrénusis RbwInddd o Fi@ughwﬁféﬁ' 8% SSHETRAE MUSRBLIGP of a
obtain [ong wavel engths. It w Il al so be apprecrate

flbensylaseroée ihnnacdesdamnae thhaone Iﬁmbacb@entr@f the quesaiteinvention.

£ | | ad fih
FiogY e, £ 7t e bl “aPPahéul st L s2apnosperay
soures 1alaml@cauﬁmwgambném@m 4§i ng coiling. Thus to meke
the wavel ength | onger, the fiber |ength can

i nol@@gé@wty‘h@ Inshisies amantive petical faessidiangd ttweuftber Bragg
graL fe(dof? tg[eﬁgFeFl tinOHoné&R/ eﬂbéfs t{métbgén)gugé the
ver

sing sig

cavity angm réﬂiettdayamdh eutpanicoupler eltésbebla!elﬁ e %edaser'l'lligh:t emerges
bsor t|on i s Iso bel i eved to cause the | ase
frorg , tg

ﬁa‘PU yt ;5’9F’§e2 -aBichr RN O ARANSES \M%Veﬁ’e%fﬂn%éor- Pump
poﬁ&%rﬁﬁﬂomt may be at either end of optical fiber 13 or at any point along

optical fiber 13, which includes the active fiber, the fiber containing the FBGs
22 and 24, or an additional fiber optically connected to optical fiber 13.
Multiple pump power entry points may also be selected. It should be
understood by those skilled in the art that in a double clad laser, such entry
points are designed to pump power into an outer clad, wherein lasing
input/output end 18 is present in an inner clad and reflecting end 20 is only
present in a core defined by the inner core. A first reflector 22 is positioned at
input/output end 18, and a second reflector 24 is positioned at reflecting end
20. In a preferred embodiment, optical fiber 13 is a Tm: silica fiber, as is
commonly known in the art. More specifically, optical fiber 13 may be a double
clad Tm: silica fiber. In alternative embodiments, optical fiber 13 is any double
clad fiber such as, for example, Tm:silica, Ho:silica; Yb, Ho:silica; Er, Yb, Tm:
silica; Er, Tm:silica; Yb, Tm: silica; Tm, Ho: silica; Er, Yb, Ho:
silica;Tm:ZBLAN, Ho:ZBLAN; Yb, Ho: ZBLAN; Er, Yb, Tm: ZBLAN; Er, Tm:
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Ref erence is now made to FIG 1, which is a schematic

illustration of a fiber laser 10 in accordance wth
wop@7esdsexli nent of the present invention. Fi bePCT/H2006/001090

10 has three nmmjor conponents: a |aser cavity 12, an

energy source 14 and a coupling mechani sm 16. Laser

cavi t\}/ 12 includes an acti Ve optical fiber 13 and two

ZBLADR rYIBr by ZELAN; n?jm (HeBGBI2ANa i, th HLQEZBLAN yIn:fluouride,
Hop BPBEIGETY b B8, BupliBE SO . TIBUAR oY Thigupuids: Yo,

Tm: Fablri@sET B¢ Hd: rRiButibe; EHtWtH@OﬂIJBur@fé,, Tt sHalSayeniee; Ho:
an angle cl eaved connector. power entry point may

chai@ogﬁm@e,t INdi calgogenidpt Ebaqhaﬂqqs@m@\ﬁq He: chalceganide; Yb,

ergyl3, ct .
bgrgl,cgg%lérd% bféripp coIF'1 ali %%% ea%B(Légr y’aﬁa&méﬁlao?ogaeﬂ“de’
Pr: emlcdbgemdé Dyi@helcxmgtanmt Tp:chatvogehiid ammumm fiber
power entr ints _nay al

i §| '@cM?lLte'r teire h%bedwmn@@ﬂgaloﬁ'aew& H"o§ed§R|P|Iel glad; fiber.
Dobibig 6315(9 flb@l%t hé\ﬂa BedR¥RbHNGb %%dhﬁeeﬁlgut Hf gé‘agbwwﬁsoéﬂﬁ Sire

are desi gned punp power infto an
comHmnhgkmwwmm thﬂ apm Iread altermativerersieodiment,aopticahfiverc! ais a

singlBr eRBGTIRST- ¢ 1 SaTN rEBrUmets. FaTbPeliphs (s Siagle; glad and
doﬁb?é'déd”ﬁﬁ@rsahd)nﬁétds@dt PHbr @ﬁémbife 21 rg@e%wnﬂ] sifica fiber

reflector 24 i s positioned at reflecti .
carpbefcere pumpedoditinkntYb:silica fber seesr (syshuasmﬁmm En\fb slhca
ﬁbgl berr as is comonly known in the art. Mire

4{!%%6?15 ‘cally, optical fiber 13 may be a doubl e cl ad

Tm Insatdordahed ith hnprafdresdairiberlirBehodf R bresatihvaition,
fiber 13 is any double clad fiber such as, for

firsbraflestes, 22rs aidauble clae: iJber Beagoybrating é‘fEBGhaFoaexawle a

"o 21 iforker TAGRkrbHRpe ot Pl T oty
carZBéAHeglEr Se¥bnd RerlocZii 24\s diso aTdo s Aldd dbsinge clzaslam of

. ZBLAN; N.. Tm f | uouri de,
2. 1f nugrlﬂm%t@rs \?b':\v'm% af'i%'@&‘i'\f'WeOf éalgh% tham 584-uodR i rar@ferred

emﬁ;ﬂl(r)n-l%ﬁt(sj,‘;éé@ﬁd %?Ie @ 24:!{?%1% E\'rl‘léﬂééﬁ\ﬁrlﬁ] of%?qdcf'gl Oe%S‘V In one
embibdineitd) ongenibdéh ofidirstcrnal segpai idpcters _ZérmGl:ﬁgeaTectmuble
cla%/ %ﬁ@% gcfﬁrﬂﬁ%rc o%ﬁrnp@ge éq_%(g tQ 'ﬁrrgnﬁe%dghﬁgglegls%% WI-{-f[I];h al_'%latively
wide spectral band. In one embodiment, optical fiber 13 has a core diameter
of around 10 um and clad size in a range of 80-400 um, and more preferably
in a range of 80-250 pum, and yet more preferably in a range of 100-150 um.
In a preferred embodiment, optical fiber 13 has a clad size of about 125 um.

Cavity characteristics in preferred embodiments are listed in Table 1 below:

Table 1
fiber Value
Output coupler 5-40%
Reflectivity
High reflector 90-100%
—1
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Pr. chal cogeni de; Dy: chal cogeni de; Tb: chal cogeni de and

the like. In a preferred enbodi nent, optical fiber 13
w0 200a/08i80bl e cl ad fiber. Double clad fibers harer/n2e/001090

shown to produce high average powers and are conmonly

known in the art. In an alternative enbodi nent,

optical fiber_13 is a sinqﬂ% clad fiber. In sone

enbodi nent s, | co S sin | ad and doubl e

clad fibers Wayngﬁﬂgmégﬁ For exaﬁpﬁg% s{ ngle cl ad

Tmsilica fiber _can be core [punped with Er:Yb:silica

fi ber Iasers (such asl .57um Er:Yb:silica fiber

| asers) accor th a referr enbodlnent of

t el ALREErE A REPRRer EeTbEpuEeLtoB AomuTBREs digh
nux’ﬁbﬁéal':'ab@ﬁu?é 3@92@6146 nﬁbéF BRuplddRpuspaibde $oudrBS Qfhich

.1 mcroneter wavel ength perfornance havi ng 90- 100%

pumes loett 7PQinny COAMight Seieh dlcsa:smﬂceefar@commmw ikpowingo the

art AR Snp R Kr Sxdtb, T SaL Sofs sacad T Eagfsht e

(Saeﬂamafmrm USAGONd 4dlefrh&picoembbdimaents, éﬁ&%%d)&fbéﬂ@&an

about 10-35% In one enbodi nent, one or of first

be pibek singiel anaittee tiedes, jﬂ@%{n@pme@rc@%@a@sm arsayseek fiber
cofTeg 315, HSARE 10 obfe BB g AR o0k Al idr By

otheptsuﬂablef stcel3irhasme emboedihemnte! mulﬁxﬁleaémrggl sduross are
and clad size in a range of 80-400 mm and nore
eiﬁjreferably in a range of 80-250 mm and yet nore

Erbca By et Brigion B ah el Moctinftd] 18, Zolging the
endrgy SourCeChd |td> yhe: ﬁlaeralaSer i Bt ows eimbaulireéet, rcedpling mechanism

b t I 1 bel |
16 ¥ & QoS HRlBE: PRiATowL N, el Peaarscowts 1 B fxample
lasbi bR REHA Hho RalckUTIR 4 0tR2 SrbBliheRCoGERRY Afbchuam

di ode Source, which punmps out 790 nm

16 @i atrpared rﬁbes bundlediaraxanyplefoom Sifam Wdorarﬁgpm Ulé)y In yet

otheh BbiHefimefts, SRR medhgnlst T8 MELIGUORE B0 EfRcien gufree
spREbesipTENt 6T WSS T¥CHMIBEE (SPI ¢c1) be Mishelorsa REbEve in the

emtter diodes, fiber coupled di o?ale stacks, arrays of
fiberj wsrany other suitable mechanism. In some embodiments, multiple

coupling mechanisms are used.

In order to produce a high wavelength output, several parameters must
be optimized. These parameters include, for example, ion concentrations,
mirror reflectivities and fiber length. In some embodiments, ion
concentrations are in a range of 300 parts per million (ppm) — 35000 ppm, and
may be in a range of 8000 ppm — 27000 ppm and or may be in a range of
12000 ppm — 22000. Doping concentration should be high enough to support
the lasing wavelength in a length of fiber that can be inverted by the pump.
The effective amount of doping is at least an order of magnitude higher than
the effective amount of ion doping in commercially available fiber laser
systems such as, for example, the TLR series (IPG Photonics, Oxford, MA,
USA). Effective amounts of ion doping in such systems may be, for example,
concentrations of 200 ppm, which has been shown to yield about 1dB/m
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coupl ed di odes, diodes with free space coupling to the

active fiber, and any other suitable source. In sone
wepdvodssent s, nultiple energy sources are usedPCT/IL2006/001090

Coupl i ng mechani sm 16 i s any suitable nmechani smfor

coupling the energy source 14 to the fiber laser. In

one enbodi ment, coupling nethanism 16 is a direct
absmptibmr@‘ 1660 ammebghjylnsme ©ongy eﬁertgqrmme: de |a4mpbdant to

. | d
incian s RV SRR g o phAfons i posyd cbutmE rfSH Pefiotivit
shaade dréster ethaﬁpss%, afrroomo'iefa@f&tabryeg@ateﬁmawﬁb% | N"The

yet ot her enbodi ments, coupling nechanism 1
outpnt rodelen i selsiedon, orger keachipye efficien lesmg@vh'wapaeventmg

foshEREk FoBPbxeyiia)solfods,  F gAhbOQirbhus pBliRHRsth pVention, the

fibenip asbnfigntetl tdrabsdmbl 30-908pbf trge ﬁampapowms witre otlsroodsible
order to.produce a high wavel ength outp sever al

ranggs aine fugiitg AbsOionspet APRAY and £0-84 Ok tBs doump power.
PR s EIE AL, SROEREAHETh i, Pl e oW
operanonorln somaenmodgg%mm fiber leagﬂ;mevarfestD@muaBt’Q mem length,
or omol-Ban I s end Jeale Srondyas fem e o000
|
o onTioiery sﬁs‘me”?ﬁﬁ”f‘zi PO ey iplnils Shéldy an, be
corffigoieed ttoabec aanb daickviiwoegh et aetiveufiper bee @fsmdv pass

RefiTanier sl Fomde s Ficty 1975 ol 8 Reta gt ton of a ioer

las€PAOEi® 'a%'cbbdaﬁéé' Witk #hdthée én{bwﬂheﬁv of aR& [srESEntFwvention.
for exanp the TLR series (IPG Photonics, Oxford,

FibpnlasesAp. ineludesta laseae@iitt £2'08 puBtping pPHigei 1 andia coupling

me%%%{ugﬁ 533% a‘f‘nbg/‘g ltﬁﬁggﬁécﬁ Otocffﬁéﬁggé% {)(m%l@f 1zop|owever

flbékdﬁééfawtfunhepmcmfde%%@umm r‘eﬂeﬂbr 50 dtheh end evhich is opposite
Furt her nore, is inportant to jncrease the cavity

an iRt RS 86'of e dihek, TAIKEIRIONS ol A, ATAPeRIMENts, Bumping
sol 8184 MAkaUBy 8 018 i B bl FB1 B reectn
throegtefiberd10'rarat dent througbhiileare @fféi @ isecond dimenbefune lexiting at
ou‘cBute gﬁgt gng Pump reflector 50 may be, for example, a loop mirror, such
as the one shown in FIG. 19.

For a loop mirror such as shown in FIG. 19, a pump combiner 17, which
in this case is a 2 to 1 multimode combiner, is positioned after the cavity high
reflective FBG 22’ and is used to connect fiber 10' in a loop-like fashion back
to itself. This allows pump energy to undergo an additional pass in the
opposite direction and exit through output end 19. For optimal retention of
transmission in this opposite direction, pump combiner 17 is a side coupler,
such as ones described in US Patent Number 5,999,673 and US Patent
Application Publication Number 2006/0133731 A1, incorporated by reference
herein in their entireties. Such side couplers include a pump guiding fiber
having a fiber cladding, a fiber core and an attachment section, wherein the

attachment section has a straight core section and a tapered core section, and
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feedback from external sources. In enbodi nents of the
present invention, the fiber is configured to absorb
w@200903488F t he punp power, with other possibl ePCHIZEH/001090
i ncl udi ng absorptions of 40-90% and 60- 90% of the punp
power. Fiber length is configured to be shorter than
the inversion length for tte CWoperation. In sone
a repeivinigriihes havingsan éwegr reladrtoewhiaho the) .adtachmenit rsection is

not or_ froml1. in lLength and.,iLn sone .. .
attagHaf nsirad BB Refe, PR RReE Y Brtypliog meghanism
16'fae Hofth sida@PeaRErs] T | RN RSO0 Of SR I0D MRS I8 \ekBected

to be sent back thro}fj%%the active fi berd@?or a secoﬁd

to hengrecateethancdes fos the Ruridelnt ether embrosiknetsi, dhe figees of the
LG Ll lust [ | . sgr Lol O

coufITRL R oHR 430 e thedauh S dr Fiard il atter the

high mefletioo=BGi 221 doasemotlitted e lrediescted ! vealr intathé Vfiber. A

2', . a_punpi source 14' and a_coupling nechani sm 16
muliEnade IR thesiss AiBeRsBRs of eenTsioHied ofifs dpuble clad
fib B&.uskyber laser 10" further includes a punp

refl'ector 50 at an end which is opposite an output end

19 Tie path ¢f therpunfjuig slowmirek |G. M 9R) vehexeiottierpurhs energy is

oo BB B et P e G i s

PurkBrEndrby pagbed thislgh Gibef 20" it 8RO 2ol i 50
ue>9<i tni ngygt out put gndI %9 Fgunp refl%ctc{)rfslﬂgg)f na%Ctgé , and

backoihresgimfiber 14| cbye it of the laserasignaleisoseovgh am-15n 19C,
wheje s lasel iy 1S B il B 330 42 andperetied oy

refl8ttotd pR'dhER4hi ner, is positioned after the cavity
high reflective FBG 22' and is used to caonnect fiber
10' Injanegembegimende afcesmmercidlycavailgble Te silicarfiper igluseds It
: t JR-An iaddict. i J [
s AR At 0L DT Am e bt NBmgE AT Bal By 20p70m.
whiohtis thad naietralriasing wdvelergth of $10:YAG. nPakinseteppars titosen as
difection, pu conbiner 17 i.§ a i coupl er, such as
desgrge @P@M?itgé’%lﬁ%%ﬁsﬂ Mz‘ %3%%r1l‘g\?\é98, ipyt BAWES
Pat ent Application Publication Nunber 2006/ 0133731 Al,
i ncorporated by reference herein in their entireties.
Such side couplers include a punp guiding fiber

Q).

Depolarized fiber laser for high pulse energy in Band IV

For the purposes of the present application, the following terms are
defined as follows:
"Polarization" is defined as the direction of the electrical field within a beam of
light.
"Polarized light" is defined as light in which the state of polarization changes
slowly enough to measure the direction of the light wave. The direction is not
necessarily fixed in time.
"Depolarized light" is defined as light in which the state of polarization changes
so fast that it is considered to have two directions of polarization at all times.
Reference is now made to FIG. 2, which is an illustration of a setup of a
fiber laser system 100 which is designed to overcome the limitations involved
in producing a high energy fiber laser in the band IV range. System 100



having a fiber cladding, a fiber core and an

attachnent section, wherein the attachnment section has
w@2@v03sght core section and a tapered core seRCT/2006/001090

anda receiving fiber having an inner clad to which the

attachnent section is attached. In sone enbodi nents,

punp conbi ner 17 and coupl thg mechani sm 16' are both
inckidée eodpp@agzedylpseralostilatos M 3 ah ledstt bee | amoplifierr 120, a

polgfirsh Pz freh it Bomashibd o, 0 s Sedd fgquency
corflibR dBvise $50.C Ddptfari IB8eSbsdiftor H102AN 158 bl typical fiber

exists after the high reflector FBG 22', does not nee
laseb wb@hr&t@aiuwél&k significantly tiepelerized.ma téarobisatiomesf two

polfital doGer SRy Sy “BRoCeind®™ isTineR BPefraliifamrad i

accthgance with! et wiitlr afe) deSailsdTmoPe dully hefeinbelow. In a
transmtted via punping source 14', which may be, fo

natugalipiepolaizas Hperieser, rhebandvyidih @%{tb@sextm@lgniarrqyérand
o 158y AR S e A 100488, B, vt for

freqgleney conver&onl19M) avuasemdmdé‘lmétalsas belegndtépalarlzed options
exnﬁteﬁf zbggg@gzéﬂ s%ﬁllgl?eit%n gr?%lr%%%t]{ nd reef Ia(;cetr es?/s%r/n The
outﬁgf“’@r Gé;%lbbfzé’d’ %éc?@t@r -H'T’Osf eﬁ%lfﬂggeby' 6né‘38rd mére optical

punped wth 10 W 790 nm
ammlaﬂm‘lse@ h Opticl oamplifierai €20 |rsay the rrmliuplal amphﬁleTg, wherein

f Ho: YAG ,P .
cadi S D AmPUBEeaY B SHRCETE PRBe AR DPESSY ampifers
TheédTdepoldtizbdPOWB L f@ﬂp@pﬁbalzsﬁ\ fifiéres) 12998 Jdnrmaﬂeah and sent
pul se energy in Band I'V For the purposes of th

thrqyrgés@@tarappmi?@at ilBnsorneeembpdipwinis, pelamzeaﬁéod@f anthdn film

ol ¥ LA TR R €
Ivin€@oCAr UB2Y. llh offier rfibedifrionts] mﬂaﬁZ@HBOI i8 aVthleHZIhQ @ube (for

state of pol arization chan enough to neasure

exarme rRialda BATBET DRBCHEEH SvNewPOTH OO o RRSORTIAtely
half 8 podet Wil Hpber i dacASpolarization state: the P-state and the S-

state. The P-state polarized light then propagates through polarizer 130 to first
frequency conversion device 140, while the S-state polarized light propagates
through polarizer 130 to second frequency conversion device 150. First and
second frequency conversion device 140 and 150 are, for example, a ZGP
OPO to be used with a Tm: silica fiber laser, or a PPLN OPO to be used with
a Yb:silica fiber laser, or any other suitable OPO depolarized source
configuration. Some other examples include OP-GaAS OPO or OPO/OPG, a
PPMgO:LN OPO; and an OPG/OPA.

The outputs of the OPOs then may be recombined using a polarizer to obtain
a collinear source. In alternative embodiments other frequency conversion
devices can be used, such as an OPG/OPA configuration or any combination.
Thus, thermal and other high power effects are reduced, allowing more pulse
energy to be provided to each frequency conversion device. The setup
described herein also allows for stable splitting of the power between first and
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"Depol arized light" is defined as light in which the

state of polarization changes so fast that it is
weongiosissed to have two directions of pol ari zap¢DIL2846/001090

all tinmes. Reference is now made to FIG 2, which is

an illustration of a setup of a fiber |aser system 100

which is designed to overclfre the limtations involved
seqandpfreguenciy canyargioncdeviggs flidBeand 858  Thet etpbhed thes two

fred R01E5; oG B8 TBF o SR e VeoB by o one beam.
pol 8everel opBbns 8xikt forta HepeIHALEY os6iNxRES (it Bption & d48ser
and a second frequency conversion device 150.

diogapeinge the guisgsiiratignirepelition rete Raak prwer, eyigiruse duration
hWher L ch u Vi S Q0L C .
car 5Pl B2 SEHET A VA BA0 Sy, iz, a5
dictabed bystheodevice phgsicsi dSiacatd depblasizée dasategiotiarascilidtor is
in accor.dI nce_w’Hﬁh nmet.hods which are described nore
notiqamperealy avaliegle: the diodednusthe Jepelgbred.i zed fi ber
| as it i w and
A e e e S A A
A ppldrized scwice can beetaploldrizedf byesplitting theopowesegquallyl nThe two
| aser _di gde that has heen depol arj,zed ptipns exi st
nalYES *Bfndhely. PePLBDRERat Fon tind dripaenel o RofIzatons | eer
expeRRALInYYS rélBtive BelagUAR W [ of , deRgbrathiR Re @8RbIREENGHOL
is anplified by oné or nore optical anplifiers 120.
of timp siovkge, Mgl isfi ers 120 may be nmultiple anplifiers,

wherei n each of the arrlei (Izr;s may be the sane type or
di fferent types of anpli 8r's: The depol ari zed out put

r i.C

The EORECECRhOfT bhhfXTiels felbb Bl ML RbEea Rl o
the kdQr¢es Thehelatibhlcaniss detiveer ag fallowex alie eoherirtedine, Ar,
) umber %\1BOOHP. Gwa&om Newport, Corporation, lrvine, CA,
is relajgd to inesinesirabvistiai A ARProyBIaiely Asrfolawsi s a

pol ari zi ng cube (for exanple, catal og nunber

O05BC15PH. 9, Newport Cor peyat4+en). Approximately half

the power will appear in eac‘h"pol arization state: the

Disﬁr&EQE%qaaﬂtJ%:?eé%a&gﬁe% By st ate polarized Iight

en propagat throu ofariZer 130 to first
frequency conversion devieaAl40, while the S-state
pol ari zed |ight propagates through polarizer 130 to
wherecoris theespeat pf dight én thermdteriate ThE.speictrat width can be
second fre uenﬁ capversi on. devi ce, 140 and 150.arge,
mezrzwreaxaf%l @mp égyw an opftical spectrum analyzer, in terms of
wavelength, A4, and then converted to frequency, Av, using the following

relation.

c=Vim Av=—2AL
P

The spectral width can then be converted to a coherence time, and then a

coherence length. The above three equations can be combined to yield
Ly=—- Eq. 7

Here, the effective index of the propagating mode in the fiber, n, has been

included to account for the convention that all wavelengths are measured in
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OPOto be used wwth a Tm silica fiber laser, or a

PPLN OPO to be used with a Yb:silica fiber |aser, or
w@e70848e3 sui t abl e OPO depol ari zed source PCT/IL2006/001090

configuration. Some other exanples include OP-GAS OPO

or OPQ OPG a PPMJO LN OPG, and an OPGE OPA. The

out puts of the OPGCs then nﬂﬁ/ be reconbi ned using a
frepebacezbut distaviceds measired iimside of doe diber.| Thal paih mhﬁereece

muSLBR SelFH 58 T it (N baieBe Graife! the Solitce.

CONRERAEhEE is ﬁbwsﬂaa@% 'F*PG @Adv\ﬁh‘ié!ﬁfs é“s%‘enﬂ@ﬂ@"llustratlon of
effects are reduced, all ow ng nmor e | se ener be
n

a geraladzer 260eabhaceeiganee yWibnoee sembodmme O?Tlhé present

invaioit, PRRCIRER20RiSPrBlided ot fuo Bojeiklif peam spitters

(PEBSE21@NAYPBSIY efvailatle dRy iexampld Gretn ARR Ocatdlty muthbeit PBS-
of the two fre%ﬁency conversi on devices may opti onal IJ%
er

064=NrRBdloRpi Raeh lmi@d%amonsmlérlaatlcubm%m@lm Mg
22%&189%4%%@ ol !y f&ttﬂé en g @1& QoW dhd &é&{pb‘éb%erem,
repetiti eak power,

I'nce the ura on rate
nora-fi mues@zmrsaau Blexcare b%@aand YP i efilsart 280 lkka/\fwjakura 980

Par'aq?é%&@di B Tt 288 Eiin P 3 et sdioebosiis ibrming
S, 1 015, TGRS AL BIE SR, b PPz
aloagcpnahthLn sSwelmngsthEcaxlsmﬁnomPM ffiaer 220 veoler light palarlzed along

pafidh)s &riap@onatis Pecbinp i E0 fiE 22 Byais embodment, the

dlff@ﬁir%(e' iAAEhGAS bRtWEEN BPRYd BAHSNS a%p?&ln%b'tdﬁ 1‘5&!@)’ ’Iné@rtlon
2-Li, longer than the coherence |ength,” LO o

Iossd@r@clt inft thes splitters Jor Tihe  depelasinee depigied lins FIG 3A is

0.ZREREE "FhE Vo BTF o ERIRR] A2, RS, Richeg I

mgﬁ@lftﬁbééczelot | ea préferredsermBbdihtsht! @ p’dl@nﬁn@ﬁtdoﬁﬂtrdneﬂQBO is
pproximately as follows. Dv Distance is equal to

plag%&gatwggn,%gm@ldd@get 24 and depolarizer 200 to ensure an equal
power split into both arms. A polarization controller is available, for example,

from General Photonics, CA, USA (catalog number PCD-M02).

Reference is now made to FIG. 3B, which is a schematic illustration of
a depolarizer 201, in accordance with another embodiment of the present
invention. In this embodiment, a signal diode 241 coupled to a polarization
maintaining fiber is used such that the light is polarized along a known
direction, typically the slow axis. For this reason, the polarization controller
250 can be removed since a 50:50 splitter can be used to obtain an equal
power split. Depolarizer 201 is constructed from a 50:50 polarization
maintaining (PM) splitter 260 and a polarization beam splitter (PBS) 210. A
PM splitter 260 is available, for example, from Sifam, catalog number FFP-
8K3264A10.

Another option for a depolarized oscillator is a fiber laser with an
external modulator. Reference is now made to FIG. 4A, which is a schematic
illustration of a depolarized pulsed oscillator 110’ in accordance with another
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Lc =cAtc where c is the speed of light in the

material. The spectral wi dth can be neasured, for
wWe@x@mob®93 wi th an optical spectrum anal yzer, iPCT/E208/001090

of wavel ength, DI, and then converted to frequency,

Dv, using the followng relation. The spectral w dth

can then be converted to altoherence tine, and then a
embobl'mnmtcef Itbagpnesemhén\eemiwa t i dibesqlaser A1S bdailt hmith non-

t d He h d
polf gt ettt SpipbREnts Begendian, {EphBEFE ndf Bdimizing
culs BopIated aftef tHe TsETY itre @ tydicdllyd 509860t 0% 8pIft in the
nmeasured i nfree space, but 'di stance is neasured inside

outgpit pawer pplweerTthe pelerizatiaon stedes e Asushowe ins EIGc4Adagimp
ciol2ing iyl 0 The! 180 e SONRE BT Ao, Rl bBrizaton

mafitthieint compbhests) ab@ly ofo FBGPGUardakean 28ve ifiber 310. An
ccordance with one enbodi msn% of the present
eXt?FRPZ 10

MReGHAtoPIH) akapseraf@@dhesf 5#@%@%&1}@@8#@% laggy 315 to
obtgwa??lgéﬁtdn@ntk@gaéet ét& r Ta Egagulgé@ ﬁséugﬁﬁ flq,nggae in

for exanpl e, 0g nu
fibeddasemMsBidmQl O(EémkprBBScmgca h@selaerggrﬁhmllaserzmttherBand v
mai ntaining (PM fiber 220 and two PMfibers 230. In
faNgfe enbodi ment shown and descri bed herein, non-PM
fi I 6 R o i
R Aok LS FIGORe, MM B0 ghion o
a depolasized Npsiciltater 1 @@'étrhacqorﬂanm mtht asotber legnbadimentl of the

presgftnvablion; A SritSaalited e i Bt " sebond Aiisiidsetdser
36d ak@prowédWHe@elhlfgm amPbacdriegolaligsd ldird 368 drkl 360 have

orthogonal to the axis of non-PMfiber 220. In one

no tereerichenierenne between dhrre. ifirst engdraesopdtnadaizachieserso3s0
ana[’?éﬁsaré 20 ﬁé)d( hgﬁéeé %ﬁﬁﬂaﬂagﬁ\? ?dﬂésgfé ggltglésiafaoﬁeﬁ_@%]zed

he” spl'i ters ari zer’
souséei s 0.67/0.80CdB and 0.50/0.58dB. Non- PMf| ber 220

receives signals froma signal diode 240.

In

pr elhféqht*%aleﬁbmsmﬁﬁvar&a96$,a@ngaﬂpuﬁl At |oértmescpre§ent

inv&gt?&me@vlpeﬁ&%?ﬂ?sé nflit dS &4 dﬂ'!;é? )ﬂ%iéﬂ 'nielrhezgpc YWBon
ensure an equa wer sp i nt arns.

exgmoihationz af itioa f@ltmvmgldxamplss awvhichareenotfintenetedntpl lee limiting.

Additionally, each of the various embodiments and aspects of the present

invention as delineated hereinabove and as claimed in the claims section

below finds experimental support in the following examples.
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from General Photonics, CA USA (catal og nunber

PCD- MD2). Reference is now nade to FIG 3B, which is a
waehensasdx il lustration of a depolarizer 201 ,PECTIL2006/001090

accordance wi th anot her enbodi nent of the present

invention. In this enbodinent, a signal diode 241

coupled to a polarization haintaining fiber is used

such that the 1ight isEXAMIPIIﬂSI al ong a known

di r on, typicall sl axis. For thi aso .

* heRgtarancs & Row male ro e foldRe Sxapmies iiich 15 eBer witn
the@cro'i% é%edr%)h@ﬁs GRistRAe HSS hveRtioR A rhom.rﬁmhglfamw

'ari'zer 201 is constructed froma 50:
poI EXAM?LMWM_&@EM@LM@SMT@ smca fiber
ol ari zation beamsplitter (PBS) 210. A PMsplitter
O is available, for exanple, fromSifam catal og

nunﬁ\eﬂhe’:fﬁﬁ’owﬁﬁmgs #poroerTraridped daibléclad silica fiber

depol ari zed oscillator is a fiber laser with an

with the spacifiainnsdisted inREaklipehwas useflow nade to FI G 4A,
which is a schematic illustration of a depolarized
pul sed oscillator 110" in accordance wth
anot her enbodi nent of theTabks2nt i nvention.
| aser 315 bui

las

A fiber

conponents is
cube is place
50% 50% +/ - 1
pol ari zati on

320 punps the
non- pol ari zat
FBGs 340 and

nodul at or 330| ¥

fiber laser 3
depol ari zed p
| aser system
| aser in the
FIG 4B, whic
depol ari zed o
enbodi ment of
| aser 350 and
provi ded, whe
350 and 360 h

wa th noannal
W T T I TOTToOT

generfiddry dep
gl__:affng heo fJ:

ol arivalde | f @

har thara i ¢
a1

+Zzat+-ohr—ratAt al nl ng

. pol ari zi ng
typically a

DG éiEﬁiéﬂnﬂg

states

P out ppp power
in FIG 4A

o bﬁgr%ﬁm n

15, \I_Ar/g IS
co c')ﬁ;nts,

bet ween t he
a punp di ode
rade with

nanely two

il seGla NA | at

hoo £

br 11@.48 or ug

an active fibef 310. ext er nal
ladesizaw®y {he fi | aser causes
15—t obtarm ppl Ses_and tn act as a

e in fiber

P I
UV T UT P uud

BaDdphlt conge.
his a schemt

5GPl afdths/hi0”

the present |

g a :n'—gi‘r cT11g
Ref er@Bce is
c illustratid
i n accordancH
nvention A fj

rgy fiber

now nade to

n of a

w t h anot her
rst polarized

0 are
zed | asers

gng‘ Hlalzedlser 36
rel n tirst” andjsecond polari
VeClad shape octagon

The laser performances of a given cavity with specified surface
The

simulation tool which was used has the ability to predict both laser wavelength

reflections were simulated at specific signal and pump wavelengths.

and efficiency curve, for both spectrally flat mirrors and for bulk grating (BG)

mirrors.

Setup L

Reference is now made to FIG. 5, which is an illustration of a first setup
of a fiber laser which was tested. Energy source 14 was a diode pump
working at wavelength of approximately 790 nm. Coupling mechanism 16 was
a free space beam combiner. First and second reflectors 22 and 24 were

butted to flat dichroic mirrors, having characteristics as listed in Table 3.
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no tenporal coherence between them First and second
pol ari zed | asers 350 and 360 are conbi ned using a
w@oioanswing cube 370, resulting in a depol ari zZBCI/IL2006/001090
source. Additional objects, advantages, and novel
features of the present invention will beconme apparent
to one ordinarily skilled th the art upon examni nation
of the foll owi ng exanpl efableh3 ch are not intended to
be limting. Additionally, each of the various
enbodi nents ahd aspects of h% resent invention as
del i neat ed herei na a?' 8'S n|the clains
section bel ow : uppoarttin the
foll owi ng exanp Refe@g e is|{now nade to
thefollovving htoget er vviththe above
descri ptions, =" o=t a
non-limting ent :  Long
wavel engt h ouf put using Tm il ca fiber llaser In the
fol l owi ng exan‘pl es a 207 20D Tm doped doybl e cl ad
silica fiber @3{95‘&0 |cati8§|’('SI|snedin Table 2
was used. Tab e 2 The laser|perfaormances|of a given

cavity with spe fake ref ctionsg were
simul ated at sp@%ﬁ’?ﬁccéﬁgna and d|og'n'p wayel engt hs. The

sinmul ation top i ch used has the ability to
predi ct both é@er Wzﬁ'i‘/f\galn'éng h and effi ci gncy curve,
for both spectrally flat m¥rors and for!bulk grating
(BG nmirrors. Setup |. Reference Is now made to FIG

5, i f £
5 S VSR, e Ao ot St
purﬂpﬂ@l@érppmemmbkllm@eabumh@d emmbhomea’pmlmcummaglﬁQQ'he

nm Coupling nmechanism 16 was a free space beam
SUrgai®hi ner. Fi r st and second reflectors 22 and 24 were

char 81 Poelifd L ER fef ek tisam Ry fit poth pump and

laser wavelengths, AR coated lenses suited for pump light were used.

Results were measured by analyzing laser radiation using a power
meter 30, a photodiode 32 or a spectrometer 34. Power meter 30 was an
Ophir power meter ( FL250A-SH-V1), photodiode 32 was a fast
photoconductor —PD-10.6 (Vilgo) — 2-12 um 800 MHz detector, and
spectrometer 34 was a B&Witek spectrometer(BTC 500). Spectrum
measurement was further accomplished using a CVI CM110 monochromator,
integrated with a detector, alignment mechanism, and LabView computer

control.

Setup Il

Reference is now made to FIG. 6, which is an illustration of a second
setup of a fiber laser which was tested. Energy source 14 was a diode pump
working at 790 nm wavelengths. Coupling mechanism 16 was a free space
beam combiner. First reflector 22 was a bulk grating, having characteristics as
listed in Table 4 (BG R) and the second reflector 24 was the zero degree
cleave of the fiber. The reflectivity for the BG listed in the table includes both
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Mrrors were butted to fiber ends with no physical
contact so that high punp/laser power coul d be
wO 200088808 t hr ough t hem wi t hout danmagi ng t he suPE¢HD2006A®1090
no coating on the free space beam conbiner fit both
punp and | aser wavel engths, AR coated | enses suited
for punp light were used. Results were neasured by
theareflbptivitygof tiegratiagi aid e Uélhmmgaeiﬁloiwfcyrﬁtthé Ii3®t back into
phot odi ode 32 or a spectrongeter wer neter

theDbepnThe Jaags Sheva i E@zs@mmw SiibgoEre deggned to

sl 5 P P45 2100 19l o . o

grad;ipgstamdrectlea\(aﬂ' @risi30 R4 Eparuadrdfmertaaableeﬂ&sar wds addition, a

seqdfilaf &Pty ied dREelRd B T201E lTEhEdc RRR RSP Re o

zerbadé\grswc@weat&{dsmhéﬂber Setup I1. Reference is now
made t , which i1s an illustration of a second

setup of a f| ber | aser J“Bfé)pas tested. Energy source
14 was a di ode punp worki ng 790 nm wavel engt hs.

Coupl [ ng nmec hgti-smi6—was—arfree SpPpace Bbeam conbi ner.
First reflectlor 22fibes a bu| k Rarameters havi ng
characteristijcs as listed ip Table 4 (BG|R) and the
second refl ecft 24 t he| zero gree ¢l eave of the
fiber. The ref Eét@%m t he °listed in the table

i ncl udes bot hit theII P(‘TI\II y aof the grafing and the
coupling effilc e ight ck into the fiber.
The | aser shown %?’6(96@ N t he bgu‘)I%k grafl ng was

desi gned t o setectivety Teftect—tight—From 1900- 2100

nm by rot ati ngBG R@20Wehmt 5 axi 80%8ul k gratings and

cl eaved ends [24 forned the funable laser| In addition,

a secondary cavity existed denoted in Table 4 (Rl and
R2) between the two zero degree cleaved ends of the

f i bResultsamiase amrasuieds byeanalyaag Uaser mdiatien ywsinga power

meké}sfﬁ, 5%‘?1'0%&188&352 8e 22 sé’é’é’fﬁ)rmeter 34. Power meter 30 was an
Ophir power meter ( FL250A-SH-V1), photodiode 32 was a Fast
photoconductor —-PD-10.6 (Vilgo) — 2-12 um 800 MHz detector, and
spectrometer 34 was a B&Wiek spectrometer(BTC 500).  Spectrum

measurement was further accomplished using a CVI CM110 monochromator,
integrated with a detector, alignment mechanism, and LabView computer

control.

Setup Il

Reference is now made to FIG. 7, which is an illustration of a third setup
of a fiber laser which was tested. Energy source 14 was a diode pump
working at 790 nm wavelengths. Coupling mechanism 16 was a free space
beam combiner. The first reflectors 22 was bulk grating, but in this case,
second reflector 24 was a butted dielectric mirror having a high reflectivity of
about 30% as listed in Table 5. The difference between this setup (Setup i)

and the previous setup (Setup I1) is the 30% output coupler on the laser cavity.
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nmeter 30, a photodi ode 32 or a spectroneter 34. Power

meter 30 was an Ophir power neter ( FL250A- SH V1),
w@bwvoshisezle 32 was a Fast phot oconduct or - PD- 1BCBIL2006/001090

(Vilgo) - 2-12 urn 800 MHz detector, and spectroneter

34 was a B&W ek spectroneter (BTC 500).
measurenent was further acc@nplished using a CVI
Equdatioom éc Ipr@dmlsofhat | effieignatiasin

aI Ltﬂnmant mech

ags{hls by Ipcrepaing

an illustration of a third setup of a flber

sm. and Lab

Spectrum

CcmL

&t Iengégt ﬁétlélén?ths should be

a \/wew conput er
qbﬁé@"%r?ﬂﬁﬁ lMgS. to FIG 7, which is

con

| aser

which was tested. Energy Edede 14 was a di ode punp

wor ki ng at 790_nm wavel engt hs.

was a free spg
22 was bul k gr
reflector 24
hi gh reflecti Vi
The differencs

Coupl i ng nechani sm 16

ce be onbi ne
ati ng %F in
++nn| nl

O Parafigldrss .

nl nr\frlr\ mrr

reflectors
cond

9 u uull.l.

' tR1@20ﬂWNﬁ

between this

30% asz4g,st ed
setup (Setup

previ ous setu
the | aser cavi
| asi ng at | ong

t yRE@ 2000w 6

CSetup 117

I \

er wavel engt hg

theS

SO out
predi &% t hat

shoul d be po

r having a

n Tabl e 5.
1) and the
Ut coupl er on
efficient

ssi bl e by

i ncreasing the
wer e measured
power
Power
FL250A- SH V1)
-PD-10.6 (Vil

nmeter 30—=a nhnf odi ode
meter 30 wasg
, phot%

o elagobng

aser 3% at i o

32 0or _a spec

e 5 Results
N using a
rometer 34.

apehir
ode 32
o) atteauationr n
&\W ek

power gwpeter (

was a Fast plltﬁot odi ode

800 MHz detec
spectronet er

or, and
(BTC 500).

spectronet er

Spect rum neas remsfﬂgl s furnther acconplilshed using a
Cvi CvL 10 no tor—I grated with a detector,
al i gnnment nechani sm and LabVi ew conputer control.

o BBl LD e 1 k2 5P S8t ind 2 pover
meter 30, a photodiode 32 or a spectrometer 34. Power meter 30 was an
Ophir power meter ( FL250A-SH-V1), photodiode 32 was a Fast photodiode
—-PD-10.6 (Vilgo) — 2-12 um 800 MHz detector, and spectrometer 34 was a
B&Witek spectrometer(BTC 500).

accomplished using a CVI CM110 monochromator, integrated with a detector,

Spectrum measurement was further

alignment mechanism, and LabView computer control.

Results:
Setup L.

Reference is now made to FIG. 8, which is a graphical illustration of an
efficiency curve, showing the efficiency of a Tm:silica fiber laser as described
with respect to Setup I. As shown in FIG. 8, slope efficiency was
approximately 60%, with a threshold of about 3 W. The laser had a central
wavelength of 1970 nm, both in the simulated and actual results.

Setup II.
Reference is now made to FIG. 9, which is a graphical illustration of

measured and simulated wavelengths at various powers, using the Tm:silica
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efficiency curve, showing the efficiency of a

Tmsilica fiber laser as described with respect to
wW®ea0a/039893 As shown in FIG 8, slope effici encyP@EB.2006/001090

approximately 60% with a threshold of about 3 W The

| aser had a central wavel ength of 1970 nm both in the

sinul ated and actual resul®k. Setup Il. Reference is
fiberolasaradesc:tibeﬁl @lth9respbcit:to Setusp gr aphs shbwnl inusik3.&9,i leighest
nmeasur ed. and_ si nmul wavel en ar | ous .
PofiETavare pERIEEY fok WAt Al TSALPRcLRE st possivle

lasIRPRE¢EIeh§thaRhsRokb nnfis shown in FIG 9, hl ghest
s "rs wer e obtained for wavel engths around 1970 nm
eﬁm;

l.ongest possible | asing wavel ength was 2040 nm

S kb 0120 PR TES00HR. Al Bt o

me»@ufédeag@l Rmataty@ iaeterthe as vatisiid ponss Tﬂélﬁ? lthe arm silica
fiber |aser described with respect to Setu

fibeyhlg®ar deseied with t%@ﬁﬁbtqﬂ&@mreﬂbt Hs §howp rnoFlﬁstﬂ nlasing
walSEBaR Gt b 218D HTRFS otled iy Phpdl vl Rout 2
of pamipopowet.h W@hhrghentmeerpdmgﬂeIrglraelﬁgemﬂew‘u\hw, atri?tﬁ‘or W|th

d that nunber. Efficienc t 2100 n
higier 1outp ot CONPIEY ETSSHNY. A GREVE IRy HouPatand Heatepember.
Efﬁ%fbnﬁWt%Ob%rﬁns réffHﬁfﬁeﬁth% efficiency curves for

wavel ength l'asing. According to the results shown
in Retérende lson@wwaad@kcpé'tfﬁ 16, whichis \ahaflustegi®nnof éffisiency

d d. 25 i th W
curkgS S iah Ve TRsiRg o AEEOrdBY 13 IR SBpIn I 1
on®faRPERD é@hbegém Peef 2695 Hin ‘[ééértrﬁdia%ﬁ arlPoBh YmW at 2140

replacmgthe ulkﬁratln with an FBG Reference iIs
nmpwifengeemped mith 12 XV oftfi99mmdn dhisi canfigurationo nHigher powers

sl 4, Spsighue B Boinsiel By RORS,  Bof 2l g buik

graihgwith &an FBG. 12, the efficiency of the bulk grating
back coupling mechanl sm descri bed in Set u? Il is
apprefarargeisynapgpade to FIG. 12, which is an illustration of measured
and simulated output power at different launch powers for a wavelength
output of 2100 nm. As shown in FIG. 12, the efficiency of the bulk grating
back coupling mechanism described in Setup Il is approximately 30%.
Reference is now made to FIG. 13, which is an illustration of laser
stability while operated with high pump power. It was shown that operation of
the fiber laser of setup lll was CW mode, without any significant fluctuations.
Results described herein were remarkable in that no other double clad
Tm:silica fiber laser has been shown to produce such long wavelength
operation. Results indicate that output is as desired. That is, the parameters
defined herein resuit in continuous wave oscillation having long wavelengths
with relatively high efficiency (10-20%).
Application of results to design of an efficient fiber laser is described.
The bulk design of the laser presented above limits its applicability as a fiber
laser for many applications. Limitations include the need to inject pump light
through a bulk combiner and the need to couple reflected laser light into the



Ref erence is now nmade to FIG 13, which is an

illustration of |laser stability while operated with
woe@hopasap power. It was shown that operation PET/12606/001090

fiber |aser of setup Il was CWnode, w thout any

significant fluctuations. Results described herein

were remarkable in that no @ her double clad Tmsilica
coretafithe diber withsariather bilkwontbingr, @dtt of ahidh sigABicantly reduce

DR ol b HESt e Tivet Boeracr i oo nor ein

resuhg siuBhC j : i td ' n
neel e R o B g8 PG 3B 5 used
anggseidead ehove. Acsewt Emtsilicaelibemwith the fefibwitigecharbilesistics
IS descrihed.,. T bu design, of the | aser .

s waSkilnd & S5 HoeRhoR et Lis PRe db e pigseat iventen:
| aser for many applicati QFS. Limtations include the
need to inject punp |ight QMPcﬁJgh a bul k conbi ner and
the need to cduple reflTected aser right—{nto thecore
of the fiber with afiB€her bul kPatRMRERS, both of which

signi ficantly [Fegucetieoverat —effrerenty and
stability of tih&orgisize (umprl. As $UbSh, a fdoubl e
cl addi ng fi berBragg—greaetrg—{FBS—sheuld] be used, as
descri bed aboye. ACow@NAmM sijlica §HBer wifh the

fol |l owi ng char%%@gesauﬁc found to hel a good
opti cal fiber 1&|5@§iiés@,rjm the present ipvention:
Tabl e 6 EXAMPILE_2 Design Hxanple: |nfluence of

paraneters on|l asi el ergth' efficjency As an
exanpl e of sellect i(ﬁgd\gg)riarret ers, a(g'q%/ 125 Tm fi ber was

sel ected. The gth s, fixedf at 2095nm

which is sim|l
concentrati ong
concentrati on,

b weye tested.

B

ipeAtoms/m ¢

1 di f f eff ent dopi ng

ng
efl ectivity

Sever
For each dopi
gth and the r

10

of the out put . ers and
val ues are |i st ekiilbien lengthe T bel 085 Tabl € 7The
constraints afeas fortows— i —Fhe—+rex+rdm fi ber
l ength is 80-90% [adhs or pt i oactagoar der| to
conpl etel y i nvert—the—gatr-a—redia—to—ensure true CW
| asi ng.
EXAMPLE 2. Design Example: Influence of parameters on lasing

wavelength and efficiency

As an example of selecting parameters, a 10/125 Tm fiber was
selected. The lasing wavelength was fixed at 2095nm, which is similar to
Ho:YAG. Several different doping concentrations were tested. For each
doping concentration, the fiber length and the reflectivity of the output coupler
was varied. Parameters and values are listed in Table 7 below.

Table 7
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2) The reflectivity of the mrror and |length can then

be selected for efficient operation for a given dopant
w@orcesasernt i on. Reference is now nade to Fl GS. PABA-2066M01090

whi ch are graphical illustrations show ng | aser

efficiencies (in percent) at 2095nm for four different

concentrati as_a functiéh of fiber |ength and

mrror refl ¢ctiRamapetdhe contimibt i gn¥/abde par anet er s

used are depi ct eN (el ow i h AfetrisémB.| vhsiabe B I n this

exanpl e, we|segnédtitation) FBGs are pllaced to| sel ect

2095nm a |dS@’0ré\/Id§dm@[%F pe Ofpf,al Ned afig al'] for N-=1

. 0e25at ons/ 3 Iad’ﬂﬁﬁ TG A ﬁg,,l_s may |ead to
t he W ong c( ' n—ngt-_stippor t 2095nm
The correct |co gmﬁf-’&ﬁ 'S thg "The |V§§'8ﬁ in this

configurati ¢ —at this wavelength. For N=1
56251 . Oe2% Nighalcare losss| sheBfni n [FI&2214B, a | aser
wil | onIy be_biffikerengthyr | out put r efagiablevj ti es
greater than R¥(réflectivihgel fi cenci evaviable be very | ow
since | ess thra @&écaility)he pusp power gos absorbed. As

D

the dopi ng COMBGRpFIWEIN | NCT GRSES [T0 32625 at oms/ nB,

as shown in Fi(lj; g rte efficien '150 i ncr eases.
. untp ®

Opti mal converstoft c. Heteney—oceurs—For—an 8m | ong

fiber with a 20% out put coupler with only 57% of the

punp absorbed In this exanple, the highest efficiency

occur.s gsr k?sso‘a 5e25 atons/nB, as shown in FIG 14D
Th%"@ﬂ?tﬁ“ﬁ ArgRASIOleWE69% of the pump. Even so, the Iaser

NESTRE AERhiin fﬂfefrl EnBie s Bo-88% p@lfnpg%\t%ﬁf' tRIHTTh RRYEN to

produci ng 7Wof 2095nim power. These resul ts show t hat

t hecqropleialy inveyt ibe gaie niddia to eosuiresdeueaCVY lagingn

7 b VBB w v AE ThP PrOlr BhFcleTiol? MeBe A RacLed for
fi bﬁﬁci@ﬂﬁég@ﬂaﬁohffotde@@i\lfefhdddpérit icBhéerithtidross of the
| aser as the fiber absorbs the signal but a long fiber

RefsRMek! g8 hswhfm&d@ow PHE®. apQHRD), Oovh.Jmea@r@@y.cal

_fiber is Iimted by the 80-90% I nversion rule
|llusira;m13| showing tases reffmmmese (inpesoenth at 2095nmdontauridifférgnt
concen'trafjl gr'w? a-lémaS'lelﬁc ion o? Foer length and mirror reflectivity. The

combinations of parameters used are depicted below in Table 8.

Table 8
Tm concentration Clad absorption | 80% abs. | 90% abs.
Atoms/m?® ppm Y%wt zdgglnn:; Ie(r:rg];)t h Ie(r;%t h
1e25 1313 0.15 0.23 30.6 43.7
1.5e25 1926 0.22 0.36 21 30
2e25 2626 0.44 0.46 15 22
3.5e25 4466 0.51 0.78 7 10

In this example, we see that if FBGs are placed to select 2095nm, a

laser will not be obtained at all for N=1.0e25atoms/m®, as shown in FIG. 14A.
This may lead to the wrong conclusion that Tm can not support 2095nm. The
correct conclusion is that the laser in this configuration cannot lase at this
wavelength. For N=1.5e251.0e25atoms/m®, as shown in FIG. 14B, a laser

will only be obtained for output reflectivities greater than 8%, but the
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The laser is punped wth 10Wof 790nmlight. The

| asi ng wavel ength is chosen as 2097nm which is the
wo200a/034893 asi ng wavel engt h of Ho: YAG | n pract PCEIL2065001090

fi ber design paraneters (doping concentration, core

di aneter, clad dianeter) are determ ned by the

manuf acturer. The conbi nat Bbns of paraneters used are

effidigpicidse wilb eowenn Idwbsiac® . leabthan956%f ef ¢heepumpnpawer is
made to FIG 15, which is a ahlcal |Ilg§ééat|on

absgib@fing Asadhe JRsirg sopeentrati AhGieaRes 18 RiPEEM’, as
shSWa A 'F'T?EZPAL@ e E%iflbl%he Cé(lsﬁabﬁcpe?aéé%cre@?ﬂﬁﬁa‘l’yconversmn

raising éctor mrror coupler t 0>9
efﬁEtemy\mcbh ret foir sano&m flongufitxen with w 20% mtm%auwlptﬂ.rtwﬂbqplv&ﬂ%

of Bivpi§iin Abscosd; ibiis Bxbio R HigNes Siaigncs petuls i N =
3. 5&%%@%‘?&&%@ SHEWn RPWEG, IﬂmbtAalerﬁ@d}beDMh@ 86% of the

ari zation of |aser di ode An external [@é/l stabilized
pumpg nEVerh &oethallasee hasari evenalleifeieneoof 284w w282\ of pump

0 obtain a narrow spectrum

pO\‘VﬁI’ B[ﬁ%@%w%%%r‘% ﬁg{;VEEG was noved from about 1.8m
fromhéde résmfisesh@wathautheﬁ@@gs:bn@mf tiee dibedieo ldse at a given

addi ti on, pol ari zation controller was placed between

wayelengHTiSsiepengent ggen (thecrering chmengatlgﬁnﬂh@r $ngtheand
ml%&e %&%%gwgégm% fgxa%éﬁﬁ)e? ‘Fe §Q dEQl‘?ecP?(l) ﬁFﬁltZt?'fe' 38s of

msasur s Wer e or ned
the3Rear aef theuliiercalisosing theNslgrﬂUbaEd InsagsfMeensrréquwm‘ dao have

perfornmed at 100n 00 kHz,.and 1.2 , .
906d, UEHR aps@sptlenp &ngeﬁﬁﬁbaf Sudited d%@ﬁﬁ%@@% Hvg(ion
rulé‘%’rﬁﬁ’w %ﬁ_r ation, wth and w thout the

r|

enporal traces and spectra wer e

é@?qﬁé&eg Xa'[@?:)r |'€esh 6above W 593.%5?%?@1 a%h(:zae fiber.

Th@Qfa@én isabumibedowltth MOWroMQOmgeI]fghtn t'ﬁme ez_amng iwaareiength is
ol ari zation anal yzer was used for neasyri

ChGRAMAR 724 81N SWAICH (5118t DatUfel esige Bays IERGH BAPYAG. In
pragc(lt) % i fRBE sl y@a%@ﬁ‘%@ﬁéa' (Go |h¢ UricBhtrafo?f cére diameter,

Yi'zation an on state purity was
cladediametdr)bgrec detarminechdpy the manufacturer. The combinations of

parameters used are depicted below in Table 9.

Table 9
Parameter Unit Value
N (Tm Atoms/m°® | 9e25
concentration)
Core diameter gm 10
Clad diameter gm 125
Signal core loss dB/m 0.22
L (fiber length) m variable
R1 (reflectivity) % variable
R2 (reflectivity) % 80
Pump power W 32
Pump side R1

Reference is now made to FIG. 15, which is a graphical illustration
showing laser powers of a fiber with the parameters shown in Table 9.

Efficiency may be increased by raising the high reflector mirror coupler (R2) to
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and passing the source light through two |/4
wavepl ates, one |I/2 waveplate, and a pol ari zi ng cube
W@ Menpansp3 10FCLEPB. 7). A detector detected thePENILENE6/001090
of polarization in both CWand pul sed operation.
Resul ts: The coherence |l ength inside the fiber using
the full width half maxi mnums FWHM) m nus the
>39%o0| Bveorwit thibecdPBbutstioh2with-ar® -89 ButPuO8aMIef AR 2.25m
.lable 6 is f%und to be 1.3 cmusing Eq. 7. This is
fibgholiie QMsralh £TciEnay s & 265 wathdfidetusap absprtion. Heratm 32W of

Py PPleE ot TG Ty B Ml PRl i 8Pl "t ne

8. The pol arizati on was

._' BHEYed _'au:g’
| . . . t r - r )
e ), 4SS, A Bl 8] e
10611R82 a5/ npriAt0)viaes puseldor iredrdsii tay obtaih o4 orinete spaetrum in

P bpRbf e £385 WS mewdk ERA)eBRut 1B thecsinde to
abOW 80EmPiibsEtheofioral iIAddRIE d Bfél%ri?%f]@rgfcgéf?ﬁlllé;rg)g% placed

| eaving the polarizing cube was foun
behyeen thabBGrand thendiededo epauresinat alighest ofitha faedbadkErom

' € j ' Jstratiaqps of . tenporal traces
the] PRy 8 Mo AdaniioBroriig fader MG mseRtraments
wesi@ peaformieddsp80GnAZal pahp c'Ehﬂerﬁ.e'mpflgalseHrlﬁéﬁsW Reritf Svere

epol ri% [ is rough, as expected. Tenporal stability
pe&aﬁmﬁ & gﬂ@% l?El?eug P &Hznanddl 2y peatls ;@yrrenhﬁyxmmltgé@m).

wer [ i ; . to Q .
v T8 BB B Ly oD 18P oA % withor
theddepdlarizerer Tesnporah tratbe andapetirs herereéssdedi nvent i on

ffectiyvely depolarize a diode operated in pul se
modBePolRizglich uas Ge Hsing a,deRqlorzeicsati asarscibed above

: r ; i.cal .
with @&fePeh & td PRS.SP elﬂt rgc?!é'?lﬁtloﬂ%oﬁ?ro;ﬂ%fj?vﬁg Qfggggfl gﬁ? sxperiment.

pul se. Wile snal uctuati ons
A pnlpdzationagealyzer was used for measuring the polarization state purity.

Reference is now made to FIG. 16, which is a schematic illustration of a
polarization analyzer. Polarization state purity was measured by collimating
and passing the source light through two A/4 waveplates, one /2 waveplate,
and a polarizing cube (Newport 10FC16PB.7). A detector detected the
amount of polarization in both CW and pulsed operation.

Results:

The coherence length inside the fiber using the full width half maximum
(FWHM) minus the resolution of the OSA (0.12nm — 0.6nm= 0.06nm) from
Table 6 is found to be 1.3 cm using Eq. 7. This is about 40m of Fujikura
Panda 980 fiber, with a beat length of 3.3 mm. Since 40 m of this fiber is not
sufficient to scramble polarization completely, the length should be much
larger making a standard Lyot type depolarizer impractical since the fiber

length needs to be hundreds of meters.
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were seen, these fluctuations were not significant.

The difference in path | ength between the two arns in
wo b@7dagsed ari zer nmust be nuch |arger than the POIERe®1090

| ength for effective depol arization. Exanple 4: Band

IV Power Laboratory Results A fiber |aser for

produci ng Band |1V wavel engghs was tested in the

| abThat polgrizatiire veaw aligaedoby madeitéring-lte d@wemttiarismitied

phical, illustration of |aboratory results for a
thr%@%bm pczl@azer wgﬁa&%\&wm BLRIOp Huth W plorieNh, GRerdignment
waé2 gé‘f? ﬁ be\élﬁfde' Sﬁnﬁe%ﬁtﬁg e LRSvEpIaEsS . The

eSul t's owt

or exa W punp was abl e
contnollmronamadﬁ.@@ednsuoh tbahdolchqmgﬁem pillsk shapsf iasi sgary  In

; N no o | e .
boffe i afnd Butest ePS RS ge dooen Hiaave o e, HEVEE K the
polﬁﬁziﬂ?%ﬂb@\ﬂﬁsmtb\bé’\ﬁi@rﬁ;ﬁtﬂﬂ@niécﬂh Power Fi ber

tor Several conponents used in fiber |asers are
essentially bul k optic conponents, such as isolators,

" BRIIOEbL 1€ R, eI @RI TR PH0" Shichaf BBonical

iNlustéatiore of esMpErhI ftfawstéﬁtl fspetra, praspeetivélpy ofigie tdeer diode
el ement as a collimated_|light beam and then |nserted
befgse landhafter ﬁ@P@'ﬁBé@thTBolTlm tamaPeIg) tr@@@p‘f"lﬂﬁ gheidgpolarizer is

e | ements are commonly avail able for 300mMV
ro 9?‘ %gte%bh glower Certain specialty conmponents can

han?ﬂé?p@pellllt sta?mtwmetssalsébdmkehamlagmmtanamm scope. Many
specifically for hi inthe 5
PuBREeTecvgWed: S anPakey: NN (HPRY <HO0 42 ot yBiFts were

tenpting to couple the Ilght t hrough the focusing
ens and into the second fiber. The portion of the
| i gfihusyhit Masdfmmdnmatswdep@arizer sutremsdhe grepphdfae gresent
. into the car i.ber st be ahsqrbed sonmewhere
inveftish 'PB.aivgEl HERPaRR 3 Ao CREMRLr RHiG BPdgnerhe
deﬁ&ﬁﬂféﬂ R aOpaddiis eeRicabamdnasss bt Aditer Beesetiim or pulse
Heati ng can especially be a problem since nechani cal

Wmfuh'ﬂémna' prlge béNhHr%tsmallefb@tUﬂlem in dpe siepefsized pulse trace
d
welsS seinete HiG RS Werot Jafire b Bhierpnce in path

length Bétwé@fﬂmetmd:éﬁﬁ\s #thebesdlatizeranasthieemtuch larger than the

I'l lustration of
coherence length for effective depolarization.

Example 4: Band IV Power Laboratory Results

A fiber laser for producing Band IV wavelengths was tested in the
laboratory. Reference is now made to FIG. 18, which is a graphical illustration
of laboratory results for a depolarized fiber laser. Pump power is shown on
the x-axis, and Band IV power is depicted on the Y-axis. Results show that,
for example, a 10 W pump was able to produce 700 mW of band IV power
with an efficiency of 70%. This indicates the feasibility of using a depolarized

laser as described above for the purpose of producing Band IV wavelength.
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a system 100 for refocusing high powered light into a

second fiber. System 100 includes a first fiber 102
whanwrgpses first fiber entry port 104, a first PCDHER2006/001090

exit port 106, and a first fiber end cap 107

positioned at first fiber exit port 106. A first lens

118 is positioned just outgide of first fiber end cap

107 High PdwercPibler gs6/atbrt 0 col linmate the |ight exiting
fromTirst fiber exit port 106. System 100 fuyrther .
i ncBeverl coyeporents i Usad 1mélh¢axﬁaﬁ@r8aa§%&?&&n?'?‘[}'eﬁu‘k optic

t 110,. . '
cogBeptnty siet 58 intalis 1ty Rews S Rk okl Aipdutors. In
°“‘?3f‘2 i)bgg@(r)et thsl’aélébhtg’nt]@qge% ngréipenenflszm first pussi begeswveddrom
ond fi ber i i
e ey 00 528 i ol g
ins?ﬁ%@ :b%cqi(gﬁﬁrltg%(}%e'r S SBIARNE!6r fcgugﬂin L‘W to fifdde LR Blements

| and an outer c 1247 and furt her
ard WnwAealya availsblst for pRROMYM ofpopiital opedebet GedAirs spesialty

M T I
for ﬁfgﬂc ES et r\(Erﬁ thd &F QU FbngEy Mherd el skhBus aigke of burning
pr opagat ed g t

) ¢ rou e outer clad 124 and to
assodiateguwith | attepeptmgtoyeoupe thedight thiopgbrthe facusing leps and

.exit of the focused Light..thr. ' j

i <80t B <158 Bl b HETQHERLREEAE S eleckl o epter

an@ig’roﬁﬁéé’{é PS thd ebresentd fibér nusebeeabidorped sofidivimerd else,
secohd™fi ber entry port 110, and nore specificall

leautisg tto oneat aed iesiltingdn ceuminea of e | cnpesta andnatéeptable

f ocusi | en . B ont i 6 .
heﬁﬁpg eQﬂ%‘B?e,e?%(ﬁ%'?tSOI gieg pBBabﬁggg?@?@?W( s%% ha gébbgﬁ@m since
m%r@gqﬁd&o?rgm%mﬁﬂiaqt ?e lost, Aleadingu st amtastropiic faidurer Jor the

0 er u 0 i i
lapecioe e 15 TR GREL b pE e
cla £ - i . _
nouliFEreredS B hade BT B0, Wihs € échefnaieilGStation of
a 8ydtbin100 donrefotusing Aighepawptes bghtaintmadsasoad fiker. f3ystem

1oBHaLBhEe o bl TSP Bhy AP AR ol obliild, SieEhgdhone
TR Yty e Tyl e et 1.
firstxlesis i M8 tibepositicrend jUBti quteidel afi firstoiber aag eap 107, and is
configured to collimate the light exiting from first fiber exit port 106. System
100 further includes a second fiber 108 having a second fiber entry port 110,
a second fiber exit port 112 and a second fiber end cap 113 adjacent to
second fiber entry port 110. A focusing lens 120 is positioned just outside of
second fiber end cap 113, and is configured to focus light into the core of the
second fiber 108. Second fiber 108 is a double clad fiber, having an inner
clad 122 and an outer clad 124, and further includes a mode stripper 114
positioned between second fiber entry port 110 and second fiber exit port 112.
The double clad allows for light which has not been launched into the core of
second fiber 108 to be propagated through the outer clad 124 and to
subsequently be removed by mode stripper 114 prior to exit of the focused
light through second fiber exit port 112. System 100 may include a bulk optic
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used where the first clad is a hard glass and the

second clad is a polyner. The polyner can be striped
weooesssnt i al |y a gl ass double clad fiber renaPCBEIL2006/001090

will be appreciated by those skilled in the art that

the terms double clad and triple clad refer to a clad

that will be held rigidly ahd is nmade froma hard
corﬁﬁbﬁéhtah 16 Posionaddidtaeeanfsitivemexit potthid4iaad afecond fiber

en@ﬁ%@ﬁ%éﬁéﬁt&é %3%31 |\émgliyhp%§ #ogég(magwpg@ %fcoglmaqmg lens
11%&1@ ggméllpﬁé 169V ﬁglktt{bqlcscﬁﬁ‘ﬁp%é}ﬂ ’\ﬁié Riglybe, %ﬁ@xample

nuier 1 cal” aperture ( of "cores of
anft')$<ﬂ§lfo‘3 @moﬁﬁam@uw &San eldirt®ptivineodulaighior g dasuginaptic
ack into the fiber houl d hav a
moatano 08, aneethst ik ol sarpast; Mndudiht Hhetdbsengs, of a
mﬁNpBE?RtZZNA shoul d be sufficient to catch all of the
whi ch ni sses the core. In another enbodi nent,
fi rirt samb sethmimentse asitaroclad 1t24 08 seeend disr ¢1Q8 igga hard

o, G Vs e RS AL 1530 W gl
coﬁﬁé’&aﬁ atgf %xlahﬁﬂl’é of R2hatdb clet is! éomERamMPle, &b faw hfpﬂlcal mdex

el sewhere. Reference is nowrradeto FIG 2 1, ch
glasss clidhetfirst claduet this ffibar iy masleofiany pyes fuses! S'ilﬁa, “then the

sefd M QRS B P o e BITFRECAIA FpjckP Bouble

an&lQﬁp|e3c|§§| fitseed cunemtly texing in the npmrdmt rralnp;mcladoﬂrbasonay be
di st al Eﬁrtlon 132. CQuter d 124 differs in
useddmheiﬁ theofishelacaisda diasd Q'a%??ﬁ? dhe SP§9”§ i*fza Rglymer.

Th%nﬁolgﬁ%?%' ﬂgﬂ% ]str& 4o %g%tﬂaﬁg éla@%%dﬂ?é cRR fib&rehwdins.

ass, to provi rigrdity asdescri bed
It meapp\tfeciae@lbyethosé akhll&@&h tife ditthafl thpdetmaldoyblza ¢lad and

ok o RSB T o
#EE 81, 5T ﬁué’%o}ﬂ%r”érgb&%l%nﬂé fHRP@st 8Mgadriiplesclad ipeisngith a

I enova y node stripper 114. Proxi nal
glgms inhenmid et hh sorak qrobadiments Enskeag a1 Ade coppEpad of a

motfrgGitbea ey G el g aE DUtk CATe Zhbod: ment o, { he

pol %c@gabugﬁgﬁél ﬁg@gﬂf@wm c?fecgiref of Jibets atdbetveaen 0.06
to 0 15 When light is focused backolrntoo’tjheefrlbecr it shoulé have a similar NA.
Therefore, use of a standard fluorinated silica fiber with 0.22NA should be
sufficient to catch all of the light which misses the core.

In another embodiment, first and second fibers 102 and 108 are double
clad fibers. This way, a mode stripper can also be placed on the input fiber to
limit and remove any backward propagating light that is not removed or
absorbed elsewhere.

Reference is now made to FIG. 21, which is a schematic illustration of
second fiber 108, in accordance with embodiments of the present invention.
In the embodiment depicted in FIG. 21, second fiber 108 is spliced, resulting
in a proximal portion 130 and a distal portion 132. Outer clad 124 differs in
each of proximal and distal portions 130 and 132. In one embodiment, outer

clad 124 of proximal portion 130 is comprised of glass, to provide rigidity as
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of distal portion 132. Another source of potenti al
unwant ed heat is the back-reflection fromthe
waew70348e3 interface. This shoul d be approxi nmae€l/y26686001090
if no anti-reflection (AR) coating is used for silica
fibers. Typically, the connector is angled to prevent
back-reflection into the co?%, but this |ight nust
degaribed ahovebuhilberitentladt 184 of didtaimponion 1824k c@bﬁ;ﬁis@@ of a

Pl anaBRaL o srBitasion ades Ageortionah cataveied 1124 (in

a &hﬁlgﬁﬁ anBFt{jéC gtzl{)ﬁbf ﬁﬂ@ﬁf&%@‘g@jﬁﬁ?\%ﬁﬁkﬂﬁg £I?W}f§g]’o(?rremoval

of dight;bgdnede atsmw 1m4 |I%roamnlemrb¢re<13f)lrmﬂ d:etlau portion 132 are
re, for clarity

t f.the_ invention
iolS8L BT ' BredMkilog: egiotl a5, Jviereiio quprbimer Gomting is
appliied foeoptep\dlaedidan ¢RNEMAtdrRbodihehts! he! ?ol{yhner coating of
embodi ment.. Conversely, various features o
anﬁ!@ewﬂg BgioNABAHS thesamermpalyreer ay thalese used dor outehelad 124
onﬁ’é&é ﬁ1§23| ngl e enbodi nent, may al so be provided
separat e?y or in any suitable subcombi nation. Alt hough

t he Aroteert sourcbasf stentialessyanted Heat G Mhe MackBfdbtidh from
fIC od| Is thereof it 1s evident that many
th%lﬁ"‘ Hoelin nﬁF"lsu Tauld e apRroximately 5¥s ifia lanbafeflectlon

(ARE’I%'t‘i’a@iﬁ%;1 dl §e|a°ﬁ)‘? Siffdd hﬁ? Ts!ﬁﬁgﬂ)?,étpﬁ’gﬁ?@i%%t&g%sy angled to

IS inte to enbrace Ve
prfh\iﬁntfbmnetiestmnmtoetheatorenbut s light Imwdtt dithertdee absorbed

it tad Bondl Rk SR Stngdincit R awpiosisidpger 114 is used.
Asmamekanpit, iina BOVE isSer fid G@EI'réH‘ tﬁéﬁ AP be lost on the air-

incorporated in their entirety by erence
fibepisterfaceael each eenneetors Afdithet ARt cmlnlgfofd:ac(DLS% the number

tion, patent or patent application
wil BQ ré(algécé?;f Fﬁﬁdr{}\ﬁgnd i ndi vi dual 'y i ndicated to be
i ncttr lsoamredla@i et @éﬁélﬁﬂééﬁﬁé@ of'tﬁealﬂ%ﬁﬂl&ﬂ ‘which are, for

C|tat|on or identification of {Ere erenceln
clagty,| desgribed imdhe eentestafnsepare a&fnla@dlsrmntssnmy st be

S0 PEARERSHoh o AT oo B Coflibreybious fetures
of ﬂ're)mmnhganmt:H ave vier irelifs  dessibed Sihne context of a single
embodiment, may also be provided separately or in any suitable
subcombination.

Although the invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives, modifications and
variations will be apparent to those skilled in the art. Accordingly, it is intended
to embrace all such alternatives, modifications and variations that fall within
the spirit and broad scope of the appended claims. All publications, patents
and patent applications mentioned in this specification are herein incorporated
in their entirety by reference into the specification, to the same extent as if
each individual publication, patent or patent application was specifically and
individually indicated to be incorporated herein by reference. In addition,

citation or identification of any reference in this application shall not be



a laser cavity conprising: an optical fiber having an
i nner clad, an outer clad surrounding said inner clad,
wW@ee7a3wses e surrounded by said inner clad, saiPBCT/I2e06/001090
clad having at | east one punp power entry point, and
said core having a lasing input/output end and a
reflecting end; a first refsector positioned at said
camietioas BHtacigsioRWafsaes ASréRid i@fé\iﬁ‘ IaBFéSéé ipPBRErtHo the
said reflecting end, said first reflector having
PresentbioysRi@N.ecti vity and sai d second reflector having
nmore than 5%reflectivity; at |east one energy source
for punping power into said |aser cavity via said punp
power entry point; and at | east one coupling nmechani sm
for delivering said punp power from said energy source
to said |aser cavity. 2. The fiber |aser of claiml,
wherein said optical fiber is a double clad Tm silica
fiber. 3 . The fiber laser of claim2, wherein an
outer dianeter of said optical fiber is in a range of
80-400 mcroneters. 4 . The fiber |aser of claimS3,
wherein an outer dianmeter of said optical fiber is
approximately 125 microneters. 5. The fiber |aser of
claim1, wherein said optical fiber conprises a dopant
concentration in a range of 300-35000 ppm 6 . The
fiber laser of claim5 , wherein said optical fiber
conpri ses a dopant concentration in a range of
12000- 22000 ppm 7 . The fiber |aser of claiml,
wherein said optical fiber is 2-5 mlong. 8. The fiber
| aser of claim1l, wherein said optical fiber is
configured to absorb 50-90% of said punped power.



9. The fiber laser of claim1, wherein said optical

fiber is a single node fiber.10. The fiber |aser of
w@b@i7/39893 wherei n said optical fiber is sel ectedr/in2000001090

the group consisting of: Tmsilica, Ho:silica; Yb,

Ho:silica; Er, Yb, Tm silica; Er, Tmsilica;, Yb, Tm

silica; Tm Ho: silica; Er,31tYb, Ho: silica; Tm ZBLAN,

Ho: ZBLAN, Yb, Ho: ZBLAN, ¢grANS, Tm ZBLAN, Er Tm

ZBLAN;, Yb, Tm ZBLAN, Tm Ho: ZBLAN, Er, Yb, Ho: ZBLAN;

Tm fluouride, Ho: fluouride; Yb, Ho: fluouride; FEr,

{Tuohr auh A8 la8Br farinred Rind BT \igveidfotnd bomprising:

Tm chal cogenialtEserieaviohedrapdsingde; Nd: chal cogeni de;
Er: chal cogeni de; Yb, Ho: chal cogenide; Yb, Tm
chal cogeni de; Tm H¥? oelical fibgE hRY®Y a1 Iner dlagd, an outer clad

chal cogeni de; ﬁrﬂﬁdﬁ{#ﬁS,Qiodﬁineq)yélﬁaalaﬁﬁggrégq% surrounded by

Tb: chal cogeni I ber I aser "o

wherein sai d ssaidiinheredlad,csaid iwaer cladefdvirgg av idagt ohe pump
10-40% 12. The fiber | aser of%é:é aim1, wherein said
first reflect dPOWE £WYumontc F$Her mOsgghayYingi Aglasing

13. The fi ber ihmutsﬁtlﬁﬁ@érﬂ%%ﬁeg%geéndsai d first

reflector is chirped. _ aser’ of claima1,
wherei n sai d second fiest Irefiecior pesitioded fait esaid agputiobtput end,

Bragg grating._15. The fiber ]aser.of cJajm 14, )
wherein said saé}ggﬂgsgcgppe@slgp{qrgoqﬁﬁtfq _a{ $@id mflecting end,
fiber laser ofsaid dirse fefloehst ﬁaﬁngagm@ﬁwn%flé&f\)_itgcm said
is asingle clad fiber Bragg grating. 17. The fi ber

| aser of cl ai eeondiiefiegter kaviag erredhan 60 tafleickivity;hi gh
nuneri cal aper, f | ber l.ed- pu di ode source .
whi ch pun’pslooua{t q%tl é@%temﬁgﬁ?%s@e%wgemgr Ro¥erinto said
group cotasertoanity ofa sl @uiidpower 8rly P8t whd 1500- 2100

nm and 790 nm_ 18. The fiber laser of claim]l, )
wher ei n sai d @IgAStRpeRAUPARY SReshanism for delivering said pump

power from said energy source to said laser cavity.

2. The fiber laser of claim 1, wherein said optical fiber is a double
clad Tm: silica fiber.

3. The fiber laser of claim 2, wherein an outer diameter of said
optical fiber is in a range of 80-400 micrometers.

4, The fiber laser of claim 3, wherein an outer diameter of said
optical fiber is approximately 125 micrometers.

5. The fiber laser of claim 1, wherein said optical fiber comprises a
dopant concentration in a range of 300-35000 ppm.

6. The fiber laser of claim 5, wherein said optical fiber comprises a
dopant concentration in a range of 12000-22000 ppm.

7. The fiber laser of claim 1, wherein said optical fiber is 2-5 m long.

8. The fiber laser of claim 1, wherein said optical fiber is configured
to absorb 50-90% of said pumped power.

9. The fiber laser of claim 1, wherein said optical fiber is a single
mode fiber.



tapered. 19. The fiber laser of claim1, wherein said
coupling nmechanismis a fiber bundle. 20. The fi ber

wo a®en3wsh3 cl aim 1, further conprising a punp re¢T/H20@001090
coupled to said optical fiber.2 1. The fiber |aser of
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conpri ses: irst polarization beamsplitter having

an i Hout ?h%@beral%ehﬁf slaiput, wheyein saiddirst edlestad is a double
BTN BRI, 01 LT havifo en nput [ ber and
secotd polte filzertlaser dfeddaim 12, wherein said first reflector is chirped.

14. The fiber laser of claim 1, wherein said second reflector is a
double clad fiber Bragg grating.

15.  The fiber laser of claim 14, wherein said second reflector is
chirped.

16. The fiber laser of claim 1, wherein said second reflector is a
single clad fiber Bragg grating.

17.  The fiber laser of claim 1, wherein said energy source is a high
numerical aperture fiber coupled-pump diode source, which pumps out CW
light which is selected from the group consisting of: 800-950 nm, 970-980 nm,
1500-2100 nm, and 790 nm.

18.  The fiber laser of claim 1, wherein said coupling mechanism is
tapered.

19.  The fiber laser of claim 1, wherein said coupling mechanism is a
fiber bundle.

20. The fiber laser of claim 1, further comprising a pump reflector

coupled to said optical fiber.



splitter is spliced together with said output fiber of
said first polarization beamsplitter so as to forma
wo p00g39893 h and a second path, wherein a diffePenu2odano1090
| engt hs between said first and second paths is | onger
than a coherence of said |aser diode. 26. The fi ber
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25.  The fiber laser of claim 24, wherein said depolarizer comprises:

a first polarization beam spilitter having an input fiber and
an output fiber; and
a second polarization beam splitter having an input fiber
and an output fiber, wherein said output fiber of said second polarization beam
splitter is spliced together with said output fiber of said first polarization beam
splitter so as to form a first path and a second path, wherein a difference in
lengths between said first and second paths is longer than a coherence of said
laser diode.
26. The fiber laser of claim 25, wherein said first polarization beam
splitter is a 50/50 polarization-maintaining splitter.
27.  The fiber laser of claim 23, wherein said depolarized laser is an
inherently CW depolarized fiber laser oscillator and pulses are achieved by an

external modulator.



Er: ZBLAN, Yb, Ho: ZBLAN, Yb, Tm ZBLAN, Tm Ho:
ZBLAN; Yb, Ho: ZBLAN, Tm fluoride; Yb: fluoride; Ho:
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lncTHde@h‘auktlpgaga.m@g ierand Yb, Ho: chal cogenide. 32. A fi ber
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31.  The fiber laser of claim 23, wherein said at least one amplifier is
selected from the group consisting of: Yb: silica; Ho: silica; Yb, Ho: silica; Yb,
Tm: silica; Tm, Ho: silica; Yb, Ho: silica, Tm: ZBLAN; Yb: ZBLAN; Ho: ZBLAN;
Er: ZBLAN: Yb, Ho: ZBLAN; Yb, Tm: ZBLAN; Tm, Ho: ZBLAN; Yb, Ho:
ZBLAN, Tm: fluoride; Yb: fluoride; Ho: fluoride; Nd: fluoride; Er: fluoride; Yb,
Ho: fluoride; Yb, Tm: fluoride; Tm, Ho: fluoride; Yb, Ho: fluoride, Tm:
chalcogenide; Yb: chalcogenide; Ho: chalcogenide; Nd: chalcogenide; Er:
chalcogenide; Yb, Ho: chalcogenide; Yb, Tm: chalcogenide; Tm, Ho:
chalcogenide; Pr:chalcogenide; Dy:chalcogenide; Tb:chalcogenide; and Yb,
Ho: chalcogenide.
32. A fiber laser comprising:
an active optical fiber having an inner clad, an outer clad
surrounding said inner clad, and a core surrounded by said inner
clad, said inner clad having at least one pump power entry point
for sending pump energy through said active optical fiber in a
first direction, said core having a lasing input/output end and a

lasing reflecting end;



fromthe group consisting of: Tmsilica, Yb:silica,

Epsilica, Er/Yb:silica, Nd:silica, Ho:silica; Yb,
woienogiosdser; Er, Yb, Tm silica; Er, Tmsilica; PODIL2060w001090

silica; Tm Ho: silica; Er, Yb, Ho: silica; Tm ZBLAN,

Yb: ZBLAN, Er ZBLAN, Er/Yb: ZBLAN, Nd: ZBLAN, Ho: ZBLAN,

Yb, Ho: ZBLAN;, Er, Yb, Tm ZBLAN, Er, Tm ZBLAN;, Yb,
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hal
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Th: chal cos\mmr\dedlreﬁonmclﬁ isheppdsitedo saﬁd fitsdidire8iion.

wher g} le clad. . 38.

11 bets aslne 88E PBios sty 7. cFReE pEM PG s poyler for
Cdﬂﬂlhg@ﬂﬁbo%%)orﬁoﬁ%&@i@lé%r @Al ing 1ight into a

ber, the system conprisin a“first fiber having a
f| r s34.f | bERe Eher kaspbet claina 32, tomfigured e preduae weveleagths of

clad fiber haV|ng a second fiber entry
bégéfﬂggqgggbﬁb fiber exit port, and a node stripper
posi 35.0neTh fib¥eRReP of BlafA G dvidreRy s&atdpticBPfilerd8@ double
said second fiber exit port; and a bulk optic

clad hyedlioa fledi ti oned in between said first fiber exit
D" 30, 5 SLRE BB of ol S8 e BB Ao B B! e

frcamglﬂa?ssgmpbloensisadgf bf)erTm 4ilida, Wmsmyat dingilica;| &rYb:silica,
NaRicsnEl Sl v, PSS Vhrmenomlies b ohe V6, T
SIWF}H?'P{O.'SWIIC%\, Er, Yb, Ho. S|I|ca, Tm:ZBLAN, Yb:ZBLAN, Er:ZBLAN,
Er/Yb:ZBLAN, Nd: ZBLAN, Ho:ZBLAN; Yb, Ho: ZBLAN; Er, Yb, Tm: ZBLAN;
Er, Tm: ZBLAN; Yb, Tm: ZBLAN; Tm, Ho: ZBLAN; Er, Yb, Ho:ZBLAN;
Tm:fluoride, Yb:fluoride, Er:fluoride, Er/Yb:fluoride, Nd:fluoride, Ho:fluoride;
Yb, Ho: fluoride; Er, Yb, Tm: fluoride; Er, Tm: fluoride; Yb, Tm: fluoride; Tm,
Ho: fluoride; Er, Yb, Ho: fluoride; Tm: chalcogenide; Yb:chalcogenide,
Er:chalcogenide, Er/Yb:chalcogenide, Nd:chalcogenide, Ho: chalcogenide; Nd:
chalcogenide; Er: chalcogenide; Yb, Ho: chalcogenide; Yb, Tm: chalcogenide;
Tm, Ho: chalcogenide; or Yb, Ho: chalcogenide; Pr:chalcogenide;
Dy:chalcogenide; Th:chalcogenide.

37.  The fiber laser of claim 32, wherein said loop portion is double
clad.

38. The fiber laser of claim 32, wherein said loop portion is
multimode.

39. A system for coupling light into a fiber, the system comprising:

a first fiber having a first fiber entry port and a first fiber exit port;



nodul ator. 43. A device for coupling of high power

light, the fiber conprising: a double clad fiber
whaoo7/8psas f i ber entry port, a fiber exit port, PERUL2806/001090

doubl e clad extending fromsaid fiber entry port to

said fiber exit port; and a node stripper positioned

between said fiber entry pos&¢ and said fiber exit
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4 The system of claim 39, wherein said bulk optic component is a

modulator.

43. A device for coupling of high power light, the fiber comprising:

a double clad fiber having a fiber entry port, a fiber exit port, and a
double clad extending from said fiber entry port to said fiber exit port; and

a mode stripper positioned between said fiber entry port and said fiber
exit port, said mode stripper configured to remove a portion of said high power
light from said double clad.

44.  The device of claim 43, wherein said double clad fiber is a glass
double clad fiber.

45. The device of claim 43, wherein said double clad fiber is a glass
triple clad fiber.

46. The device of claim 43, wherein said double clad fiber is a
spliced fiber comprising a glass double clad portion and a polymer double clad
portion, said glass double clad portion portion adjacent to said fiber entry port
and said polymer double clad portion positioned between said glass double
clad portion and said fiber exit point.

47.  The device of claim 46, wherein said mode stripper is positioned

between said polymer double clad portion and said fiber exit port.



